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Abstract

In this study, digestate from winery wastes was investigated focusing on phytotoxicity using
macrophytes and evaluating the potential contribution of ammonium and copper. Spreading of
digestate on soil could represent a suitable approach to recycle nutrients and organic matter,
creating an on site circular economy. In this study, digestate quality was evaluated considering both
chemical-physical characteristics and biological toxicity applying germination test. The effluent did
not meet the entire amendment quality standard defined by Italian law (Decree 75/2010 germination
index >60% with solution of 30% v/v of digestate), but bio-stimulation was observed at low doses
(3.15-6.25 % v/v) for S. alba and S. saccharatum. The beneficial concentration agreed with Nitrate
Directive dose and suggested that limited addition of digestate could have several positive effects
on soil characteristics and on crop growth. Specific test using ammonium and copper solutions

showed that these pollutants were not directly correlated to observed phytotoxicity.
Keywords

Anaerobic treatment; digestate; germination index; phytotoxicity; winery wastes'

Abbreviation: AD=anaerobic digestion; AS=Activated Sludge; COD=chemical oxygen demand; CSTR=continuous stirred tank
reactor; D1 and D2= digestate samples 1 and 2; GAE=gallic acid equivalent; GI=germination index; HRT=hydraulic retention
time; OLR=organic loading rate; TS=total solid; VS=volatile solids; EC=electrical conductivity; pCOD=particulate COD;

sCOD=soluble COD; SRT=sludge retention time; TKN=total Kiendhal nitrogen; P ~=total phosphorus.



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

1 Introduction

Anaerobic digestion (AD) has been widely diffused in the last decades to treat several type of
organic waste such as organic fraction of municipal waste [1], waste activated sludge [2], livestock
effluents [3] and winery wastes [4]. The effluent of AD process is called digestate and its recovery
can increase the economical and environmental process sustainability. The direct application of
digestate to soil is currently considered an inexpensive option for its disposal and for recovery of
their mineral and organic constituents for agricultural systems [5]. In fact, during the anaerobic
process, part of organic nitrogen is transformed into ammonium, while phosphorus is partially
converted in orthophosphate; both these chemicals are easily available for plants growth. Digestate
application can consequently substitute or reduce the use of chemical fertilizer, though the amount
must be calculated according with the Nitrate Directive (Directive 91/676/EEC). Considering the
organic constituents, the labile fraction was mostly degraded during the AD process and lignin-like
material, complex lipids and steroids became concentrated [6] reported that these compounds are
humos precursors, consequently supply organic carbon in the soil. Moreover application of
digestate leads to enhanced microbial processes such as nitrogen mineralization and ammonia
oxidation [7,8], and enzymatic activity [9], which further increases the long-term nutrient release in
soils [7,8]. Digestate improves soil physical properties [10] increasing water balance and soil
structure [7]. In spite of digestate beneficial properties, it has to meet also quality standards in terms
of heavy metals, polychlorinated byphenyls (PCBs), pathogens and phytotoxicity. Phytotoxicity is
an interesting parameter evaluating the real digestate spreading impact on crops and it represents an
index of its overall ecotoxicological impact. In fact the combined effect of the different
contaminants mixed together, as well as their bioavailability, is difficult to estimate by chemical
analysis while biological assays could supply the missing information [11]. Additionally, efforts
should be made to identify the doses that will produce the desired fertilization effects ensuring the
safety of agro-ecosystems [10].

To date, many countries introduced germination index (GI) to assess the quality of amendment as
the result of the combination of macrophytes germination and root elongation. Generally it is an
indicative limit value is provided in existing guidelines but only in Italy is a parameter enforced by
law. The threshold for digestate acceptability as amendment according to the Italian legislation
(D.Lgs 75/2010) was set at GI > 60% in a digestate samples diluted at 30%.

GI was chosen for its simplicity, short time requirement (up to 72 h) and sensitivity, being the
germination phase strongly affected by environmental conditions [12]. It was applied mainly to
compost [13—15] and recently to digestate [16,17]. Phytotoxicity test uses a matrix-based approach

that considers the overall source of pollutants in the matrix and toxicants interaction. In most



