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Abstract 

Background:  The increasing demand for food and animal fodder worldwide has led to an intensified agriculture with 
an increasing use of nitrogen fertilizers. More recently, nitrate leaching and gaseous nitrogen emissions have become 
the focus of environmental discussions and climate politics. One approach to reduce such negative impacts is the 
use of nitrification inhibitors (NIs) that have shown to effectively reduce nitrogen losses to the groundwater and the 
air. However, ecotoxic effects of NIs have been studied to a limited extent only. Therefore, two commercial NIs (Piadin 
and Vizura) and an active ingredient of another NI, dicyandiamide (DCD), were assayed using various ecotoxicologi‑
cal biotests and test species: the Lemna Growth Inhibition Test (Lemna gibba), the Seed Germination/Root Elongation 
Toxicity Test (Agrostemma githago, Fagopyrum esculentum, Glycine max, Hordeum vulgare, Lunaria annua, Zea mays), 
the Seedling Emergence and Seedling Growth Test (A. githago, F. esculentum, Z. mays) and the marine Luminescent 
Bacteria Test (Aliivibrio fischeri). The fresh water L. gibba and the bacterium A. fischeri were exposed to different test 
concentrations in liquid growth media, whereas the terrestrial plants were exposed to the test substances diluted/dis‑
solved in deionized water and added to the solid growth medium.

Results:  Dicyandiamide did not show ecotoxic effects in any test conducted. Piadin and Vizura showed ecotoxic 
effects throughout all experiments. Frond number and frond area of L. gibba were inhibited with increasing concen‑
trations of both substances with Piadin leading to an earlier inhibition and therefore lower EC50 values. In the Seed 
Germination Test, Vizura generally inhibited seed germination and root development more effectively than Piadin. 
Regarding both substances, the endpoint root length was much more sensitive than the endpoint germination. In 
the Seedling Emergence Test, Z. mays was the least sensitive and the rare weed species A. githago the most sensitive 
species with regard to the tested endpoints and both substances. A. fischeri was strongly inhibited by Vizura, whereas 
Piadin had barely effects on the bacteria.

Conclusion:  All findings indicate ecotoxic effects of Piadin and Vizura, especially on the aquatic species L. gibba and 
on the root development of several terrestrial plant species. However, the origins of the ecotoxic properties remain 
unclear as both substances contain a mixture of—to some extent unknown—chemical compounds.

Keywords:  Lemna gibba, Aliivibrio fischeri, Nitrification inhibitors, Ecotoxicity

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Open Access

*Correspondence:  O.Calvo@uni‑hohenheim.de
Institute of Landscape and Plant Ecology, University of Hohenheim, 
August‑von‑Hartmann Str. 3, 70599 Stuttgart, Germany

http://orcid.org/0000-0002-7900-0331
http://orcid.org/0000-0003-3794-9466
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-019-0272-3&domain=pdf


Page 2 of 11Kösler et al. Environ Sci Eur           (2019) 31:91 

Background
Modern agriculture faces the challenge of guaranteeing 
food supply for a growing world population. Nitrogen 
(N) plays the most important role in plant nutrition by 
affecting both yield and plant quality like no other nutri-
ent [41]. Therefore, to gain highest possible yields, N 
fertilization is essential. However, plants cannot take up 
all available N, resulting in a fertilizer efficiency of only 
50% or even less [13, 39]. Furthermore, nitrate (NO3

−), 
which is built from ammonium (NH4

+) via nitrification, 
is easily leached with consequential threats for human 
health and the environment [11, 34]. Additional nega-
tive impacts such as nitric and nitrous oxide emissions 
occur due to (de)nitrification processes in the soil [33]. 
NH4

+, in contrast to NO3
−, is bound to the negatively 

loaded surface of clay minerals due to its positive charge 
[5]. It is, hence, desirable to maintain a certain level of 
ammonium in the soil and to reduce nitrate formation. 
One approach is the use of nitrification inhibitors (NIs), 
which are chemical substances that delay the nitrifica-
tion process and, therefore, the nitrate formation in the 
soil by suppressing the responsible Nitrosomonas bacte-
ria. NIs have been reported to efficiently reduce NO3

