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Recycling of Biogas Digestates in
Crop Production—Soil and Plant
Trace Metal Content and Variability

Ivan Dragicevic*, Trine A. Sogn and Susanne Eich-Greatorex

Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life Sciences, Akershus,
Norway

Production of biogas and utilization of the resulting digestates as fertilizers has been
increasing in Europe in the last few decades. Depending on the feedstock used for
the anaerobic digestion process, these organic fertilizers may be a source of different
pollutants, such as trace metals. When applied to soils, digestates may influence the
natural metal content and enhance the release of metals to the environment since they
can be rich in different trace metals and are usually rich in dissolved organic matter. This
study focused on investigating metal presence, seasonal variability of their soluble forms
and crop uptake in a 2-year field experiment, using two different biogas digestates as
fertilizers. The use of digestates as fertilizers was compared to cattle manure, mineral
fertilizer and a control without fertilizer addition, with respect to the presence and
distribution of the trace metals Cd, Cu, Zn, Ni, Cr, Mn, and Mo, as well as Al in the
soil and plant. The results of the study showed that both biogas digestates have caused
a 10-20% increase in the total soil concentration of Ni, Cd and Cr compared to control
plots without fertilizer addition. Application of biogas digestates had only a minor effect
on metal uptake in plants. Overall, the selected application rate of 100 kg/ha of plant
available nitrogen has had little effect on plant metal uptake and crop quality and the use
of biogas digestates was comparable to the use of animal manure.

Keywords: organic waste, fertilizer, cadmium, chromium, nickel, zinc

INTRODUCTION

Over the last few decades, the use of different organic residues as fertilizers has increased. For
instance, anaerobic digestion for biogas production results in large amounts of liquid digestate,
which contains high amounts of nutrients, such as nitrogen, potassium and phosphorus, and
micronutrients in plant-available forms. The fertilization benefit of digestates are well documented
(Moller and Miller, 2012; Nkoa, 2014) and long-term application of digestates has been seen to
improve soil quality, stimulate crop yields, and even influence positively on the soil bacteria growth
(Abubaker et al., 2012).

The most common substrates for biogas production are animal manures (Fantozzi and Buratti,
2009), food waste collected from the municipal households and sewage sludge (Maragkaki et al.,
2018) or co-digestion of several substrates. Most of the studies have focused on the use of manure
or sewage-sludge based digestates with an emphasis on their nutrient and fertilizer value (Ni
et al,, 2017; Yun et al.,, 2018). There are few studies with digestates based on source-separated
food waste focused on the optimization of digestate quality as fertilizer through co-digestion
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with other materials, such as sewage sludge (Borowski
et al, 2018). Recent findings have shown that food-waste
based digestates can be used for growing vegetables and
mushrooms, especially when anaerobic digestion is combined
with hydroponics (Stoknes et al., 2016).

Modern crop production is focused on both good yield and
grain quality, but also on preservation of the environment.
There are studies showing that both animal manure (Nicholson
et al,, 1999; Yang et al., 2017) and sewage sludge (Ashworth and
Alloway, 2004; Chen et al., 2017) contain trace metals in variable
concentrations. Still, sewage sludge application to agricultural
land is strictly regulated because of the trace elements build up
in soil, in particular elements such as cadmium, mercury, lead,
and chromium. Further, soil leaching studies for trace metals
have showed high ecological risk factors with the application
of organic wastes such as compost or manure (Cambier et al.,
2014). Pollutants may be applied to soil through inorganic or
organic fertilizers and may bioaccumulate in soil organisms and
plants (Antoniadis et al., 2017a). The organic matter quality
and structure in biogas digestates is dependent on the biogas
production feedstock and the applied technology, which means
that it can have an effect on the trace metal availability. Soil
quality is an important factor for crop quality and yield, and
will be affected negatively by accumulation of trace metals or
other pollutants. One challenge with the field application of
biogas digestates is their chemical safety (Tornwall et al., 2017).
Naturally, the content of potential contaminants in substrates
used for the biogas process determines the content of these
contaminants in the digestates. Metal content in biogas digestates
and its potential implications for the use as fertilizer has been a
subject of increasing interest in recent years (Kupper et al., 2014;
Parraga-Aguado et al, 2017). Environmental effects of added
trace metals, such as uptake into plants and soil organisms or
leaching to water recipients, depends on their mobility in the soil,
which in turn is strongly affected by pH and dissolved organic
carbon (DOC) content (Antoniadis and Alloway, 2002; Welikala
et al., 2018). For instance, Cu, Zn, Cd, and Ni, are generally
mobile in soil under common conditions for crop production in
a Nordic climate, i.e., in a pH range between ~6 and 7. On the
other hand, As, Sb, and Hg may precipitate in insoluble forms
under these conditions. Applying organic fertilizers represents
an addition of DOC and may influence the pH in the soil and
may thus increase the risk of plant uptake or leaching to water
recipients.