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

studies, it is applied as an indirect test, using an extract of the solid sample to identify its impact
[11] and the results depend strongly on the solid-to-liquid ratio assumed. Instead direct test deals
with the raw sample [18] and gives more realistic results, because all kind of interactions between
contaminants, soil matrix and test organisms are included and all site specific effects are integrated.
The presence of so many complex chemicals in the digestate (e.g. including metal ions, macro and
micro-nutrients, organic pollutants) caused ecotoxicological interactions varying from synergism to
antagonism [19], making toxicity etiology difficult to identify [20]. Generally, phytotoxicity test
carried out on digestate from livestock effluents showed stimulation at high dilution rate [5,17],
while high concentrations showed germination inhibition. In contrast Gell et al. [21] did not observe
any differences from the control using digestate deriving from cow manure, pig slurry and human
excreta, and three plant species (Lactuca sativa L., Raphanus sativus L. and Triticum aestivum, L.).
Germination index is usually inversely correlated with conductivity and ammonium concentration
[5,20,22]. High ammonium concentration can reflect potential phytotoxicity [23-25], but a
threshold limit is not well defined. Di Maria et al. (2014) reported that concentration of 16-25 g N-
NH, /kgTS inhibited seed germination in Lepidium sativum, while Tigini et al. [24] indicated that
the inhibiting concentration was higher than 2000 mg/L of N-NH," for Lepidium sativum and
Cucumis sativum.

Salinity limits the germination of many plant species through osmotic effects or through ion toxicity
[26]. It is reported by Boluda et al. (2011) [27] that salinity levels higher than 2.0-2.6 mS/cm can
inhibit the number of Lactuca sativa germinated seeds and delay the germination process.
Germination inhibition correlated by high conductivity level in the digestate was detected by
several authors [5,17,24]. It can be associated with high concentration of sodium, chlorine,
ammonium, and also metals. About metals in digestate, copper (Cu) and zinc (Zn) are the most
recurrent [5,14].

Phytotoxicity is not only correlated to chemical characteristics, but it depends on 1) type of
feedstock, i) AD operational conditions [7,28] and iii) macrophyte species used during the
experimental phase. Di Maria et al. [16] demonstrated that operational conditions could affect
toxicity, in particular high organic loading rate (OLR) and short hydraulic retention time determined
higher concentration of volatile fatty acids (VFAs), reducing the biological stability and, hence, the
digestate germination index.

Considering the several parameters affecting digestate phytotoxicity, prediction of residual toxicity
is difficult and experimental tests have to be carried out taking in consideration chemical

characteristics and operational AD conditions.
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Winery wastes are interesting substrates for AD in wine producing countries because of their high
biodegradability and pilot-scale experimentation showed that mesophilic process is the easiest to
manage using hydraulic retention time higher than 20 days and organic loading rate of about 3 kg
COD/m’d (chemical oxygen demand, COD) [29]. Digestate spreading on vineyards could represent
a suitable approach to recycle nutrients and organic matter creating an on site circular economy, but
the phytotoxicity evaluation has never been made.

In this study, digestate from winery wastes was investigated focusing on phytotoxicity with

macrophytes looking for the potential contribution of ammonium and copper.

2  Material and methods

2.1 Digestate production and sampling

Two winery wastes, called D1 and D2, were considered: D1 was waste activated sludge (AS) from
winery wastewater treatment and D2 was wine lees. They were collected in a cellar in Conegliano
(Italy) producing about 30,000,000 L of wine per year. The 75% of sold wine is white one and most
of it is producing by Charmat method along the whole year. Throughout the year it generates 1.6 kg
of wine lees and 2.0 L of wastewater per L of wine. The wastewater has high COD concentration
(3,747 mg/L in average) and was treated inside the cellar borders by conventional activated sludge
(AS) process. As reported by Da Ros et al. [4], the AS process operated with average hydraulic and
sludge retention times (HRT and SRT) of 6.7 d and 35 d, respectively. The oversized biological
reactor volume allowed to operate with long HRT and SRT values, in order to withstand the load
picks. The MLVSS was 3,010 mg/L and the corresponding food to microorganisms’ ratio was 0.26
kg COD/kg MLVSS per day. The COD was completely removed (95%) during the treatment and,
in turn, 613 kg of dewatered waste AS was produced weekly. The substrate characteristics were
reported in supplementary material and described in detail by Da Ros et al. (2016b).

A continuous stirred tank reactor (CSTR) with a working volume of 0.23 m’ was employed for
anaerobic co-digestion of waste AS and wine lees. The temperature was maintained at 37 °C using
an external jacket. PT100 probes (OMEGA Engineering Inc., Norwalk, CT, USA) monitored the
temperature trend during process and managed the water recirculation pumps. The reactor operated
with an organic loading rate of 3.2 kg/(m® d) of chemical oxygen demand (COD) and HRT of 23 d.
The organic load distribution between the two co-substrates considered the real waste flow
characteristics: 80% of wine lees and 20% of waste AS.