− 
leaching and N20 emissions [8, 27, 40] and to increase 
nitrogen use efficiency (NUE) and yield of crops [1]. On 
the other hand, some studies indicate that even though 
N losses are reduced, ammonia (NH3) emissions are sig-
nificantly higher and thus level out the reported posi-
tive effects [17, 18]. Nonetheless, the advantages of NIs 
seem to prevail and the worldwide development of new 
nitrification inhibitors has been encouraged over the 
last decades. Many substances have been identified as 
possible nitrification inhibitors during that time, mainly 
in the USA, Japan and Europe [35]. The specific search 
for nitrification inhibiting substances started as early as 
in the 1950s, leading to the introduction of nitrapyrin 
[2-chloro-6(trichlormethyl)pyridine] to the US Ameri-
can market in 1962 under the trade name N-Serve (Dow 
Chemical Company, USA, see Goring [10]. Dicyandi-
amide (DCD) on the contrary gained importance in the 
European market during that time [41]. The rather new 
NI 3,4-dimethylpyrazolephosphate (DMPP) was devel-
oped by BASF (trade mark ENTEC) in 1999 [14] and had 
since then been promoted as advantageous and practica-
ble with regard to its low application rate, high efficiency 
and low (eco)toxicity [41]. Other pyrazoles and triazoles 
like 3-methylpyrazole (3-MP) and 1H-1,2,4-triazole have 
also been reported as nitrification inhibiting substances 
[26]. In Germany, the application and registration of 
nitrification inhibiting chemicals are regulated by the 
Fertilizer Ordinance, where currently eight substances 
are listed as NIs including nitrapyrin, DCD, DMPP and 
the mixture of 1H-1,2,4-triazole and 3-methylpyrazole 

[7]. The commercial products Piadin (SKW Piesteritz) 
and Vizura (BASF) were introduced in the early 2000s 
and 2016, respectively, dominating the German market of 
NIs today. Piadin contains a mixture of 1H-1,2,4-triazole 
and 3-MP, whereas Vizura contains a mixture of DMPP 
and 1H-1,2,4-triazole as active ingredients.

Most studies about nitrification inhibitors focus on 
the efficacy regarding nitrate leaching and nitrous oxide 
(N2O) reduction. Only few studies consider the associ-
ated ecotoxic effects of commercially used products and 
active compounds, and most of them are not very recent 
[4, 21]. Therefore, not only recently developed or regis-
tered products lack information about their ecotoxicity. 
With regard to the discovered occurrence of some nitrifi-
cation inhibitors in German surface waters [31], the eco-
toxicity of NIs is questioned and urgently requires further 
research efforts. Moreover, as application of NIs is pro-
moted as economically and ecologically sustainable [15], 
contamination and appearance in the aquatic and terres-
trial environment might be underestimated.

The main objective of this study was, thus, to test the 
commercially used NIs Vizura and Piadin and the active 
compound dicyandiamide (DCD) involving different end-
points of biotests with aquatic and terrestrial plants and a 
bacterium. To evaluate their ecotoxicity and to determine 
EC50 values, four standardized biotests were conducted 
with Piadin, Vizura and DCD as test substances. The two 
liquid commercial products were diluted in deionized 
water when added to solid growth media (Seed Germina-
tion and Seedling Growth Test) or in the liquid growth 
medium (Lemna and Bacteria Test). The crystalline DCD 
was dissolved in deionized water and then added to all 
growth media, similarly.

Materials and methods
Test substances
Substances tested were the two liquid commercial prod-
ucts Piadin (SKW Piesteritz, Germany) and Vizura 
(BASF, Germany) and the active compound dicyandi-
amide (DCD) that is contained in some commercial 
products such as ALZON 46 (SKW Piesteritz).

Piadin contains 2.7–2.8% 1H-1,2,4-triazole (C2H3N3) 
and 1.4–1.5% 3-methylpyrazole (C4H6N2). The biggest 
part (38%) consists of ammonium nitrate and the remain-
ing ingredients are not further specified. For this study, 
Piadin was kindly provided by SKW Piesteritz.