In the field experiment described in this study, two digestates
based on food waste were used, one digested alone and one
co-digested with sewage sludge. The study has focused on the
presence and availability/water extractability of the trace metals
Cd, Cu, Zn, Ni, Cr, Mn, and Mo, as well as Al in soil after applying
biogas digestates and animal manure in a field experiment
conducted over two growing seasons. Aluminum was included
because one of the digestates studied contains large amounts
of Al from phosphate removal in sewage sludge with Al salts.
The main hypothesis of this study was that the application
of biogas digestates as organic fertilizers would increase the
mobility and thus plant availability of trace metals in soil. Results
of the study were used to calculate a contamination factor

for each metal based on the concentrations from the soil top
layer.

MATERIALS AND METHODS

Organic Fertilizers

For the field experiment, two commercially produced biogas
digestates and cattle manure were used as organic fertilizers. The
digestates (DIG) were produced at two municipal biogas plants
in the southeastern part of Norway. The respective companies
use different feedstock mixtures and different technologies for
biogas production. The digestate marked as DIG1 is derived
from pretreated (steam-exploded) source-separated household
and industry food waste as substrate for the anaerobic digestion
process. The second digestate, DIG2, was produced using a
mixture of source-separated food waste and sewage sludge (ratio
50:50) as substrate.

The manure was a cattle slurry from the farm at the Norwegian
University of Life Sciences in As (Norway). Before chemical
analysis, all the samples were stored at 4°C, in the case of NHy
and NOj3 analysis no longer than 48 h. Selected characteristics of
digestates and manure used in both growing seasons are given in
Table 1.

Field Experiment

The field experiment was located at As, southeastern Norway
(59°39'52”N 10°47’40"E) on a loam soil (13% sand, 57% silt,
and 30% clay, as determined by the pipette method; Elonen,
1971). The soil was an epistagnic Retisol according to the World
Reference Base for Soil Resources (IUSS working group WRB,
2015). It had a pH value of approximately 6.0, a total organic
matter content of 4.2% and total nitrogen content of 0.21% prior
to the experiment. The field experiment was started in 2014.

The experiment was organized as a randomized complete
block design with three replicates, growing barley (Hordeum
vulgare L.) in 2015 and oats (Avena sativa L.) in 2016 as test crops.
The field was spring-plowed and harrowed before adding the
different fertilizers in April 2015 and mid-May 2016, respectively.
The fertilizers were incorporated into the soil by harrowing, and
fields were sown within 48 h after application of fertilizers. The
size of the experimental area was 39 m x 24 m (0.094 ha), and the
size of each treatment plot was 3 x 7 m (0.0021 ha).

Treatments consisted of a control without fertilizer addition
(NN), mineral fertilizer (MF), animal manure (AM), and the two
digestates. The mineral fertilizer used was an NPK fertilizer with
an NPK ratio of 22:3:10. The applied rate per hectare was 100 kg
N, 14 kg P, and 45 kg K. The amounts of digestates and manure
were determined based on plant-available N NO3-N and NHy4-N,
Table 1) measured in the samples and corresponded to 100 kg N
ha~!. In a recent study it was found that the content of inorganic
nitrogen in digestates was a good estimation of the fertilizer value
(Sogn et al., 2018). In Norway, farmers are currently obliged to
register N amounts but not P addition from organic fertilizers
such as manure.

Table 2 shows total amounts and the main nutrients N, P, and
K applied with organic fertilizers in kg ha=!.
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TABLE 1 | Biogas digestates and animal manure characteristics for 2015 and 2016.

Treat. pH Dry matter (%) Tot. C (%) Tot N* (%) DOC (mg/L) NOZ N (mg/L) NHI-N (mg/L)
AM-15 7.3 6.6 + 0.52 41.4 2.08 5879 + 55 56.0 £ 1.5 1395 £ 20.04
DIG1-15 7.5 3.1 +£0.36 39.7 5.71 3899 £ 5 951 £1.2 1142 £+ 43.3
DIG2-15 74 1.6 £0.36 31.8 419 3630 + 9 176.8 + 3.1 904 + 43.9
AM-16 6.9 7.8 + 0.58 47.4 1.76 6856 + 88 4156 +£0.71 969 + 42.5
DIG1-16 7.2 4.2 +£0.62 37.7 5.24 4125 + 27 7.82 +£ 0.46 1403 +£ 11.2
DIG2-16 7.3 2.0 +£0.46 33.4 2.55 3987 + 34 7.43 £+ 0.40 1401 + 82.8

Total carbon (Tot. C) was measured in a dried sample. Values behind + are standard deviation. *Calculated based on the Tot N values from dry fertilizer samples (55°c).

TABLE 2 | Amounts of nitrogen (N), phosphorus (P), potassium (K), and total
carbon (Tot. C) added in kg per hectare for both growing seasons.