The operational conditions were reached by a long start-up period (140 d) that consisted in slowing
the increase of organic loading rates. The steady state was maintained for more than one year.

Stability process parameters and biogas composition were analyzed twice per week. Nutrients
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content and COD concentration was measured once per week, while the phytotoxicity was

evaluated twice in the whole period, eleven months far from each other.

2.2 Analytical methods for digestate characterization

2.2.1 Physico-chemical analyses

The substrates and the digester effluents were collected and monitored once a week to determine the
total and volatile solid content (TS and VS), COD, total Kjeldahl nitrogen (TKN), and total
phosphorus (Pi) (American Public Health Association et al., 1999). The process stability
parameters, pH, total and partial alkalinity, and ammonia concentration were checked two or three
times per week. At steady state conditions, the total polyphenols were analyzed
spectrophotometrically using the Folin Ciocalteu assay [31]. The concentration was reported in
terms of gallic acid equivalent per liter (mg GAE/L). Biogas was collected by a Tedlar® gas
sampling bag and the biogas composition (CO,, CHs, Hy, and O,) was determined by a gas
chromatograph (GC Agilent Technology 6890 N) equipped with a column HP-PLOT
MOLESIEVE, 30 x 0.53 mm ID x 25 mm using a thermal conductivity detector and argon as gas
carrier.

Dry milled digestate samples were analyzed to determine Cu and Zn content. Sample digestion was
carried out using a microwave oven (Ethos 1-Milestone S.r.1 Advance Microwave Digesting
Labstation, Italy) in acid conditions (ultrapure hydrofluoric and nitric acids). Concentration of
metals was determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) equipped
with a collision/reaction cell (ICP-ORS-MS) (Agilent 7500 ORS).

Cations (Na', K, Mg*" and Ca®") were determined in the digestate samples after filtration on 0.45
um membrane. Analyses were conducted using an ion chromatograph equipped with a conductivity
detector (Metrohm model 761). A cation exchange column with carboxylic groups on polyvinyl

alcohol material (model Metrosep C3—-250) was used and the eluent was solution of 3 mM HNOs/L.

2.2.2 Experimental design and phytotoxicity test

Phytoxicity tests were carried out according to Beltrami [32] and OECD [33]. A battery of three
macrophytes was selected including two dicotyledonous (Lepidium sativum and Sinapis alba) and
one monocotyledon (Sorghum saccharatum) species [34]. Certified seeds were purchased from
Ecotox Ltd. (L. sativum-lot LES290311; S. alba-lot SIA051011; S. saccharatum-lot SOS140611).
Germination (G, %), seedling elongation (SE, mm), germination index (GI) expressed as percentage
(GI = [100x(G*SE )treatment/[(GXSE)control]) Were considered as endpoints [35]. All endpoints were

assessed in triplicate, otherwise explicitly indicated, including negative controls (ultrapure water).
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The threshold level for acceptability of negative controls was set at 10% [33,35]. The GI can
assume values greater or lower than 100%, where a value equal to 100% means that the seedling
average length and germination rate between a specific treatment and the negative control are
exactly the same [34]. If values are between 80% and 120%, effects are likely the negative controls,
otherwise values > 120% indicate biostimulation and < 80% inhibition effects [36]. Polystyrene
Petri dishes equipped with a Whatman no. 1 filter were used as testing chambers containing 5 ml of
digestate, or a dilution of it with ultrapure water. Ten seeds were incubated per Petri dish for 72 h at
25 °C in the dark. Results were acquired using a digital camera corrected for objective distortion.
The number of germinated seeds was registered and the whole length of seedling measured.
Experimental design considered phytotoxicity characterization of two digestate samples (D1 and
D2), and ammonium and copper synthetic solutions.

Both digestates were analyzed using different dilutions obtained by ultrapure water (3.125, 6.25,
12.5, 25, 50 and 100% v/v for D1, 5, 10, 25 and 50% v/v for D2) and evaluating the overall toxicity
of digestate via dilution-response relationship.

Several authors reported that ammonium is one of the most toxic compounds in the digestate, but
they did not define its toxicity. In order to confirm literature data and estimate ammonium effect,
phytotoxicity tests were carried out on (NH4)>SO4 (10, 100, 500, 1000 and 10000 mg N/L) using the
same battery of macrophytes.