Vizura contains 15% of the two active compounds 
DMPP and 1H-1,2,4-triazole (1:1) and 50% phosphoric 
acid. The remaining compounds are also not declared. A 
sample of Vizura was kindly provided by BASF.

DCD is a colorless, crystalline chemical that is used not 
only as a NI, but also in the production of pharmaceu-
ticals and other agrochemicals. For this study, a sample 



Page 3 of 11Kösler et al. Environ Sci Eur           (2019) 31:91 

of 99.5% purity was kindly provided by the AlzChem AG 
(Germany). Physical and chemical properties of all test 
substances can be obtained from the respective safety 
data sheets [2, 3, 32]. To prepare adequate test solutions, 
DCD was dissolved in deionized water and later on fur-
ther diluted.

Lemna sp. Growth Inhibition Test
The Lemna sp. Growth Inhibition Test according to 
OECD guideline 221 [23] was performed to determine 
the toxicity of NIs on water plants, which are among 
the first higher organisms to encounter contaminants 
released into water bodies.

Plant material
Fronds of Lemna gibba L., commonly known as gib-
bous duckweed, were taken from a stock culture, grown 
from plants originally obtained from Eurofins, Germany. 
Plants were kept in a climate chamber (Fitotron, UK) in 
beakers with 400 mL of 20xAAP medium, a full growth 
medium described in the OECD guideline, under condi-
tions following the OECD guideline 221 [23].

Test concentrations
After performance of range finding tests for all sub-
stances, the following concentrations of the respective 
substance in the growth medium were chosen in the 
main experiment in the individual substances, respec-
tively: In the experiment conducted with Piadin, L. 
gibba was exposed to 0 (control), 0.001, 0.01, 0.1, 1 and 
10 mL L−1 for a period of 7 days, respectively.

In the tests conducted with Vizura, L. gibba was 
exposed to 0 (control), 0.01, 0.1, 1, 10 and 100  mL  L−1 
again for a period of 7 days, respectively. Due to a lack of 
response of L. gibba to any of the DCD concentrations in 
the range finding test (0, 2, 10, 20, 40 and 100 mg L−1), no 
further experiments were conducted.

Test procedure
To evaluate potential toxic effects of the test substances, 
a 7-day Lemna Growth Inhibition Test was performed. 
A semi-static renewal test was conducted by chang-
ing the test solutions after 3–4  days during the test. 
Experimental conditions and the procedures were simi-
lar in each of the test runs. The nutrient solution used 
was 20× AAP as recommended in the OECD guideline 
[23]. The temperature in the climate chamber was kept 
at 24 °C. Light was supplied continuously at an intensity 
of 100 ± 15 μmol−2 s−1 using fluorescence lamps (Philips, 
Netherlands).

The tests were carried out in 250-mL glass beakers 
(VWR, Germany) with an outer diameter of 6.5 cm and 
filled with 150 mL of a sample with pH adjusted to 7.5. 

Beakers were randomized to obtain a randomized block 
design. Each test was repeated four times and test end-
points were frond number and frond area, which were 
determined at day 7 of the experiment. Total frond area 
was determined using the Image J software (Wayne Ras-
band, National Institute of Mental Health, USA). Frond 
number was counted visually by means of the pictures 
taken for the area determination. Additionally, observa-
tions regarding frond color, chlorosis and necrosis were 
recorded at day 7.

The average specific growth rate and percent inhibi-
tion of growth rate were determined for both endpoints 
(frond number and frond area) according to the OECD 
guideline 221.

Seed Germination/Root Elongation Toxicity Test
The Seed Germination/Root Elongation Toxicity Test 
described by the United States Environmental Protection 
Agency [37] and the Seedling Emergence and Seedling 
Growth Test according to OECD guideline 208 [24] were 
chosen to determine the toxicity of NIs on early and later 
growth stages of terrestrial plants.