Treat. N* P K Tot. C Added amounts
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (tha=1)
MF-15 100 14 45 0 0.45
AM-15 100 47.6 145.4 3083.1 71.4
DIG1-15 100 19.8 101.1 87.2 87.1
DIG2-15 100 18.2 12.2 36.1 110.4
MF-16 100 14 45 0 0.45
AM-16 100 33.4 25.6 264.1 110.9
DIG1-16 100 43.9 146.4 137.9 70.9
DIG2-16 100 5.9 33.1 73.8 70.9

"Plant available N.

The average yields for the 2015 seasons were 1.87t ha~! NN
(control plot), 5.31t ha~! ME 4.96t ha~! AM, 6.18t ha~! DIG1
and 5.64 t ha~! DIG2. For 2016 season, the yields were 1.2t ha™!
for NN (control plot), 4.0t ha=! for MF, 2.2t ha=! for AM, 3.9t
ha~! for DIG1 and 4.0t ha~! for DIG2 plots. The data from 2016
was used for calculating total metal content in oat grains.

Sample Preparation and Chemical Analysis
In general, the metal content in digestates depends on substrate
and applied technology for biogas production. The trace metals
investigated in this study are either under Norwegian or EU
regulation for application of organic fertilizers, or selected based
on previous research findings. Aluminum was included in the
analysis because of its high content in the sewage sludge used
for the production of DIG2, which in turn is due to removal of
phosphorus with Al-salts before the digestion process.

The soil pH was determined by using dried soil with a soil to
water ratio of 1:2.5. Total carbon content in dried soil, digestate,
and manure samples was determined by a dry combustion
method using a Leco Carbon Determinator EC12 (Nelson and
Sommers, 1982). Water-soluble concentrations of metals were
determined by extracting 5 g of soil/fresh digestates/fresh manure
with 25 mL deionized water (Ashworth and Alloway, 2004). Soil
water extractions are considered to be good in assessing the plant
nutrient availability (van der Paauw, 1971; Sonneveld, 1990).
Water-soluble concentrations of metals were analyzed within
48 h after preparing and filtering (Milipore, 0.45 wm) the extracts.
Water extracts of manure and digestates were also analyzed for

DOC by using a Shimadzu TOC analyzer. The concentration
of NO3-N and NHy4-N in the organic fertilizers was determined
in fresh samples by extraction with 2 M KCl and flow injection
analysis using FIAstar 5000, FOSS.

For trace metal analysis, soil was sampled from the plow
layer (0-20cm) of each plot once a month from June to
August. In 2015, plant material was collected at the same time,
whereas in 2016, only grain samples were taken at harvest. The
plant samples were dried at 55°C for 5 days and then stored
before sample preparation and analysis. Prior to total metal
analysis, the soil, digestate, and manure samples were dried
(24h, 105°C), sieved and ground. A sample of 0.2-0.3 g was
digested in concentrated ultrapure nitric acid (HNO3) prior to
ICP-MS analysis by stepwise (90 min) heating up to 250°C using
a Milestone Ultraclave. For the analysis of metal concentrations
in soils, digestates, plants, and extracts, an Agilent ICP-MS 8800
TripleQ was used. The ICP-MS analysis has followed minor
method validation (depending on the sample matrix) while
certified reference materials and reference materials were used
for quality control of the applied analytical methods. The filtered
samples (extracts of soils and fertilizers) were prepared in 10 %
ultrapure nitric acid prior to analysis.

Statistics and Calculations

Analysis of variance (one-way and two-way ANOVA) was
carried out to determine the effect of treatment on total metal
concentrations in soil and grains. Two-way ANOVA was applied
to the water extract concentrations after digestate application
with treatment and sampling time as factors. Different means
were separated by t-test. Pearson correlation was carried out
to determine the pH and DOC correlation to the water-soluble
metal concentration in soil. The statistical programs used were R
Commander 3.2.3 and Sigma Plot 14.0. The confidence limit was
95% (p < 0.05).

Principal component analysis (PCA) is a dimension reduction
technique, which may be used to demonstrate potential source
and spatial distribution of metals in field experiments (Zhang
et al., 2018). In the present study, the principal components
(PC) were identified by the analysis of the correlation matrix
for the data set regarding the water-extracted soil concentrations
prepared from soils collected from the field experiment. The
PCA analysis was used to identify factors underlying our set
of variables (fertilizer treatments, sampling time) in order to
determine relationships among them. Results were also used to
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investigated clustering of samples into groups based on their
correlations.

A soil contamination factor (Antoniadis et al., 2017b; Shaheen
et al., 2017) was calculated in order to evaluate the potential of
long-term accumulation of investigated metals by applying the
selected rates of fertilizers. The contamination factor, CE was
determined by the following formula (1):

Ci

Where, ¢; represents the mean total concentration of the metal

in soil of the organic fertilizer treatment, and ¢, that of the
unfertilized control.