The results of germination assays on digestate samples were thus elaborated considering ammonium
content and, finally, the biological assay was repeated with D1 after partial ammonium stripping by
air bubbling for 24 h. The long bubbling simulated a post-treatment able to reduce ammonium
concentration, remove volatile organic compounds and consequently increase the pH; on the other
hand this process did not modify the persistent compounds content such as heavy metals and salts.
Neutral pH was corrected by diluted HCI addition and this dilution was considered to calculate real
dilution (2.9, 5.8, 11.5, 23.1, 46.1, 92.2% v/v) and ammonium concentration.

In order to evaluate the role of copper in seed germination, the results obtained with D1 exposure
was analyzed considering Cu content and compared with response using solution of copper sulfate

(CuS0Og4) with concentration ranging from 1 mg Cu/l to 1000 mg Cu/l.

2.3 Data analysis

Root elongation was carried out with ImageJ [37]. Whenever possible, toxicity was expressed as
effective median concentration generating a 50% in the treated population (EC50). Otherwise,
toxicity was expressed as percentage of effect at its relative exposure concentration. The
significance of differences between average effect values of different experimental treatments and

controls was assessed by the analysis of variance (ANOVA) considering a significance threshold
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level always set at 5%. When ANOVA revealed significant differences among treatments, post-hoc
tests were carried out with Dunnett’s method and Tukey's test. Statistical analyses were performed
using Microsoft Excel 2013/XLSTATO-Pro (Version 7.2, 2003, Addinsoft, Inc., Brooklyn, NY,
USA).

Two parametric models were used to calculate EC50 and presence of stimulation effects. As
suggested by Vanewijk and Hoekstra (1993), logistic model was used when concentration-response
toxicity data followed a sigmoidal curve, while linear logistic model (Brain and Cousens, 1989) was
applied when a stimulation for low concentrations (hormesis) of otherwise toxic compounds was

detected. The logistic (Eq. 1) and linear-logistic (Eq. 2) models were used to describe experimental

data.
k
Y= 1+(x/x0)P Eq. 1
_ k (1+fx)
Y = Tr@frot Dr(/xo)? Eq. 2

Where y is the effect expressed as GI, x the digestate concentration in terms of percentage over total
solution volume and & stands for the y value at x = 0. The parameter b relates to the slope of the
tangential line in the point of inflection on response-dose curve or stands for the slope of the line on
logit-log-scale. x, is the EC50 value and f'stands for hormesis, when it has positive value the curve
shows an increase of response value at low concentrations.

A nonlinear least-square regression analysis was performed using Excel™ to determine the two
models equations parameters (k, xyo, b and f) and the EC50 defined by x, value. The correlation
coefficient (R*) was calculated to assess the goodness-of-fit of each model, like as the significance

of stimulation. When the equation model is known, the effect for each dilution could be calculated.

3 Results and discussion

3.1 Chemical-Physical characteristics of digestate

Two digestate samples (D1 and D2) were collected from pilot-scale reactor eleven months far
between each other. No dewatering was carried out consequently the samples had low dry matter
content (22.4 and 22.7 gTS/kg). They can be classified as liquid substrate because dry matter was
lower than 15% and can be evaluated without operating an extraction. Digestate samples were
characterized both by pH values > 7; D2 had a more alkaline value (pH 7.70 vs D1 pH 7.35)
because of the greater ammonium concentration (639 mgN/l vs D1 with 321 mgN/l). Also buffer
capacity could affect pH, but in this case partial and total alkalinity (PA and TA) can be considered
comparable (D1 TA 2,121 mgCaCOs/l, D2 TA 2,331 mgCaCOs/l). The highest conductivity was
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observed in the second sample D2 (5.74 mS/cm), probably due to higher ions concentration such as
potassium ion (591 mg/l) and ammonium concentration. Both digestates had EC values considered

able to inhibit seed germination [27].

The organic matter content, expressed as COD, was comparable in D1 and D2 (696 and 687 mg
COD/g TS, in that order) and similar to other digestates from different origin [24]. Regarding the
plant nutrient content and hence the fertilizer value, total nitrogen content (sum of ammonium and
TKN content on dry matter) was 1.4 and 1.7 gN/L in D1 and D2, respectively. The difference was
mainly due to the ammonium content that was 23% and 37% of the total nitrogen. Hence, this
nutrient is mainly in the organic form (76 and 63% of total nitrogen), less available for the plant and
slowly released to the environment. Total and volatile solids content and particulate COD, TKN and
Pt were comparable, because they are correlated with operational conditions applied (i.e. organic

loading rate, HRT and temperature) and affected by waste AS.

