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• A conventional fertilizer was compared
with biomass ashes.

• Barley yield, nutrition, cadmium accu-
mulation and mycorrhizal status were
evaluated.

• P availability was similar for treatments
while Cd accumulated only in roots.

• Mycorrhizal status was not negatively
affected.

• The biomass ashes tested can maintain
the available P in agricultural soils.
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Reutilizing biomass ashes in agriculture can substitute inputs of P fromfinite primary sources. However, recycling
of ashes is disputed due to their content of toxic substances such as heavymetals. This study evaluates the poten-
tial risk of replacing easily soluble inorganic P fertilizerwith P in biomass ashes in a barley crop grownon soilwith
adequate P status. Two contrasting doses of three different types of ashes were applied to an agricultural field
with spring barley and compared to similar doses of triple-superphosphate fertilizer. In the second growing sea-
son after biomass ash application, grain, straw and root dry matter yield, and P and Cd uptake were determined.
Resin-extractable P was measured in soil and the symbiotic arbuscular mycorrhizal fungal activity, colonization,
and community composition were assessed. Crop yield was not affected by ash application, while P-uptake and
mycorrhizal status were slightly enhanced with high ash applications. Changes to the mycorrhizal community
composition were evident with high ash doses. Cadmium uptake in aboveground plant tissue was unaffected
by ash treatments, but increased in roots with increasing doses. Consequently, we conclude that fertilization
with biomass ashes can replace conventional fertilizers without risk to barley crops in the short term.
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1. Introduction

Biomass ash is awaste product obtained after the incineration of bio-
mass fuels for energy production (Karltun et al., 2008). The application
of biomass ash to soil offers an alternative for its disposal and for nutri-
ent recycling (Patterson et al., 2004). Reutilizing biomass ash in
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agriculture can save fertilizer inputs and contribute to nutrient
recycling. Ash contains nutrients such as phosphorus (P), calcium, po-
tassium, magnesium, silicon, manganese, sulphur, zinc and iron. How-
ever, the nutrient composition of ash differs depending on the raw
material used and the combustion process. For example, the P concen-
tration in ash ranges from b1% to up to 10% (Schiemenz et al., 2011).
Therefore, biomass ash may be used as a source of P fertilizer. After bio-
mass ash addition, Schiemenz and Eichler-Löbermann (2010) and Li et
al. (2016) found higher P uptake and higher levels of plant-available P
in soil within the first months after ash application. P typically makes
up about 0.2% of plant dry weight, but it is one of the most difficult nu-
trients for plants to acquire due to its strong retention and lowmobility
in many soils.

Symbiosis with microorganisms such as arbuscular mycorrhizal
(AM) fungi may improve P acquisition in crops (Grant et al., 2001).
AM fungi associate with approximately 80% of all known terrestrial
plant species including many of our most important agricultural crop
species such as wheat, corn, rice and barley. In this symbiosis, plants in-
crease their acquisition of inorganic nutrients through the enlarged ab-
sorptive surface of fungal hyphae in soil, while fungi, in return, obtain
carbohydrates from the plant (Smith and Read, 2008). Khaliq and
Sanders (2000) reported that AM fungal colonization enhances the
growth of barley significantly in soils with low availability of P. This is
achieved by: 1) increasing the soil volume explored; 2) increasing the
translocation of P; 3) improving the transfer of P; 4) improving the uti-
lization of P and 5) increasing the storage of absorbed P (Aggarwal et al.,
2011; Clark and Zeto, 2000). The formation of AM symbiosis is, in turn,
influenced by soil P status, whereby plants in soils with a high P avail-
ability due to long-term surplus P fertilization are less dependent on
AM fungi and consequently often less colonized (Smith and Read,
2008; Smith et al., 2011; Sørensen et al., 2008). In most areas in Den-
mark, the P status of agricultural soils is high and not expected to limit
crop growth, but soils with low to moderate P status are also found
(Jordan-Meille et al., 2012; Rubæk et al., 2013).

Bioenergy production based on wood-pellet combustion is becom-
ing more common, and consequently, biomass ash production is in-
creasing. In agriculture, application of fertilizers in the form of waste
products such as animal manure and biomass ashes is a common prac-
tice. Yet, it is uncertain how readily available P and other nutrients or
trace elements are after ash application. Therefore, if biomass ash is to
substitute conventional P-fertilizers an evaluation of possible harmful
effects is urgently needed. According to Danish statutory order on the
use of bio-ash in agriculture (BEK 818, 2008), the total supply of cadmi-
um (Cd) should not exceed 0.8 g Cd per ha per year (over five years),
and the limits for Cd in ash are 20 mg per kg for wood ash and 5 mg
per kg for mixed ash (wood and straw).