RESULTS

Total Metal Concentration in Digestates

and Manure

The total concentrations of trace metals and Al in digestates
and manure used in 2015 and 2016 are given in Table 3. With
the exception of Cr, Ni, and Cd (DIG1 2016), trace metal
concentrations were below limits set for use in agriculture
(Class I). Norwegian regulation in regards to the use of organic
fertilizers categorizes all organic wastes in four classes (class 0,
1, 2, and 3). For comparison we have used class 1, since only
class 0 and 1 are allowing the use of organic wastes with no or
minimum limitations (Authority, 2006). Nickel concentrations
in both digestates were higher in 2016 than in 2015. The Cr
concentrations, although high, were not increased between 2015
and 2016. Due to the technology used, Al concentration were
high in DIG2 in both years. Lead (Pb) concentrations ranged
from 0.5 to 6.0 mg kg ™! (data not shown), which was well below
regulation values (Class I fertilizers, 60 mg kg™1).

Total Concentration of Metals in Soil
Total metal concentrations in the MF treatment were almost
identical to those in the control plots (NN), and results from both
NN and MF are presented. Total soil trace metal concentrations
are given in Figure A1.

When compared to control plots, total soil concentrations of
Ni, Cr, Cd, Cu, Zn were significantly increased in the digestate

treatments. For Cr, there was a significant decrease from June to
August in both seasons. For Ni, the same significant decrease can
be seen. For Zn, results from 2016 showed significant increase in
total Zn concentration with biogas digestates used as treatments.

Soil pH and DOC

Generally, pH was higher in NN and AM plots than in the
digestate plots at all samplings, with the largest differences in
the beginning of the season. The results from MF plots are not
included in Figures 1, 2 since the values were not significantly
different from the NN plots. For both growing seasons, the soil
pH from control plots (NN) was in the range 5.8-6.0. Soil pH
varied over the course of both growing seasons and depended on
the treatment type (Figure 1). The pH decreased in both growing
seasons from levels around 6.0 to the lowest 5.1. The lowest values
for 2015 was DIGI and for 2016 DIG2 in respect to August
samples.

In 2016, a significantly lower pH was found for DIG2
compared to the other treatments at all sampling points.

The addition of the organic fertilizers significantly increased
DOC concentrations in the soil for the duration of the growing
season. In both growing seasons, the effect was most pronounced
in the AM treatment (Figure 2).

Water-Soluble Metal Concentrations in Soil
In general, water-soluble concentrations of the trace metals
increased in all treatments over the course of the growing season,
both in 2015 and 2016 (Figure 3). Concentrations were similar
in both years with the exception of Cd, where concentrations
were higher in all treatments and at all sampling dates in 2016
compared to 2015. As no significant differences in water-soluble
concentrations were observed between treatments for Mn and
Mo, the data is not included in Figure 3, but concentrations
followed the same overall pattern with increasing values over the
growing season.

There were no differences in Cd, Cu, and Ni concentrations
between treatments at the first sampling date in 2015 and
in the case of Cd, differences between treatments remained
low throughout the season. In 2016, concentrations at the
first sampling were generally higher for Cd than in 2016,
and concentrations increased more with time in the organic

TABLE 3 | Concentration of investigated metals (& standard deviation) for biogas digestates 241 and animal manure from the years 2015 and 2016.

Treat. Al (g/kg) Cu(mgkg~') 2Zn(mgkg~') Cr(mgkg=') Cd(mgkg~') Mo (mgkg~') Mn (g/kg) Ni (mg kg~ 1)
Limit for organic / 150 400 0.8 / / 30
fertilizer (class 1)

AM-15 0.4 + 0.08 70.6 + 2.1 163.3 £ 1.1 51.4 + 4.7 0.12 4+ 0.08 8.5 + 0.94 0.19 4+ 0.05 36.6 & 3.2
DIG1-15 1.6 + 0.51 30.6 + 1.8 146.3 + 2.2 176.6 + 8.6 0.44 + 0.22 21.3+1.8 0.13 + 0.08 1101 £ 9.9
DIG2-15 152+ 2.8 88.1 + 4.3 256.2 + 2.4 156.6 + 7.7 0.43 + 0.06 211 +£23 0.1 + 0.04 106.6 + 6.9
AM-16 02+47 30.1 + 3.1 185.1 + 6.7 421 +28 0.11 +0.03 0.14 £ 0.01 1.29 + 0.06 51.1 £ 4.7
DIG1-16 1.7 £1.2 395+ 2.8 245.2 + 10.1 165 + 6.8 1.1 4 0.07 51+ 1.43 1.7 4 0.08a 1355 + 9.3
DIG2-16 16.1 £ 1.3 792 £ 57 2251 + 14.5 156 + 7.3 0.42 + 0.05 32+ 1.12 0.65 + 4.4 195.7 + 10.7

Limit for organic fertilizer (class 1) are given for those metals that are a part of Norwegian regulation on organic waste use in the same units as for treatments. AM, animal manure; DIG1,

food waste based digestate; DIG2, sewage sludge/food waste digestate.
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FIGURE 2 | Dissolved organic carbon in soil extracts from soil samples taken from the different plots with fertilizer treatments in 2015 and 2016. Different letters
indicate significant differences between treatments at one sampling date (o < 0.05). The extracts were prepared by adding 5 g of soil in 25 mL of deionized water.

treatments than in the control. For Cu, higher concentrations
were found in the organic and especially in the digestate
treatments at the 2nd and 3rd sampling date in 2015. In 2016,
however, the manure treatments had lower concentrations even
than the control at the first two sampling dates and only DIG1
addition resulted in higher concentrations than the control.
The pattern for Ni was similar in 2015 and 2016 with highest
concentrations in both digestate treatments at the last two
sampling dates, whereas the manure treatment was on a similar
level to the control.