The characteristics associated with liquid fraction (i.e. pH, alkalinity, conductivity, soluble COD
and ammonium nitrogen) were different. The differences were due to wine lees that had a great
variability range. The soluble COD (sCOD) was slightly higher in the second sample, but both D1
and D2 had VFAs <1,500 mg/l, which is the proposed threshold limit for digestate fertilizer use
within the end-of-waste criteria [39]. Presence of polyphenols < 50 mgGAE/L was characteristic of
digestate from winery waste [4]. The polyphenolic compounds could inhibit or delay the
germination, anyway they are degraded in aerobic conditions and could serve as precursor for the
formation of humic acids in soil [40]. Copper is used in the vineyard for plant health and during the
winemaking process. In the digestate Cu concentration was around 431 mg/kg TS and derived from
wine lees (Da Ros et al., 2014). The digestate did not meet the threshold limit for fertilizer in Italy
(230 mgCu/kgTS, D.Lgs 75/2010) and proposed end-of-waste criteria from 3™ Working Document
(100 mg Cu/kgTS, Saveyn and Eder, 2014). Digestate samples complete characterization is reported

in supplementary material.
3.2 Digestate phytotoxicity

3.2.1 Phytotoxicity of D1

The number of germinated seeds of L. sativum was reduced from 93% in the control test to about
80% when digestate solutions at 3.125, 6.25 and 12.5% were used. Negative controls (< 10%) were
acceptable for all testing species according to Libralato et al. [42]. Less diluted samples

significantly decreased the number of germinated seeds.
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Seedling elongation increased when 3.125% of D1 was applied (+35%) and dilutions of 6.25 and
12.5% had no effect on elongation after normalization to the negative control. Higher D1
concentrations inhibited root development and seedling development. GI showed a slight
stimulation at the lowest D1 concentration (3.125% v/v). ANOVA evidenced no significant
differences after the exposure from 0% to 12.5% (p < 0.05), while inhibition was detected for
higher concentrations (25, 50 and 100% v/v).

S. alba was less sensitive than L. sativum in terms of germinated seeds, in fact the germination rate
was about 90% up to 25% of the digestate. The most interesting effect of digestate was observed on
seed elongation: root length increased from 29.3 mm up to 50 mm with D1 dilutions of 3.125, 6.25
and 12.5%. The difference between the control and treatments was not relevant up to 25% of D1.
Higher concentrations (25, 50 and 100% v/v) inhibited both seed germination and elongation. GI
agreed with these observations: important stimulation (74-78%) was observed at lower digestate
concentration (3.125 and 6.25 % v/v), the effect was not significant at 25% of D1, while
germination was completely inhibited at 50 and 100% of digestate.

The number of S. saccharatum germinated seed was not significantly different considering 3.125%-
25% D1 treatments (p < 0.05), while greater dilutions inhibited germination. Germination was
observed also with raw D1 while the other species did not germinated at the same conditions (RE<1
mm), then S. saccharatum appeared more tolerant to raw digestate. Elongation stimulation was
detected with 3.125% of D1, while gradual inhibition was observed for increasing D1
concentrations. GI showed stimulation (up to 51% at 3.125% v/v of D1), while lower dilution rates
(> 6.25%v/v) had inhibiting effect.

Dilution-response relationships were analyzed using two models (logistic and linear-logistic) in
order to evaluate which model fitted better the experimental data according to the absence or
presence of biostimulation event (Figure 1). The linear-logistic fitted best except for L. sativum. The
fitting of logistic model with the L. sativum data (R* 0.98) confirmed the absence of biostimulation
with an EC50 value of 20% of DI. Linear-logistic model fitted with S. al/ba (R* 0.98) and S.
saccharatum (R* 0.95). The EC50 values calculated on this model basis were 30% and 19% for S.

alba and S. saccharatum, respectively.
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3.2.2 Phytotoxicity of D2

D2 inhibited the germination also at lowest concentration; in fact at dilution of 5% v/v germinated
seeds are the 67% of total seeds. The difference between dilutions of 5% and 10% v/v is not
significant, while at higher digestate concentration (25 and 50% v/v) only 10-13% of seeds
germinated. RE was similar in the control and in the test carried out with digestate most diluted
(5%), latter it gradually reduced increasing digestate dose. GI gradually reduced increasing the
digestate content in the tested solution. The analysis of variance indicated that results with digestate
at 5% and 10% were statistically similar (p < 0.05). Hence, the toxicity was significant for D2

dilution > 10% and appeared comparable at 25% and 50% of D2.