Cd is considered one of the most toxic heavy metals present in ash.
Therefore, it is one of the major causes of concern in connection with
ash applications because it can accumulate in plant tissue. In addition
to increasing the mineral nutrition of plants, AM fungi also increase
plant resistance to abiotic stresses such as Cd toxicity by stabilizing Cd
in the soil and immobilizing Cd in fungal tissues (Garg and Bhandari,
2013). Indeed, mycorrhizal plants can accumulate more Cd than with
non-mycorrhizal plants, but most of the absorbed Cd is retained in the
roots (Andrade et al., 2005; Liu et al., 2011; Shahabivand et al., 2012).

Another important characteristic of biomass ash is its ability to in-
crease soil pH (Knapp and Insam, 2011). Soil pH has an important role
with regard to controlling the availability of nutrients and heavy metals
in soil (Haynes, 1990; Smith, 1994). Heavy metals such as Cd become
more readily available in acidic soils (Brady and Weil, 1996), while P
is more readily available at pH values between 5.5 and 7. Furthermore,
pH is one of the most important soil parameters, influencing both the
community structure and function of microorganisms, including AM
fungi (Bainard et al., 2014; Birgander et al., 2014; Leifheit et al., 2014).

The aim of this study was to evaluate the application of biomass
ashes as a potential P-fertilizer source in agriculture, in a barley crop-
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soil system. The study follows the work presented by Li et al. (2016)
where the effect of ash application on yield, P and Cd uptake was eval-
uated in pot experiments and in field mini-plots during the first half
year after ash application. In the present study we extended the study
by Li et al. (2016) to include measurements in the second growing sea-
son after application and also studied the effects of ash on themycorrhi-
zal status of the crop and on extractable soil P and plant P uptake. We
also studied in closer detail the patterns of Cd accumulation in the
above and belowground plant tissues. We assessed the responses to
ash in: 1) crop yield and P uptake, 2) soil pH and available P pools, 3)
P and Cd concentration in plant grain, straw and root tissues, and 4)
AM fungal status. We hypothesized that: 1) crop yield would not be af-
fected by ash or triple superphosphate (TSP) application due to the soil
P status, 2) P uptake would increase in higher ash and TSP applications,
3) Cd uptake would be lower after high ash applications due to in-
creased soil pH, 4) the Cd concentration would be higher in roots, and
5) mycorrhizal status would be affected by high applications of ash
due to changes in pH, and increases in P and Cd.

2. Methods

2.1. Study site

The experimental site was placed in an arable field at Research Cen-
tre Foulum, Aarhus University, Denmark (56°29′N, 9°34′E). The soil was
a loamy sand containing 80 g clay kg−1, 125 g silt kg−1, 760 g sand
kg−1, 35 g organic matter kg−1, 21 g total C kg−1 and 2.1 g total N
kg−1. At the start of the experiment soil pH (H2O) was 6.2 and the con-
tent of bicarbonate-extractable P (Olsen P) was 49mg P kg−1 soil (Li et
al., 2016).

2.2. Experimental setup

Three different ash types were evaluated (Table 1). Two application
doses of each ash typewere applied corresponding to approximately 30
and 300 kg P/ha (see Table 2 for adjusted doses). Further details on ash
origin, doses etc. can be found in Li et al. (2016). The 30 kg P/ha applica-
tion is the maximum yearly dose allowed in Denmark when applying P
from sources such as sludge and other waste products while the 300
kg P/ha application was intended to be an extreme application rate to
provoke responses and capture potential changes or toxic effects. If no
harmful effects could be detected with this extreme application rate,
the allowed application could be regarded as safe. No P addition served
as control, while TSP fertilizer additions at 30, 60 and 300 kg P/ha were
reference treatments.

In earlyMay 2013, PVC cylinders of 30 cm inner diameter and 30 cm
length were inserted vertically into the soil to a depth of 25 cm to rep-
resent mini-plots. From 14 to 16 May ash and fertilizer treatments
(Tables 1 and 2) were applied to the 30-cm mini-plots and mixed into
the upper 15-cm soil layer. On 17 May the plots and surrounding soil
were sown with spring barley (Hordeum vulgare L., cv Simba). Yield, P
and Cd uptake from 2013 are reported in Li et al. (2016). In spring
2014, cylinder soil from 0 to 13 cm depth was removed, mixed and
returned, to simulate a soil tillage operation and spring barley was
sown again, as in 2013. Seedlings emerged on 21 April. In both years
the mini-plots received all essential nutrients, except P, in solutions
(given as kg/ha, K: 100, S: 41, Ca: 90, Mg: 45, Mn: 4, Zn: 2.6, Cu: 2.9,
B: 0.5, Mo: 0.6), and the mineral N application was equivalent to 150
kg N/ha, which is slightly above the economic optimum at this location.
Each treatment was replicated three times, giving a total of 30 mini-
plots.