Zn, Cr, and Al already showed significant differences in
concentrations at the first sampling date. In the case of Zn,
the manure treatment showed higher concentrations than the
other treatments both at the first sampling date in 2015
and 2016. For most dates, the concentrations in the organic

treatments were significantly increased compared to the control.
In July and August 2015, highest concentrations were found in
the DIG1 treatment, whereas in 2016, the manure treatment
remained the one with highest Zn concentrations throughout
the season. Cr concentrations were highest in the two digestate
treatments at all sampling dates but also generally also enhanced
in the manure treatment compared to the control. Addition
of the digestate with the high Al content (DIG2) resulted
in higher concentrations of water-soluble Al at all sampling
dates compared to the control, but the other two organic
treatments showed similar levels either early in the growing
season (manure) or at the later sampling dates (DIGI). In
the latter case, Al concentrations were at the same low level
as in the control early in June but increased strongly until
August.
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Concentrations of the investigated metals from June to August
sampling were in general negatively correlated with pH, with
the exception of Zn, and positively correlated with DOC, with
R-values above 0.75.

Additional statistical consideration of the results from the
section of water-soluble metal concentration was used to assess
the influence of the addition of different treatments, pH and
DOC. The results of two-way ANOVA analysis are given in
Table 4.

Water-soluble concentrations of Cu, Cr, and Ni were
significantly affected by the factor treatment. Between the factors
treatment and sampling time, the F-value is indicating that the
sampling time had a more significant role especially for Cd, Cu,
and Ni.

The PCA analysis was performed on the entire data set of
measured concentrations from June to August for the 2016
season. In Table5, the results for component loadings and
eigenvalues of each PC are presented. PC1 had an eigenvalue
>2 whereas PC2 had a value below 1 (0.8). Since only PCs with
eigenvalues equal to or above 1 can be taken into consideration,
only PCI can be used to explain the variability.

The data structure and component loadings of the first
two components, PC1 and PC2 are shown by use of a biplot
(Figure 4). The first two components describe approximately
97% of the variance (PC1 85%, PC2 12%).

For all the metals, PC1 values were positive. Loading values
were above 0.4 for all metals except for Zn. Most of the treatments
formed a cluster, except for the DIG1 in July and August
(Figure 4). The clustering of treatments is strongest for June and
July sampling while for August the clustering was more dispersed.

Clustering in this type of experimental setup usually implies that
used treatments have a similar effect on the metal concentration
variability.

Total Metal Concentrations in Plant

Material
In 2015, plants metal content was determined at three times
during the growing season at the same time as the soil
samples were taken. In 2016, grain metal content was analyzed
at harvest. Total concentrations of metals in plant material
are given in Figure5. For Cd, during the growing season
there was no significant difference between the treatments,
where a concentration dilution effect is seen from June to
August. Grain concentrations from 2016 were below 0.1 mg
kg™! for all treatments. A different uptake scenario was
seen for the plant nutrients Cu and Zn, where total plant
concentrations are significantly affected only by the digestates
treatments (DIG1 and DIG2). Grain concentrations for Cu were
around 0.2mg kg~! while for Zn they were around 25mg
kgL

For treatments in season 2015, there was no significant
difference in Ni concentrations during the growing season. There
were no significant differences in Cr concentration for the used
treatments in the sampled plant material for each of the sampling
points (season 2015). The same dilution effect as seen for Cd can
be also seen for Cr. In general, Cr concentration was lower than
concentration of other metals detected in the plant material. The
highest concentration of Cr in plant material was found in the
plots treated with AM. Still, the grain concentrations in 2016 were
very low (below 0.2 jug kg—1 of dry plant material).
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TABLE 4 | Results of two-way ANOVA analysis with defined factor of significance for the concentration of selected metals measured in soil extracts using treatments and

sampling time as factors and their interactions.

Factor Cd F-value Cu F-value Cr F-value Ni F-value Zn F-value
Sampling time p < 0.001 2577.9 p < 0.001 1609.1 p < 0.001 702.6 p < 0.001 2062.6 p < 0.001 4471
Treatment p < 0.01 27.2 p < 0.001 85.1 p < 0.001 231.7 p < 0.001 97.9 p < 0.001 327.9
Sampling time x treatment p < 0.01 26.2 p < 0.01 32.1 p < 0.01 21.6 p < 0.01 34.3 p < 0.01 152.6
TABLE 5 | Component loadings and eigenvalues for each PC of the selected data set.