The percentage of S. alba germinated seed was comparable with the control test up to 25% of D2,
while a significant inhibition on root elongation was observed at lower concentration (up to -78%).
This indicated that the substrate affect more the root development than germination. Higher
concentrations (> 25%) significantly reduced both seed germination and root elongation. Statistical
analysis clustered GI results in two groups: 1) < 10% of D2: treatments had no effect on plant
development; ii) > 10% of D2: significant phytotoxicity including both germination inhibition
and/or root elongation inhibition. Total inhibition was observed when digestate was diluted two
times.

The lower sensitivity of S. saccharatum was confirmed also in the case of D2. The percentage of
germinated seed was reduced from approximately 80% (5-10-25% of D2) to 67% at 50% of D2.
The root elongation reduced by 23% considering a 10% of D2, with inhibition increasing at higher
D2 concentrations. The effect at 25% and 50% of D2 were not significantly different. The average
GI values indicated that toxicity was inversely correlated to digestate content. Standard deviations
observed on results using concentration form 10% and 25% v/v were higher than 30% and indicated
a wide response variability of this macrophyte to digestate. Moreover no significant differences
(p<0.05) between the highest evaluated doses (25% and 50% v/v) were evidenced.

D2 data fitted better with the logistic model (R* 0.996 for L. sativum and S. alba, R? 0.95 for S.
saccharatum), because no hormesis was detected. EC50 values determined were 10%, 23% and

18% of D2 for L. sativum, S. alba and S. saccharatum, respectively (Figure 2).
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3.2.3 Comparison of D1 and D2

In all the tests the toxicity is related to digestate concentration. Low doses (3.125% v/v of D1 and
5% v/v of D2) caused GI comparable to controls, germination reduced increasing digestate content
until to totally inhibit the germination at 50% v/v of digestate. S. saccharatum is the less sensitive
species because germination was observed also with 50% v/v of digestate concentration (GI of 25%
and 30% using D1 and D2, respectively).

D1 and D2 were collected from the anaerobic reactor working at the same operational conditions
(e.g. temperature, HRT, OLR, substrate types) at a time-distance of eleven months. Inconstancy on
wine lees characteristics affected the final digestate parameters, despite that long HRT (23 d)
moderated the effluent variability. The differences observed in terms of pH, conductivity,
ammonium concentration and soluble COD, were due to wine lees fed to the reactor and had
consequence on the digestate quality and its phytotoxicity.

As consequence of different digestates characteristics, also phyto-toxicity changed using D1 and
D2. Significant stimulation at low doses (3.125-5% v/v) was observed on S. alba and S.
saccharatum when D1 was applied, while hormesis was not detected in D2. The EC50 values
(Table 1) confirmed the higher toxicity of D2 exception for S. saccharatum. Germination inhibition
of 50% of L. sativum was detected with 20% v/v of D1 and 10% v/v of D2, while EC50 values are
less different for S. alba (30% v/v for D1 and 23% v/v of D2).

Table 1 ECS50 values along with 95% confidence for D1 and D2 using L. sativum, S. alba and
S.saccharatum. The values were estimated using the model (logistic or linear-logistic) that better fits

experimental behaviour.

D1 D2
L. sativum 20% = 7% 10% + 3%
S. alba 30% +4%  23% =+ 6%

S. saccharatum 19% £+ 13% 18%=* 16%

S. saccharatum appeared less sensitive to digestate variability and more tolerant to high
concentrations, in fact the complete inhibitions was observed only using the raw digestate (D1)
while solution with 50% v/v of digestate inhibited germination for 70% and 75% for D1 and D2,
respectively. On the other hand it appear the most variable macrophyte in fact the standard
deviation values were often around the 30%.

Germination tests results agreed with inhibiting effect of increasing concentration of ammonium

and salinity level reported by studies on AD effluents [16,17,24,43]. Despite the relationship found
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by Di Maria et al. (2014), the inhibitions of germination were not related to presence of readily
biodegradable COD: in fact sCOD values were not relevant in the digestates (< 400 mg/L). While
the presence of metals, mainly Cu, should be taken into consideration because its concentration was
higher than law limits (230 mgCu/kg TS) even if it is difficult to estimate their bioavailability and
bioaccessibility in digestate.