2.3. Sampling of soil cores for root analyses

On 6 May 2014 (approximately two weeks after seedling emer-
gence), 3 June (six weeks after seedling emergence) and 14 August
g conventional P fertilizerswith biomass ash: Residual effects on plant
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Table 1
Name, total P, water-soluble P, total K and Cd in the combustion ashes and fertilizer used in this study.

Ash/fertilizer Total P Water-soluble P Total K Total Cd

g DM kg−1 % of total P g DM kg−1 mg DM kg−1

Ash from wood pellets at Amagerværket (AmW) 16.2 0.01 92.7 10.1
Ash from straw pellets at Amagerværket (AmS) 19.8 3.2 126 5.15
Ash from wood chips at Brande Varmeværk (BrW) 16.4 0.01 56.2 11.3
Triple superphosphate fertilizer (TSP) 119.6 73 13.4 10.95a

a Cd analyzed according to DS 259, 2003.
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(immediately post-harvest), one soil core permini-plot with a diameter
of 5 cm and a depth of 15 cmwas sampled. Care was taken to avoid that
soil collapsed around the core-holes. At the first and second samplings,
shoots inside the core were also sampled (three to four plants). Soil
cores were kept at 4 °C until processed.

2.4. Processing of samples for mycorrhiza analysis

Soil cores were processed within one week of harvesting. Each soil
sample was homogenized before beingmixedwith 1 l water and sieved
through 1- and 2-mmsieves to collect roots. At the last harvest, 30ml of
soilwas saved for later counting of AM fungal spores. Thefinal root sam-
ple was rinsed and divided into two (for the first harvest) or three
(for the second and third harvests) subsamples and weighed. One of
the subsamples was used for determination of root length (Tennant,
1975) and for arbuscular mycorrhizal colonization percentages after
clearing in 10% KOH and staining in 5% ink/vinegar solution (Vierheilig
et al., 1998). After staining, the hyphae and arbuscular root colonization
percentages were estimated according to the intersect method
(McGonigle et al., 1990) inspecting 25 roots with a length of 2 cm on
amicroscope slide andmaking observations at 200× horizontally across
them. A total of 100 observationsweremade for each sample. The activ-
ity of AM hyphae and arbuscules was measured in the second subsam-
ple after staining for alkaline phosphatase activity following Tisserant et
al. (1993). Colonization parameters were estimated as described above.
The third subsamples separated in the second and third harvests were
freeze-dried to calculate root dry weight, for DNA extraction and for
the elemental analyses explained below. For counting AM fungal spores
in soil, spores were extracted from 25 g of soil of each treatment using
the sucrose-centrifugation method (Brundrett et al., 1996). From the
extracted spore pools, the total number was counted and the volume
of a subset of spores from each sample was measured.

2.5. Soil sampling and analyses

Additional soil samples for analyses of soil pH and resin-extractable
P were sampled on 1 April and on 11 September 2014, each time by
pooling three 2-cm diameter soil cores (0–13 cm depth) from each
mini-plot.
Table 2
Application of ash, P and Cdwith ash at the lowest rate (low). Ten timesmorewas applied
at the highest application rate (high).

Ash/fertilizer Ash/fertilizer Total P Total K Total Cd

t DM ha−1 kg ha−1 kg ha−1 g ha−1

AmW low 2.27 37 211 23.0
AmW high 22.74 368 2108 229.7
AmS low 2.52 50 317 13.0
AmS high 25.16 497 3173 129.6
BrW low 2.44 40 137 27.6
BrW high 24.39 400 1370 275.6
TSP low 0.25 30 3 2.7
TSP medium 0.50 60 7 5.5
TSP high 2.51 300 34 27.5
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Soil sampleswere air-dried (40 °C),mixed and sieved (b2mm)prior
to analysis. Soil pHwas analyzed by adding 10 g soil to 25 ml deionized
water and measuring pH in the soil-water mixture after 1 h with a pH-
meter. Resin-extractable P in soil was determined using an anion ex-
change membranes (resins) method described by Li et al. (2016). The
concentration of P applied to soil (mg P kg−1 soil) was calculated, and
the recovery of extractable P was calculated from the difference in the
extractable P concentration between the amended soil and the control
soil relative to the concentration of total P applied.