Component PC1 PC2 PC3 PC4 PC5

Cd 0.419002 0.608772 —0.4680404 0.4843647 0.0127055
Cr 0.464706 —0.238089 0.6608461 0.5338479 0.0751664
Cu 0.479098 0.073563 0.0186379 —0.5075744 0.7120911
Ni 0.472417 0.221168 0.2051211 —0.4705589 —0.6814733
Zn 0.394678 —0.719987 —0.5493618 0.0366013 —0.1506948
Eigenvalues 2.0623 0.8092 0.27239 0.22688 0.11939

Calculated amounts of trace metals taken up per hectare
combine the concentrations in grains given in Figure5 with
the yield (section Field Experiment, year 2016) of the different
treatments. Thus, it can be seen (on a per hectare basis) what
proportion of the trace metals added with the fertilizers is
removed by harvesting.

The highest concentration was seen for Zn, while the lowest
was seen for Cd, Ni, and Cr. After Zn, Cu was taken up and
transported to the grains in highest amounts.

Contamination Factors for Soil Treated
With Biogas Digestates

The potential metal contamination effect was assessed by using
data from the total soil concentration from both growing seasons
for the calculation of the contamination factor. Calculated
contamination factors (CF) are given in Figure 7, using the
formula from section Statistics and Calculations.

The general classification of the level of contamination
available from the literature (Antoniadis et al., 2017a) usually
divides CF into three classes, CF < 1, low degree, 1 < CF < 3,
moderate contamination and 3 < CF < 6 with high degree of
contamination. For 2015 within the experimental sampling the
increase can be seen for Ni (CF = 1.05), Cr (CF = 1.2), and Al
(CF= 1.3) for DIG2 treatment (Figure 6). In the calculation of
CF value from 2016 there is increase for Cd (CF = 1.4) and Cr
(CF = 1.2) for both DIG treatments. Figure 6 shows that the rest
of the investigated trace metals have a low or moderate level of
contamination.

DISCUSSION

The trace metals in focus in this study were both plant
micronutrients (i.e., Cu, Zn, Ni, Mn, and Mo), and those that are
in general not considered to be important or even harmful for
plant growth (Cd, Cr, and Al). However, both groups of metals
can negatively influence both plant development and soil quality

(including runoff water) if present in excessive amounts. The
addition of digestate has resulted in a significant increase in the
total soil metal concentration, especially in the case of Ni and Zn,
but also Cr and Cd. The water-extractable concentrations in the
soil have significantly increased for Ni, Zn, and Cr with addition
of digestate or manure in both growing seasons. A decrease in pH
had an important role in the general increase of the water-soluble
concentration of cationic forms of investigated metals. Still, the
significant change in the pH and the addition of metals with
biogas digestates did not influence metal uptake in plant material
from 2015 or in the grain samples from 2016. The PCA has
shown that the water-extractable concentrations of trace metals
from plots treated digestate are similar to the ones measured for
animal manure. In addition, clustering of specific sample points
during one growing season as presented in PCA results (biplot)
also contributes to the claim that digestates exhibit similar effects
when compared to AM.

Influence of Biogas Digestates Fertilization

on Trace Metals as Plant Micronutrients
Application of biogas digestates as fertilizers for both growing
seasons has significantly increased Zn and Ni total soil content,
while Cu, Mn, and Mo were not significantly increased
(Figure Al).

Measured levels of total soil Zn are a result of the
digestates/manure Zn content, which was in a range 150-250 mg
kg~! (Table3). Under Mediterranean conditions, suggested
adequate Zn content is in a range of 100-300mg kg~! soil
for cereal production (Brunetti et al., 2012). Still, for the north
of Europe the values are usually in range of 47-61 mg/kg,
which means that the measured concentrations are within the
suitable levels for growing cereal crops (Kabata-Pendias, 2011).
A similar effect of Zn addition was seen in a published 2-
year field study with the use of organic waste based fertilizer
(composted municipal solid waste) where measured values of
total Zn concentration in soils were also under 300 mg kg~!
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FIGURE 4 | Biplot PC2 vs. PC1 illustrating the loading of each component and clustering (association) of treatments for different sampling periods (growing season
2016).

and comparable to our experimental results (Yuksel, 2015). The
addition of DIG1 treatment significantly increased the total Zn
content especially in growing season 2016. Still, measured values
for AM treatment were comparable to the values of DIGI.
The concentration of Ni in digestates was high. This resulted
in significantly higher total Ni soil concentrations (Figure A1)
when compared to the NN or MF plots. Suitable levels for total
Ni concentration in soil is around 50 mg kg~! for a normal
agricultural activity. The levels in our study were below a toxicity
threshold (above 100 mg kg™~! in soil) and well within the suitable
levels (35-55mg kg~!) for crop production in general (Kabata-
Pendias, 2011; Brunetti et al., 2012).