The toxicity effect of solution containing 30% of both D1 and D2, as requested by Decree 75/2010,
had a GI < 60% on L. sativum, meaning that an excess toxicity could be present for crops [16]. In
order to reach the GI of 60% the applied dilution should be 18% v/v of D1 and 8% v/v of D2.
Nitrate Directive should be taken in consideration in addition to Decree 75/2010, because it defined
the nitrogen fertilization in order to protect groundwater from nutrients’ pollution and avoid
eutrophication. The maximum rate of nitrogen allowed by Directive on Nitrate Vulnerable Zones,
such as Po Valley, is 170/kg N/hectare year. Considering this limit and that the soil depth interested
by fertilization is equal to 30 cm, the amount of D1 and D2 used per hectare would be respectively
124 and 98 m’, corresponding to 4.1-3.3% of dilution. In this concentration range no significant
inhibition was detected, moreover stimulation could be sometimes observed.

Comparing the dilution obtained on Nitrate Directive basis (3.3-4.1 % v/v) with that defined by
Decree 75/2010 for germination test (30% v/v), the GI limit appeared strongly preventive for
digestate case and does not consider nitrogen amount. Considering the end-of-waste approach
recently suggested at European level [39], a revision of threshold limit for digestate should be taken

into account.

3.3 Ammonium phytotoxicity

Ammonium solutions (10, 100, 500, 1000 and 10000 mg N/L) were analyzed by germination tests
in order to evaluate the effect of this sole compound.

L. sativum germinated seeds percentage was higher than 90% in all conditions, RE and GI followed
the logistic model trend (Figure 3). EC50 for this species is 514 mg N/, that is a concentration
higher than in D1.

Concentration of 10,000 mg N/L completely inhibited S. a/ba germination, while percentage of
germinated seeds was higher than 80% at lower concentrations. In terms of RE, 100 mgN/I1 slightly
stimulated root development (11%). Although the stimulation at 100 mg N/L is not significant
compared to negative controls, the overall trend was better described by linear-logistic model and

the corresponding EC50 was 490 mg N/I.



O 00 N o U

10

240 L. sativum
200
< 160 -
~ 120 A—raw D1
T
80 ¢ rawD2
40 Y — ===sinthetic solution
0 s B 7 ; ; .
0 500 1000 1500 2000
% digestate
240 r S. alba
200
~ 160
X
< 20 A A—raw D1
T
80 s ®—T1aw D2
40 - Ww
0 & o4 : : .
0 500 1000 1500 2000
% digestate
240 S. saccharatum
200
~ 160
NS
~ 120 A—raw D1
o
80 ® taw D2
40 thoticsolution
0 T T T 1
0 500 1000 1500 2000
% digestate

Figure 3 Effect of D1, D2 and synthetic solution of ammonium sulfate

S. saccharatum seeds germinated up to 1,000 mg N/L, while were completely inhibited at highest
concentrations. RE and GI decreased according to ammonium concentration and evidenced higher
sensitivity to ammonium than other seeds. In fact, also the lowest concentration (1 mg N/L)
inhibited seed elongation up to 48%, while inhibition was 6% and 38% for L. sativum and S. alba.
Logistic model indicated that the EC50 was 37 mg N/L: the concentration was one order of

magnitude lower than value estimated using the other species.
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Toxicity data showed that ammonium could not be considered as the main toxicant inhibiting seed
germination because result obtained with digestate and synthetic solution did not agree. L. sativum
and S. alba appeared the two species most sensitive to ammonium, with an EC50 of approximately
500 mg N/I. This value alone did not explain the whole inhibition using digestates diluted two times
and corresponding to 197 and 320 mg N/I, using D1 and D2, respectively.

Figure 3 confirmed that concentration-response curves had different trend using the digestate and
the synthetic solutions. In particular using ammonium solution the hormesis was not detected at low
concentration and inhibition to L. sativum and S. alba was higher than that observed with D1 and
D2, except for S. saccharatum. EC50 values of S. saccharatum were quite similar (37 mg N/I for
synthetic solution, 59 mg N/I for D1 and 121 mg N/I for D2) but total inhibition using the digestate
was observed at concentration lower than 500 mg/L while with synthetic solution limited
germination was also observed at highest concentration (10,000 mg N/L). Other toxicants in
digestate inhibited germination or a synergistic effect could increase ammonium toxicity.