2.6. P and Cd analysis in plant material

The shoots of the first two harvests were dried at 40 °C for three
days. Grain and straw from the last harvest were dried at 80 °C for
three days. All dried plant material was weighed to obtain total dry
weight and milled for P analysis. P was measured in shoots, grain and
straw after digesting samples with H2SO4, and then analyzed with
FIAstar 5000 Analyzer (FOSS, Hillerød, Denmark). The concentration of
Cd in grain, straw and rootswas determined using an atomic absorption
spectrometer, PinAAcle™ 900 T (Perkin Elmer,Waltham, USA). Approx-
imately 0.5 g of grain or straw, was weighed into Teflon digestion ves-
sels (MARSXpress, CEM Corporation, Matthews, USA) with 10 ml 50%
HNO3, and 0.1 g of roots from the last harvest (see Section 2.4) with
10 ml 5% HNO3. Samples were then digested in a microwave digestion
system at 200 °C for 10 min (MARS 6, CEM Corporation, Matthews,
USA). Samples of grain and strawwere then transferred into 50-ml cen-
trifuge tubes and diluted to a final volume of 50 ml. The digested root
samples were analyzed undiluted. An aliquot of each sample was ana-
lyzed for Cd concentration with analytical blanks and calibration stan-
dard solutions. The same procedure was repeated on Bowen's Kale
reference material (Wainerdi, 1979) to validate the results.

2.7. Molecular characterization of the AM fungal community

From the second harvest 20 to 30 mg of freeze-dried root material
was used for DNA extraction. We chose to look at the root-associated
AM, because this is the active AM fungal community going into a symbi-
otic relationship with the plants in the current season. The DNA extrac-
tion followed the protocol included with the DNeasy® Plant Mini Kit
(Qiagen, Carlsbad, USA) after roots were crushed in a Qiagen tissue
lyzer at maximum speed (30 Hz). A fragment of the large subunit
(LSU) of rDNA was amplified using the AM fungal specific primers
FLR-3 and FLR-4 (Gollotte et al., 2004) and the PCR kit HOT FIRE Pol
BlendMasterMix (Solis Biodyne, Tartu, Estonia). PCR conditions includ-
ed 15min denaturation at 95 °C; 35 cycles of 30 s denaturation at 95 °C,
30 s annealing at 57 °C and 1min elongation at 72 °C and a 10 min final
elongation step. PCR products were cloned with the TOPO-TA cloning
kit (Invitrogen, Carlsbad, USA). Twenty-four positive colonies from
each original sample were picked, PCR-amplified, and sequenced by
Macrogen®. Sequence quality was checked manually, primers were
cut from the sequences and chimeric sequences were identified using
the uchime algorithm implemented in Mothur (Schloss et al., 2009),
using a reference dataset of 11,446 AM fungal LSU rDNA sequences ob-
tained from GenBank. Preliminary phylogenetic trees were calculated
using a Neighbor joining approach and MEGA 6.0 software (Tamura et
g conventional P fertilizerswith biomass ash: Residual effects on plant
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Fig. 1. Soil pH measured (X ± SEM) for each treatment in spring 2014. Different letters
show significant differences (p b 0.05).
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al., 2013) and sequences positioned on long branches were checked for
the presence of chimeric artefacts by blasting anterior and posterior
halves of the sequences separately against GenBank. After discarding
chimeric sequences, the resulting sequences were aligned with a set of
glomeromycotan reference sequences using the online service MAFFT.
The monophyletic clade approach (MCA) was used to delineate opera-
tional taxonomic units (OTUs) (Lekberg et al., 2014). The NeighborNet
split network was constructed with the software SplitsTrees (Huson
and Bryant, 2006). From this, strongly supported monophyletic groups
with little reticulate structure were identified as OTUs and named to
species, genera or family depending on the reference sequences avail-
able. The number of clones belonging to eachOTUwas used to construct
the community abundance matrix. Only samples from the second har-
vest and the highest application rates of ash and the control treatments
were included in this part of the study.

2.8. Statistical analyses

All the variables measured were tested for normality and homosce-
dasticity. Percentages of root colonization were square-root trans-
formed prior to analysis. To determine significant differences between
treatments, one-way ANOVAs were carried out, considering the type
and concentration of ash as factors. For the case of measurements ana-
lyzed at different time points, two-way ANOVA was performed consid-
ering sampling time as second factor. In the case of significant
differences, a Tukey's multiple comparison test was applied to check
for differences between treatments. AM fungal colonization was tested
for correlations with P and Cd in the different plant tissues using the
Pearson's correlation approach. To test for effects of ash treatment on
the fungal community composition, the abundance matrix was
Hellinger-transformed prior to performing a permutational multivari-
ate analysis of variance (PERMANOVA) test. PERMANOVA is sensitive
both to differences in multivariate location (analogous to the average
community composition of a group) and dispersion (within-group var-
iability), so the function ‘betadisper’ from the R package veganwas used
to directly assess differences in multivariate dispersion. Independent
PERMANOVAs were carried out to test for the relation of AM fungal
community composition and the quantitative variables P and Cd. Since
P and Cd content in plants could be related to P and Cd content in ash,
the PERMANOVAs were stratified by ash treatment and thus the effect
of the differential P and Cd content in ash will be removed from the
model and, if any, the variation of P and Cd in plant merely attributed
to AMF community could be quantified. Community patternswere visu-
alized as a non-metric multidimensional scaling ordination (NMDS).
Euclidean distance was used as a measure of community dissimilarity
in both analyses. Besides, species richness and Simpson's reciprocal
index of diversity (1/D) were calculated (Krebs, 1999). All the analyses
were done with the R project 3.1 (R Core Team, 2014) using the vegan
package (Oksanen et al., 2015).