The observed changes for Zn and Ni water-soluble
concentrations for DIG treatments were comparable to the
levels measured for the AM treatment, especially in the case
of Zn. Zn water-extractable concentration in the soil were not
significantly higher than the ones measured for AM in season
2016 (Figure 3). The mentioned comparison clearly shows that
the Zn added through digestates shows similar behavior as
the Zn added through AM. Water-soluble Ni concentrations
have significantly increased during both growing seasons in the

digestate treatments. This may be due to the decrease in pH,
as Ni mobility is enhanced under acidic conditions (Zhu et al.,
2011). Kim et al. (2015) also confirmed that low pH can increase
the release of naturally present Ni from soil.

The Zn concentration in the plant material collected during
the 2015 season was significantly higher in the digestate
treatments than in all other treatments (Figure 5). This reflects
the higher availability of Zn as indicated by increased water-
soluble concentrations. There were no significant differences in
Zn concentration in the grain samples between the digestate
and MF or AM treatments. Added digestate treatments had no
significant influence on grain Ni concentration and the values
were comparable to AM or MF treatments. Despite differences
for Ni concentrations in soil-water extracts between treatments,
no significant effect of the organic fertilizer treatments on
plant Ni concentrations was found (Figure5). The level of
Ni concentrations in grains was comparable to that found in
other studies with organic fertilizers conducted in Northern
Europe (Hamner et al, 2013). Still, the long-term effect of
the Zn or Ni accumulation in soil should not be disregarded.
Currently, Zn is marked as one of the three metals mostly
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contributing to the global environmental pollution through the
use of animal manure fertilizing practices (Leclerc and Laurent,
2017). The soil contamination factors for Zn and Ni were below
or at the moderate levels for the 2015 season and at moderate
contamination level for the 2016 season, which implies a
moderate increase in the risk of trace element accumulation. The
maximum water-extractable concentration of Ni from soil was
around 50 g L1, which is below the 70 ug L™! defined by the
World Health Organization (WHO) drinkingwater regulation
(World Health Organization, 2006).

Addition of digestates has not increased significantly the
total Cu, Mn, and Mo concentration. The Cu, Mn, and Mo
are important micronutrients needed for normal plant growth
and development, and change in soil concentration may have a
positive effect on plant growth. The recommended values of Cu
total soil concentration for cereal growth is ranging between 20
and 40 mg kg~!, while toxic effects are dependent on the soil
type and are usually seen between 60 and 125 mg kg~! (Kabata-
Pendias, 2011). Values measured in both growing seasons are
approximately 10 times lower than the upper toxic limit for Cu in
soil for all used treatments, which implies a lower concentration
of Cu in soil then recommended. The reference values of Mn
for soils used I agriculture in Norway is ~6mg kg~!, where
values measured in our studies was around 2 mg kg~!, showing
that the addition of biogas digestates has no significant effect on
the total Mn concentration in soil. For total Mo concentration
in soil the reference value in soils is ~2 mg kg~!, which is not
different than the values measured in our 2-year experiment (1.2—-
1.4mgkg™!). Based on the total concentrations it is clear that the
addition of both biogas digestates had no significant influence
on the reference values of Mo in soil used for plant production
(Kabata-Pendias, 2011; Brunetti et al., 2012).

Copper mobility, measured as water-extractable Cu, generally
increased from June to August for all organic fertilizers. Copper
mobility is mostly influenced by the changes in soil pH and DOC
concentration due to the different treatments. Dissolved organic
carbon, i.e., the soluble phase of organically bound carbon is
known to affect metal mobility both in soil solution and thus in
the soil (Pérez-Esteban et al., 2014). Addition of biogas digestate
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has increased the amounts of DOC in soil water extracts. In 2016,
a significant increase in DOC was seen in the AM treatment in
June. This follows the total amounts added with manure that
year. In 2016, a higher volume of manure was added (233L
per plot) than in 2015 because of a lower N concentration. An
increase in DOC concentration over the growing season with the
use of organic fertilizers (composts) has also been confirmed in
a recent study (Manninen et al., 2018). The rather low water-
soluble concentration of Mo in our study may be explained by
the fact that the strongest adsorption of Mo to the soil occurs at
around pH 5 (Smith et al., 1997), which is not different from the
pH values measured in the samples from our field experiment in
August. Despite a pH change from 6.2 to 5.1 from June to August,
no significant changes in water-extractable Mo concentrations
were observed.

The total Cu concentrations in plants were significantly
increased in the digestates treatments especially at the sampling
in August 2015 (Figure5) when compared to control plots,
but grain Cu concentrations at harvest (year 2016) were not
significantly increased. The contamination factor was below 1 for
Cu, Mn, and Mo for all treatments (Figure 7), which implies a
low risk of soil contamination.