Plant material
Species were chosen after recommendations of the 
guideline and according to differences in taxonomy and 
usage: agriculturally relevant crops were represented by 
maize (Zea mays L., Poaceae), barley (Hordeum vulgare 
L., Poaceae) and soybean (Glycine max L., Fabaceae). 
Common buckwheat (Fagopyrum esculentum Moench, 
Polygonaceae) was chosen as a neglected and underuti-
lized crop. Common corn-cockle (Agrostemma githago 
L., Caryophyllaceae) and annual honesty (Lunaria annua 
L., Brassicaceae) were employed as two representatives 
for wild species. Seeds of the latter were obtained from 
Appels Wilde Samen, Germany.

Test concentrations
In all three tests, plants were exposed to following con-
centrations of test substances diluted/dissolved in deion-
ized water: 0 (control), 2, 10, 20, 40 and 100 mL L−1 (and 
accordingly mg L−1 for DCD).

Test procedure
To screen adverse effects of the chosen substances, a 
7-day seed germination/root elongation toxicity test was 
performed [37]. Test conditions and procedures were 
similar in each of the experimental runs. Seeds of all spe-
cies were kept in constant darkness and at a temperature 
of 24 °C in a climate chamber (Fitotron, UK) for a period 
of 7 days.

The tests were carried out in plastic Petri dishes with a 
diameter of 9 cm that were filled with 40-g quartz sand as 
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a substrate. Depending on their size, six to ten seeds were 
evenly distributed on one Petri dish and 10  mL of the 
solutions with the test concentrations were added prior 
to closing and sealing the samples with Parafilm tape. As 
it is not demanded in the guideline, the test sample’s pH 
was not adjusted in this experiment. Each test had three 
replicates and Petri dishes were randomly distributed 
within one repetition to maintain a randomized bock 
design. The endpoints seed germination rate and root 
length (length of the longest root per seed) were deter-
mined at day 7 visually and using a ruler.

Seedling Emergence and Seedling Growth Test
Plant material
To test the effects of NIs on early plant growth stages, 
another test was performed using established seedlings. 
Species tested were chosen based on the results from 
previous seed germination/root elongation toxicity test. 
To maintain plant group diversity, the following species 
covering wild, mono- and dicotyledonous species were 
chosen: Z. mays, F. esculentum, A. githago and L. annua 
were chosen for the greenhouse experiment. Unfortu-
nately, L. annua was damaged by insects and therefore, 
results became invalid. Because of the absence of adverse 
effects of DCD in the seed test, only Piadin and Vizura 
were tested in the greenhouse experiment.

Test concentrations
After a range finding test with concentrations of 0, 0.1, 1, 
10 and 100  mL  L−1 for both substances, concentrations 
for each species and substance were defined: Piadin con-
centrations were 0, 5, 25, 50 and 100  mL  L−1 for maize 
and buckwheat and 0, 0.1, 1, 5 and 25 mL L−1 for corn-
cockle and annual honesty. Vizura concentrations were 
0, 5, 25, 50 and 200  mL  L−1 for maize, 0, 5, 25, 50 and 
100 mL L−1 for buckwheat and 0, 0.1, 1, 5 and 25 mL L−1 
for the two wild species.

Test procedure
To screen adverse effects of the chosen substances on 
establishing plants, a greenhouse experiment based on 
the OECD guideline 208 [24] was set up on September 
4th 2018. Pots with a volume of 344  cm−3, a height of 
6.8 cm and a diameter of 9 cm were filled with 225 g of 
soil containing 50% quartz sand and 50% LD80 substrate 
(Fruhstorfer) consisting of peat, humus, volcanic clay, 
bark and slow release fertilizer with a pH value of 5.9. The 
guideline does not demand a pH adjustment. The test had 
five replicates. Five seeds of each species were sown in 
each pot. The five repetitions were arranged in five blocks 
in the greenhouse and randomized within each block. 
All pots were watered until saturation and 1  day later, 
100 mL of the solutions with the test concentrations were 