Since the analysis of synthetic solution is interesting but reductive compared to the complexity of
digestate, the authors tried to strip ammonium out of the digestate D1 via an overnight aeration.
Ammonium concentration reduced from 393 to 307 mg N/I using this treatment while salinity and
heavy metals content could be considered constant. On the other hand, during aeration more
chemical-physical reaction occurred, like the oxidation of reduced compounds (e.g. hydrogen
sulfide, organic compounds) and their sub-sequent volatilization. The concentration-response trend
using aerated sample changed on basis of macrophyte species.

L. sativum inhibition reduced according with ammonium concentration in fact the EC50 was
constant in the tests carried out with raw and aerated D1 (79 mg N/1), while treated digestate
concentration-response curve showed stimulation at low concentrations. Probably, the
removal/oxidation of other toxicants reduced phytotoxicity for this species.

The toxicity of S. alba was not related to ammonium concentration (Figure 4) but to pollutants that
were not lost during the stripping. In fact the EC50 values were comparable in term of digestate
dilution (30% v/v for both D1 samples) but different on ammonium concentration basis (118 and 92
mg N/L for raw and aerated D1, respectively).

The concentration-response curve of S. saccharatum changed: D1 showed biostimulation at low
concentration and hormesis was detected, while aerated D1 is better described by logistic model. As
consequence the EC50 in test with aerated D1 was lower 13% v/v and 40 mg N/L (versus 19% v/v
and 75 mgN/L using raw D1). Phytotoxicity to S. saccharatum slightly increased by short period of
aeration as reported by Vallini et al. [44] probably because the macrophyte was more sensitive to

oxidized compounds, generated during the aerobic process.
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Figure 4 Effect of raw and aerated D1

3.4 Copper phytotoxicity

Metals are considered toxic for microorganisms, plants and animals, but it is difficult to estimate the
amount of bioavailable metals, because some of them are borderline between micro-nutrients and
toxicity. By date, legislation defined threshold limits expressed as total metal content on dry matter

basis but the toxicity should consider chemical forms and behavior in environment. The most
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hazardous form is soluble one such as copper ion (Cu®"), then phytotoxicity of Cu®" was analyzed
by the synthetic solution and the results were compared with those from digestates exposure.

The dose-response curves with synthetic solution followed a logistic model on all the seed types

and did not follow the trend of test with digestate (Figure 5).
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The EC50 values were 5.9, 9.9 and 2.7 mg Cu/L for L. sativum, S. alba and S. saccharatum,
respectively. No bio-stimularion was detected with low concentration of Cu and it totally inhibited
the germination at highest dose (1,000 mg Cu/l for L. sativum and S. saccharatum, 100 mg/1 for S.
alba). S. alba was the most sensitive specie to Cu, in fact GI was near 0% at 100 mg Cu/L while the
index was > 10% for other species. Content of Cu comparable with digestate (<10 mg Cu/L) did not
affect the germination in a significant way; hence the metal was not the direct cause of digestate

phytotoxicity.

4 Conclusions

The phytotoxicity of digestate from winery wastes was analyzed considering the germinated seeds
percentage, root elongation and germination index in three macrophyte species. Results showed that
effect on seed germination was not constant over time because of variability on substrates fed to the
reactor. Low doses of digestate (3-5 %) stimulated the germination of S. alba and S. saccharatum
and had no significant effect (difference to control lower than 20%) on L. sativum. Higher doses
reduced germination index until total inhibition with 50% of digestate. S. saccharatum appeared the
less sensitive to this substrates, in fact the 40% of seed germinated also with raw digestate. Overall,
the digestate did not meet the phytotoxicity criteria of Italian legislation (GI>60% using solution of
30% v/v of digestate) that is a protective limit. In fact considering the limit of Nitrate Directive the
maximum applicable digestate dose on soil should be of 4.1-3.3%, corresponding to concentration
range without significant inhibition.

Effect of ammonium and copper content were deeper investigated because they characterized this
type of digestate. The macrophytes had EC50 of about 500 mgN/L exception for S. saccharatum
(EC50 37 mgN/L), hence the concentration in the digestates (393-639 mg N/L) can't justify the
observed inhibition. Neither Cu appeared as the main cause of inhibition, because test carried out
with solution of ion Cu®" totally inhibited germination at concentration higher than 100 mgCu/L
while the digestate has content lower than 10 mg Cu/L. Direct correlation between
ammonium/copper and phytotoxicity was not observed, probably there was a synergic effect of

different compounds and metals in the digestate that is difficult to evaluate.
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