Influence of Biogas Digestates Fertilization

on Trace Metals Not Essential to Plants

For this group of tracemetals (Cr, Cd, and Al), the total soil
concentration was significantly higher in the plots treated with
biogas digestates (Figure A1) when compared to NN and MF
plots. Use of both digestates significantly increased total Cr
and Cd concentrations in soil (season 2016), while only DIG2
increased the total Al content of the soil. This is due to the high
concentration of Cr and Al, but also Cd (2016) in the digestates.
Cr concentration in the digestates was above 150 mg Cr/kg DM
(Table 3), which was higher than the limits set by the Norwegian
regulation on organic fertilizers used in agriculture (60 mg/kg

dry fertilizer, class I). Slightly higher values were also seen for Cd
(Table 3), while Al content is not regulated for organic fertilizers
in Norway. The Cd content in organic wastes vs. that in mineral
fertilizers is an important issue of discussion The maximum
allowed total concentration of Cd in soils treated with organic
waste such as sludge was 3 mg/kg (Brunetti et al.,, 2012), and
this limit was not been exceeded in the two growing seasons.
Toxic values for total Cr concentration in agricultural soils may
vary between 150 and 400 mg/kg depending on the soil type
(Kabata-Pendias and Pendias, 2001; Kabata-Pendias, 2011). In
both seasons, total Cr concentration did not exceed 100 mg kg~!.

The water-soluble Cd concentrations were low in all
treatments in the first season, as Cd additions with the organic
fertilizers were low and little Cd was present in the soil initially.
It is important to mention that the field experiment was started
with the same treatments already in 2014, while the samples were
taken and analyzed in the next 2 years (2015 and 2016). This
may be important in evaluating potential Cd accumulation in the
soils treated with digestates. Research studies with similar levels
of Cd in organic fertilizers have also shown that the addition of
organic fertilizers (manure) does not cause a significant change
in the soil Cd content (Xu et al., 2015). In both growing seasons,
Cd was strongly correlated to the pH then to DOC, which is
expected and also confirmed in a recent study (van der Sloot et al.,
2017), where lower pH was seen to increase the Cd soil water-
extracted concentrations. (Van Zwieten et al., 2013) reported
that application of organic fertilizers (poultry litter) with pH
above 7 has resulted in soil pH decrease during the growing
season (Van Zwieten et al., 2013), which has also seen for our
experimental set up. There is a significant increase of Cr water-
soluble concentrations during both growing seasons (Figure 3)
for digestate treatments when compared to NN and MF. Still,
measured concentrations were below the limit of 50 pug L~! of
total Cr, which is a recommended value for fresh waters (World
Health Organization, 2006). The values measured in both seasons
were comparable to those found in a similar field experiment
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reported by Wierzbowska et al. where values were also below 50
g L=! (Wierzbowska et al., 2016). In the pH range measured for
both growing seasons, Cr(III) is expected to be the predominant
form of Cr present in the soil solution (Bradl, 2004; Choppala
et al,, 2018). The same authors are also suggest that lower pH
values (below 6.5) considered as a major factor that is increasing
the level of Cr(III) sorption to soil particles. This can be used to
explain the low water-extractable Cr concentrations found in our
study (Figure 3).

Aluminum availability in soil and soil pore water is generally
influenced by soil pH and DOC. In our study, both pH and DOC
showed good correlations to water-extractable Al concentrations.
The high total Al concentration in DIG2 was due to the sewage
treatment process where Al salts were used for precipitation of
P from sewage water prior to anaerobic digestion. Aluminum
phosphates are poorly soluble, and this is clearly reflected in
similar levels of water-extractable Al in DIG2 and even though
no Al salts were added in the process for DIGI. In general, Al
does not occur in toxic forms in the soil at pH values suitable for
cereal production (Wang et al., 2006).

Low concentrations in both total and water-soluble forms
have resulted in low Cd levels in the plant material (Figure 5),
with a significant increase in Cd grain concentration only
in the AM and DIG2 treatments. The amounts of Cd taken
up by grains calculated per hectare were very low for all
treatments (Figure 6). Cd originating from sewage sludge and
similar sources is controlled more strictly than that from mineral
fertilizers, although the latter can have a high Cd content (Pizzol
et al., 2014). Digestate treatments had no significant effect on
plant Cd or Cr concentrations and measured concentrations were
comparable with AM or MF. The contamination factor for Cd,
Cr, and Al though moderate, were highest from all the CFs
measured in this study. The contamination factor for Al is of little
relevance unless pH levels decrease below the adequate range
(below pH 4) for cereal production, which could firstly affect the
barely production.

In our field experiment with cereals, biogas digestates were
applied at the same fertilization rates (100 kg /ha available N). At
these rates, there was little difference in the effects of the applied
fertilizers on soil or crop metal concentrations. Concentrations
measured in the cereal grains were well below maximum allowed
values found in human exposure studies with cereal crops
(Huang et al., 2008). Still, research on accumulation rates over
a longer period of application may give valuable insight into
soil processes that the use of organic fertilizers can induce in
soil. Our field experiment was only conducted for 3 years, and
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