added per pot and concentration to allow an even distri-
bution throughout the substrate. Control pots received 
100-mL pure water. Pots were watered every 2nd day and 
germination was documented. When all five seeds of the 
control had germinated, plants were thinned to one seed-
ling per pot. The thinning out deviated from the OECD 
guideline, where all seeds planted remain in the pot 
throughout the experiment and the survival of the plants 
is an additional endpoint. However, in this experiment, 
we wanted to exclude intraspecific competition within 
the pots and only focus on the development of one seed-
ling. Therefore, we neglected the plant survival. However, 
absolute results with/without this endpoint might differ, 
but due to the use of the % inhibition, the relative num-
bers do not influence the results. Harvests took place on 
September 24th, 26th, and 28th 2018 for Z. mays, F. escu-
lentum, and A. githago, respectively, and the measured 
endpoints were plant height, fresh and dry weight.

Luminescent Bacteria Test
The Luminescent Bacteria Test according to the ISO 
guideline 11348-2 [9] was chosen because Aliivibrio fis-
cheri is often used as first and reliable indicator for eco-
toxicity because of its fast response [25] and the strong 
correlation with toxic effects on other aquatic organisms 
[16].

Bacterial strain
The strain of luminescent bacteria was A. fischeri NRRL-
B-11177 (Biofix, Macherey–Nagel, Germany).

Test concentrations
After a range finding test with concentrations of 0, 25, 50, 
100 and 200 mL L−1 (mg L−1 for DCD), individual con-
centrations for Piadin and Vizura were set. Due to a lack 
of reaction to any DCD concentration, no further experi-
ments with higher concentrations were carried out.

In the test conducted with Piadin, concentrations of 
the range finding test were considered as appropriate 
and were maintained in the main experiment. In the test 
performed with Vizura, concentrations needed to be set 
lower and were, therefore, adapted to 0, 0.05, 0.5, 25 and 
100 mL L−1.

Test procedure
The luminescent bacteria test was performed following 
the ISO guideline 11348-2 [9]. Each test had two tech-
nical replicates, but was repeated over time three times 
independently. Liquid-dried A. fischeri bacteria were 
reactivated by adding a reactivation solution (Biofix, 
Germany). 0.5 mL of reactivated bacterial solution was 
mixed with 0.5  mL of test samples in glass cuvettes 
with a diameter of 12 mm prior to being incubated in 
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a thermoblock (Dr. B. Lange, Germany). Test solutions 
for this experiment were prepared by diluting the test 
substances in 2% NaCl solutions and adjusted the pH 
to 7. The % inhibition of luminescence was determined 
with a luminometer (Lumistox 300, Dr. B. Lange, Ger-
many) at 15 °C after 30 min of incubation.

Statistical analysis
Statistical analysis was conducted using the free soft-
ware R (https​://www.r-proje​ct.org/). All analyses were 
based on the package ‘drc’ [29]. Graphs, curves and the 
estimates of EC50 values were also obtained from this 
package.

Results
Lemna Growth Inhibition Test
In the experiment conducted with DCD, no trend in 
inhibiting frond number or frond area was observed 
(Table  1). Furthermore, no visible effects like changes 
in color or plant fitness could be detected. However, 
no further tests with higher concentrations were per-
formed. Therefore, no EC50 values for the test substance 
DCD could be derived. L. gibba exposed to both, Piadin 
and Vizura, showed a stronger inhibition of frond num-
ber and frond area with increasing concentrations of 
the substances. Piadin, however, inhibited frond num-
ber and frond area development stronger than Vizura, 
resulting in EC50 values of 0.42 and 0.40 mL L−1 for both 
endpoints, respectively. EC50 values for Vizura were 
2.73 mL L−1 and 2.86 mL L−1, respectively (Table 2). Due 

Table 1  Inhibition of Lemna gibba (frond number and frond area) with DCD in the growth medium

The values are mean ± standard error (SE) (n = 4)

Concentration of DCD (mg L−1) 0 2 10 20 40 100

Inhibition of frond number (%) 0 − 0.60 ± 2.2 − 1.11 ± 1.6 − 2.21 ± 2.8 − 3.31 ± 3.5 − 0.84 ± 2.6