3. Results

3.1. Soil pH and extractable P

Soil pH increased significantly from 6.3 to about 7.5 in all the high
ash application treatments compared with the control and the TSP
treatments (p b 0.001; Fig. 1). No differences were found among sam-
pling times.

The concentration of resin-extractable P in soil changed among
treatments (p = 0.007; Table 3) but not between sampling times. P in
soil without amendment was between 22 and 24 mg P kg−1. In 2014,
about one year after P application, resin P concentration increased to
25–34mg P kg−1 at the low ash applications.With the high ash applica-
tions it increased significantly to 40–50 mg P kg−1. Similarly, with TSP
application it increased to 49 mg P kg−1. Due to the differences in P ap-
plication rates between ash types (see Table 2) the increase in resin P
Please cite this article as: Cruz-Paredes, C., et al., Risk assessment of replacin
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was related to the P application in each plot by calculating the apparent
recovery of applied P from resin-extractable P (apparent resin P recov-
ery: ARPR). At low application rates, the relative uncertainty of this
measure was very high since it was the difference between two large
numbers. When considering the two sampling times, there was no
clear effect of ash and TSP application rate on ARPR. Focusing on ARPR
at the high application rates (with lowest uncertainty), there was also
no development in ARPR over time, with values from the three ashes
of 9–11% for the first year of sampling and 7.5–14.5% for the second
(data not shown). Similarly, ARPR after the high TSP was 14% after the
first year and 13% after the second (data not shown). Thus, ARPR was
nearly similar for the three ashes and TSP.

3.2. Plant growth

The different treatments did not have any effect on plant yield at the
harvest at maturity. Grain, straw and root dry weights and root length
were similar in all treatments (Supplementary material Table S1).
Grain biomass was between 23 and 32 g while straw biomass was be-
tween 28 and 37 g per plot. For root length the values were between
4 and 10 m per core, while the biomass was between 0.1 and 0.27 g
dry weight per core. Likewise, in neither of the two harvests were
there differences in leaf dry weight, root dry weight, or root length
(Supplementary material Table S2).

3.3. P concentration in shoots, straw and grain

The concentration of P measured in the shoots showed significantly
higher values in the high straw ash application in the first harvest, and
in the high wood pellet (AmW) ash application in the second harvest
(p b 0.001) (Supplementarymaterial Fig. S1). Besides,we found a signif-
icantly higher P concentration in plants (p b 0.001) at the second har-
vest. In barley straw the concentration of P in the high ash treatments
was significantly higher than the control (p = 0.03) (Fig. 2a). There
were no significant differences between any of the P concentrations in
grain (Fig. 2b). In general, there was a tendency for ash-treated plants
to have higher P concentrations than the control and for concentrations
to be similar to the TSP-treated plants (Fig. 2).

3.4. Straw, grain and root Cd concentration

In the higher AmWash applicationwe observed a significantly lower
Cd concentration in the straw (p = 0.008) (Fig. 3a). However, the Cd
concentration in grain was close to the detection limit and did not
g conventional P fertilizerswith biomass ash: Residual effects on plant
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Table 3
Concentrations of resin-extractable P (X ± SEM) measured in soil in 2014, after application of ash (high applications in bold) and triple superphosphate (TSP) in May 2013.

Ash/fertilizer Resin P April 2014 Resin P Sept 2014

mg P kg−1 mg P kg−1

Control, 0P 22.2 ± 1.1b 23.9 ± 1.2c

AmW, low 27.6 ± 2.5b 24.8 ± 1.6c

AmW, high 39.9 ± 0.6a 41.3 ± 4.2a

AmS, low 28.8 ± 1.6b 25.6 ± 0.1bc

AmS, high 50.4 ± 0.8a 49.5 ± 1.9a

BrW, low 22.5 ± 1.6b 34.1 ± 9.8bc

BrW, high 42.0 ± 0.9a 43.1 ± 2.5a

TSP, low 28.8 ± 4.3b 23.9 ± 0.1c

TSP, medium 25.5 ± 0.9b 27.2 ± 3.0bc

TSP, high 44.8 ± 4.1a 38.6 ± 3.3ab

abcDifferent letters show significant differences (p b 0.05) for comparisons on the same sampling time.
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show any significant differences between treatments (Fig. 3b). More-
over, the root Cd concentration in the high wood pellet ash treatment
was significantly higher than in the low ash and TSP treatments
(p b 0.001) (Fig. 3c), and the root Cd concentration was highest in the
high dose ash applications. In general, the Cd concentration in grain
was ten times lower than in straw and the straw Cd concentration
eight times lower than in roots (Fig. 3).

3.5. AMF root colonization

3.5.1. Total colonization (ink-stained)
Hyphal and arbuscular root colonization did not show any signifi-

cant differences between treatments, only significant season differences
were found with the highest colonization in June (p b 0.001). Nonethe-
less, when the three different ash types were considered as one treat-
ment (ash) only separated by application rate (low, high), there was
significantly higher colonization in both hyphal (p = 0.004) (Fig. 4a)
and arbuscular (p = 0.005) (Fig. 4b) colonization at the high ash dose
compared to the control and TSP treatments. We observed higher colo-
nization percentages with high ash concentrations and lower percent-
ages in the treatments with TSP (Fig. 4).

3.5.2. ALP stain active root colonization
Active hyphal and arbuscular root colonization did not show signif-

icant differences between treatments, only significant seasonal differ-
ences with the highest colonization in June (p b 0.001). As with total
colonization, when the three different ash types were considered as
one treatment and separated by application rate, there was significantly
higher active arbuscular (p=0.04) (Fig. 4a) colonization in the high ash
treatments and a trend (p=0.08) for decreased active hyphal coloniza-
tion with TSP (Fig. 4b).
Fig. 2. Phosphorus concentration (X ± SEM) in a) straw and b) grain in 2014, one y
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3.6. AMF spores

There were no significant differences in the number of spores ex-
tracted from soil between the treatments. We found an average of five
spores per sample (25 g). We noticed that TSP and one of the high ash
treatments (AmW) tended to reduce the number of spores (data not
shown).
3.7. Molecular analysis of the AMF community

Using the monophyletic clade approach (MCA) to delineate opera-
tional taxonomic units (OTUs), 13 OTUs were found (Supplementary
material Fig. S2). The distribution of the different OTUs in the treat-
ments is shown in Supplementary material Fig. S3. The most abundant
OTU was identified as Funneliformis caledonium followed by F. mosseae.
Spores of these two species were also the most abundant types in the
spore extractions (data not shown). In total, four different AM fungal
generawere detected in the community and four OTUs could not be fur-
ther assigned than to family (Glomeraceae and Claroideoglomeraceae).
The sequences generated were submitted to GenBank with the acces-
sion numbers: KX010997-KX011009.

Even though the frequency of OTUs in samples indicates a more di-
verse and even community in the control plots compared with the
treated plots, species richness did not show any significant differences
between treatments, while differences in the Simpson's reciprocal di-
versity index were marginally significant (p-values between 0.1 and
0.05) (p = 0.15 and 0.05, respectively) (Fig. 5).

The PERMANOVA analysis showed that the AM fungal community
composition differed significantly among treatments (pseudoF =
2.02; p= 0.03) as showed by the NMDS ordination (Fig. 6). Differences
found by PERMANOVA were not caused by differences in multivariate
ear after ash application. Different letters show significant differences (p b 0.05).
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Fig. 3. Cadmium concentration (X ± SEM) in a) straw b) grain and c) roots in 2014, one year after ash application. Different letters show significant differences (p b 0.05).

Fig. 4. Percentage arbuscular mycorrhizal a) hyphae and active hyphae, b) arbuscule and
active arbuscule root colonization during the different harvests with two levels of ash,
three of fertilizer and a control (X ± SEM).
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dispersion between treatments since the analysis did not show signifi-
cant differences among treatments. The composition of the AM fungal
community was, on the other hand, found to be related to available P
in soil (pseudoF = 2.3037; p = 0.041) but not to soil pH. Likewise,
the Cd concentration in straw (pseudoF = 2.932; p = 0.009) and
grain (pseudoF= 2.306; p= 0.037) was related to the AM fungal com-
munity, but for Cd in roots or for P in any plant tissues this was not the
case. When the analysis was repeated after controlling for the Cd added
by ash, only the Cd in straw was found to be significant (pseudoF =
3.338; p= 0.023) (Fig. 6). From Fig. 6 we found a trend toward a differ-
ence in the capacity for Cd uptake depending onAM fungal genera.Most
of the FunneliformisOTUswere located in opposite positions to Cd in the
straw vector, indicating a negative relation. In contrast, most of the Glo-
mus OTUs were found in the positive direction of the vector.

3.8. Correlations between AM fungal colonization parameters and plant tis-
sue concentrations of P and Cd

A significant positive correlation was found between the P concen-
tration in grain and active arbuscule colonization (R = 0.33; p =
0.04). For the Cd concentration in plant tissues only root concentrations
showed significant positive correlations with the percentage of AM hy-
phae (R=0.43; p= 0.001) and arbuscule (R=0.32; p= 0.04) coloni-
zation as well as with active arbuscules (R = 0.32; p = 0.04). No other
correlations were significant (data not shown).