Inhibition of frond area (%) 0 0.07 ± 2.0 − 0.49 ± 1.4 − 2.34 ± 3.3 − 3.98 ± 2.5 − 1.12 ± 1.4

Table 2  EC50 values for four biotests with the nitrification inhibitors Piadin and Vizura

“–” EC50 values could not be derived due to invalid results (G. max) or absence of inhibition (Z. mays)

Biotest Species Endpoint Piadin
EC50 (mL L−1)

Vizura
EC50 (mL L−1)

Lemna Lemna gibba Frond number 0.4 2.7

Frond area 0.4 2.9

Seed germination Agrostemma githago Germination 30.8 20.9

Root length 2.5 1.3

Fagopyrum esculentum Germination 34.4 45.3

Root length 5.7 2.3

Glycine max Germination – 54.2

Root length – 3.7

Hordeum vulgare Germination 45.3 12.4

Root length 3.9 1.4

Lunaria annua Germination 5.9 3.5

Root length 1.7 1.8

Zea mays Germination 53.2 –

Root length 12.3 9.4

Seedling growth Agrostemma githago Plant height 5.7 4.2

Dry weight 3.1 2.2

Fagopyrum esculentum Plant height 6.2 8.7

Dry weight 3.8 3.5

Zea mays Plant height 12.6 21.5

Dry weight 18.1 22.7

Bacteria test Aliivibrio fischeri Luminescence 111 3

https://www.r-project.org/
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to a high correlation of both endpoints (R2 of 0.99 and 
0.98 in the Vizura and Piadin experiment, respectively), 
only the regression curve for inhibition of frond number 
(Fig. 1) is shown.

Visible effects of increasing concentrations for both 
substances were a loss of green color (chlorosis) for the 
two highest concentrations and a separation of fronds for 
the second highest concentrations.

Seed Germination/Root Elongation Toxicity Test
In the experiment conducted with DCD, no trend in 
decreasing root length or germination rate of any species 
tested was observed (data not shown). Therefore, also in 
this experiment, no EC50 values could be determined.

For Piadin and Vizura, inhibiting effects on seed ger-
mination and root length occurred and EC50 values 
were determined, differing between species. EC50 val-
ues for Piadin ranged from 30.8  mL  L−1 (A. githago) 
to 53.2  mL  L−1 (Z. mays) for germination and from 
1.7 mL L−1 (L. annua) to 12.3 mL L−1 (Z. mays) for root 
length (Table 2).

Soybean (G. max) did not meet the validity criteria in 
the Piadin experiment; therefore, an EC50 value is miss-
ing (Table  2). EC50 values for Vizura ranged between 
3.5  mL  L−1 (L. annua) and > 100  mL  L−1 (Z. mays) 
for germination and from 1.3  mL  L−1 (A. githago) to 
9.4 mL L−1 (Z. mays) for root length (Table 2).

We observed a decrease in germination rate and root 
length in all species with increasing concentrations of 
Piadin and Vizura. The curves differed from species to 
species, but all followed more or less a sigmoid shape 
(Additional file 1: Figures S1, S2).

Seedling Emergence and Seedling Growth Test
This biotest was conducted in a greenhouse with the 
four species A. githago, F. esculentum, L. annua and 

Z. mays. Due to damage of L. annua plants, results are 
presented for the other three species only. Endpoints 
were plant height, plant fresh and dry weight at harvest 
time. As dry and fresh weight correlated highly, only 
the endpoint dry weight was further analyzed. As Z. 
mays germinated earlier, plants were harvested 20 days 
after sowing (DAS). The other species needed more 
time to germinate and harvest, therefore, took place 
22 DAS and 24 DAS for F. esculentum and A. githago, 
respectively.

Visible effects were leaf tip burns of all species for all 
concentrations higher than the control, except at the 
lowest concentrations (0.1 mL L−1) for A. githago. With 
increasing concentrations of both substances, plant 
height and dry weight decreased in all species (Addi-
tional file  1: Figures  S3, S4). However, plants differed 
in their response and substance sensitivity, leading to 
different EC50 values across endpoints and substances 
(Table 2). Again, Z. mays was the least sensitive species 
with highest EC50 values regarding both endpoints and 
both substances.