4. Discussion

4.1. Replacement of mineral P fertilizers with ash

In the specific cases here studied, we demonstrated that recycling
biomass ash in agriculture can be an alternative to the use of conven-
tional fertilizers without negative effects on plant yield, nutrition, cad-
mium accumulation in aboveground plant tissues and mycorrhizal
status even at high application rates. In general, the availability of P in
g conventional P fertilizerswith biomass ash: Residual effects on plant
g/10.1016/j.scitotenv.2016.09.194
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Fig. 5. a) Species richness (number of OTUs) and b) Simpson's diversity (1/D) in the different treatments (X ± SEM). Only treatments with high ash application rate were investigated.
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soil in high ash treatments was similar to high TSP treatments. This in-
dicates that the tested ashes can replace TSP as a source of available P
in soil. Several studies (Patterson et al., 2004; Schiemenz and
Eichler-Löbermann, 2010) reported that biomass ashes increase avail-
able P in soil, crop yield, and crop P concentration in the first crop
after ash application. In our study, we did not expect increases in barley
yield due to the high initial amount of P available in the soil. This was
borne out and barley biomass did not increase with any source of P. In
contrast, the P concentration in straw increased in two of the high ash
treatments. In general, only a minor part of the applied P will be detect-
able as plant-available after P fertilizer application. This was also the
case in this study where only 14% of the applied TSP (at high P level)
was recovered as plant-available when evaluated by resin extraction.
Li et al. (2016) showed that the availability of ash P to the first crop
was similar to that of TSP, and the present results show that ash also
had an effect on P availability similar to that of TSP in the second grow-
ing season after application.
4.2. Effects of ash on AM fungi

AM fungi play an important role in plant nutrition. Therefore, we
evaluated if the application of biomass ash would affect the coloniza-
tion, activity or community composition of AM fungi. Abiotic factors
such as nutrient content in soil (Sørensen et al., 2008) or soil pH
(Bainard et al., 2014; Birgander et al., 2014; Leifheit et al., 2014) have
previously been shown to influence AM fungi. Many studies have
Fig. 6. Non-metric multidimensional scaling ordination (NMDS) plot showing the
distribution of the different OTUs identified in barley roots after application of the
different types of ash. Samples were grouped by ash type and ellipses representing one
standard deviation around group centroids were defined using the ordiellipse function
from the R package vegan. Only treatments with high ash application rate were
investigated.
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reported that the application of phosphate fertilizers reduces the coloni-
zation of AM fungi (Jensen and Jakobsen, 1980; Smith and Read, 2008;
Wakelin et al., 2012). However, P addition is only expected to affect
AM fungi in soils that are initially low in available P (Johnson et al.,
2010; Krüger et al., 2015). Since the soil at our site was not low in avail-
able P, colonization, activity, and spore production of AM fungi were not
reduced by P addition.

Species of AM fungi are known to be functionally diverse (Munkvold
et al., 2004) and to have different effects on a specific host (Smith and
Read, 2008), and the benefits of keeping a high functional diversity of
AM fungi to ensure a high plant productivity have previously been dem-
onstrated (Maherali and Klironomos, 2007). In our study, the most
abundant identified OTUs are well known constituents of agricultural
soils, e.g. Funneliformis spp. (Jensen and Jakobsen, 1980; Kjøller and
Rosendahl, 2001; Yu et al., 2013). Although, species richness and diver-
sity of AM fungi did not differ significantly between treatments, some
lineages were actually lost in ash-treated communities, i.e.
Claroideoglomus sp. and Gigaspora sp., and it is possible that deeper se-
quencing with Next Generation Sequencing technologies would have
detected a significant decrease in richness or diversity.

Several studies have reported that ash applications can alter the
composition of microbial communities (Knapp and Insam, 2011;
Labidi et al., 2015; Schutter and Fuhrmann, 2001) including that of
ectomycorrhizal fungi (Klavina et al., 2015; Taylor et al., 2003). To our
knowledge, the effects of biomass ash on AM fungal communities
have not been reported before, although, it is well known that pH influ-
ences the community composition of AM fungi (Dumbrell et al., 2010)
as well as root colonization intensity (van Aarle et al., 2003; Wang et
al., 1993). Certainly, in our study, differences in the composition of
OTUs, relative to the control treatment, were visible and significant.
However, we also showed that the communities in the different treat-
ments were able to actively colonize the roots.

Biomass ashes are well known liming agents (Augusto et al., 2008;
Knapp and Insam, 2011; Perkiömäki and Fritze, 2002). In our study
the high ash application increased soil pH from pH 6 to about pH 8.
Changes in pH due to ash application affect many soil parameters and
can also increase crop productivity especially when ash is applied to
acidic soils (Patterson et al., 2004). In our case, initial soil pHwas appro-
priate for barley growth and the pH increase did not affect plant produc-
tion. However, increases in pH also stimulate AM fungal colonization. In
this study, we found that high ash applications increased hyphal coloni-
zation compared to the control and the TSP. This stimulation could be
due to an indirect pH effect of the ash.

4.3. Effects of ash on Cd uptake in barley

One of themajor risks of using biomass ash in agriculture is the pos-
sible toxicity or bioaccumulation of heavy metals. In accordance with
g conventional P fertilizerswith biomass ash: Residual effects on plant
g/10.1016/j.scitotenv.2016.09.194
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Danish statutory order N. 818:2008, the biomass ash used in this study
contained legal concentrations of Cd, but the total Cd doses applied to
the soil were nevertheless between 3 and 300 times higher than
the amounts allowed. Regardless of these extreme Cd doses, we did
not observe any harmful effect on barley yield, P uptake or mycorrhizal
status.

Cd concentrations in barley did not vary with the amount of Cd ap-
plied with ash and TSP. In barley grains, the Cd concentration was 10-
fold lower than the maximum permissible concentration (0.1 mg/kg)
as stipulated in the European Commission Regulation (EU 488, 2014).
Furthermore, we found the lowest Cd concentration in grain and
straw with the high AmW ash treatment, which also had the highest
pH. Soil pH also affects Cd availability in soil, with Cd becoming less
available in alkaline soils (Brady and Weil, 1996). Hamnér and
Kirchmann (2015) reported similar results with organic fertilizers that
had limited or no impact on grain concentrations of Cd in long-term
field experiments in Sweden. They concluded that Cd present in organic
fertilizers is not easily available and that changes in soil properties, such
as pH, often are of greater importance for crop uptake. Similarly,
Hejcman et al. (2013) found that barley grain Cd concentration was
about one order of magnitude below the EU limit after long-term min-
eral fertilization. Li et al. (2016) found increasing Cd concentrations in
whole barley plants immediately after application of increasing
amounts of TSP, but no clear effect of Cd applied with ash. Here in the
second season after application there was no effect of the previous TSP
application on Cd concentration in straw and grain.

In our study, the Cd concentration in rootswas higher in the high ash
treatments, and 10 and 100 times higher than in straw and grain, re-
spectively. Our results agree with previous reports where the content
of Cd in plants has been found to decrease in the order: roots N

stems N leaves N fruits N seeds (Benavides et al., 2005; Garg and
Bhandari, 2013; Lux et al., 2011). Likewise, Soriano-Disla et al. (2014)
found that metal transfer from roots to shoots was restricted and con-
trolled by plant physiology.

Several studies report that Cd can be immobilized in mycorrhizal
fungal tissue (Benavides et al., 2005; Garg and Bhandari, 2013). Approx-
imately 96% of the absorbed Cd is retained in the roots (Andrade et al.,
2005; Liu et al., 2011; Shahabivand et al., 2012), probably sequestrated
in fungal structures and not in root tissue (Andrade et al., 2005; Kapoor
and Bhatnagar, 2007). As a consequence, mycorrhizal plants significant-
ly reduced Cd in the shoot in comparison with non-mycorrhizal plants
(Garg and Bhandari, 2013). In our study, we observed that the uptake
of Cd (in straw) was influenced by the AM fungal community composi-
tion (Fig. 7). We also found a high Cd concentration in roots with high
AM fungal colonization. This finding suggests that Cd can be
immobilized in fungal tissue. Future studies need to clarify the location
of Cd in roots (root or fungal tissues).
5. Conclusions

The results of this study suggest that using biomass ashes as a fertil-
izer can be a sustainable strategy to maintain the available P in agricul-
tural soils. Based on the risk assessment in this study, where we
measured effects of ash in the second season after application, there
are no apparent unwanted side effects of ash application with respect
to plant yield, nutrition, Cd accumulation in plants andmycorrhizal sta-
tus. Moreover, the availability of P in soil increased to a similar extent as
with TSP fertilizer. In this assessment, we were able to show that even
when extreme amounts of Cd are added to the soil in ash, Cd is not
translocated to aboveground plant tissues. However, it is important to
study the longer-term fate of Cd in soil. The biomass ashes used in our
study did not have negative effects on the colonization and activity of
AM fungi. Still, we recommend that the potential effects on the compo-
sition and structure of the AM fungal community as well as the role of
AM fungi on Cd transfer in plant roots should be studied in depth.
Please cite this article as: Cruz-Paredes, C., et al., Risk assessment of replacin
yield, nutrition, cadmium accu..., Sci Total Environ (2016), http://dx.doi.or
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