Luminescent Bacteria Test
The Luminescent bacteria test was conducted with all 
three substances. However, also in this experiment, an 
EC50 estimation for DCD was not possible due miss-
ing effects to the concentrations applied. For Piadin 
and Vizura, an increasing inhibition with increasing 
concentrations was observed. Whereas the trend for 
increasing concentrations of Piadin showed a linear 
form, the inhibition caused by Vizura showed a satura-
tion curve with a high slope in the first part of the curve 
(Fig. 2). The EC50 values obtained for Piadin and Vizura 
differ highly from each other (111  mL  L−1 for Piadin 
and 3 mL L−1 for Vizura, Table 2).

Fig. 1  Inhibition of Lemna gibba (frond number) after exposure to Piadin (a) and Vizura (b) for 7 days. The regression curves were modelled using a 
Michaelis–Menten function with two parameters (n = 4)
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Discussion
DCD
DCD did not show ecotoxic effects in any of the tests 
conducted. In the Lemna Growth Inhibition Test, no 
phytotoxic effects on the endpoints frond number or 
frond area occurred. The test was chosen to determine 
the toxicity of DCD on higher water plants because 
after regular application and possible spills, DCD might 
be discharged into surface waters. The concentrations 
applied in our experiment (up to 100 mg L−1) are higher 
than those reported for water bodies. Scheurer et al. [31] 
detected DCD concentrations from several µg  L−1 up 
to 7.2  mg  L−1. However, concentrations in water bod-
ies might increase in the future due to intensification of 
DCD usage or even due to mismanagement or (acciden-
tal) exceedance of application rates. The results obtained 
in present study indicate that DCD is not harmful to 
Lemna even under extreme concentrations. To verify 
our findings, further comparable experiments with other 
water plants and different endpoints (e.g., longevity, flo-
ral reproduction) need to be performed. Furthermore, 
a longer exposure time of plants to the substance could 
lead to phytotoxic effects and should be studied.

In the Seed Germination/Root Elongation Toxicity Test 
with terrestrial plants, neither restriction in root growth 
nor a reduced germination rate was observed. These find-
ings correspond with those of Bremner and Krogmeier 
[4] who studied the seed germination response of several 
species (including maize and barley) to various concen-
trations of different nitrification inhibitors. They found 
that DCD did not affect germination of any species tested 
and concluded that this NI is, therefore, safe to use at 
early growth stages. However, several studies with DCD 
applied to growth media for a longer period of time, like 
greenhouse and growth chamber experiments, indicate 
that phytotoxic effects such as leaf chlorosis, reduced 
biomass and necrotic patches might occur. Maftoun 
and Sheibany [20] describe such effects for soybean (at 

40 ppm DCD in the soil) grown in a greenhouse in allu-
vial calcareous silty clay loam, and Reeves and Touch-
ton [28] studied corn, cotton and grain sorghum in a 
pot experiment with Norfolk sandy loam. Furthermore, 
Macadam et  al. [19] described a yield reduction of 
around 16% for white clover at the recommended DCD 
application rate (25 kg ha−1) in a laboratory experiment. 
However, since all these findings origin from very dif-
ferent experimental set-ups than in present study, no 
direct comparison of results is possible. Thus, it remains 
unclear if DCD would have shown phytotoxic effects if 
applied for a longer period of time like, for example, in a 
greenhouse trial. As results of laboratory tests can differ 
from those of field experiments, it is important to keep 
in mind that DCD availability in the soil might decrease, 
for example, due to leaching or absorption under field 
conditions. A study of Mason [22] resulted in decreased 
yield and dry matter of wheat under DCD application in 
some of the field experiments. On other sites dealt within 
the same study, vegetative yield was increased. Therefore, 
due to inconclusive results and a lack of current studies, 
it is rather difficult to state whether or not DCD can be 
considered as phytotoxic in the field.

To determine the toxicity on a non-target bacterium, 
the Luminescent Bacteria Test with the marine species A. 
fischeri was conducted with DCD. This also did not show 
effects even at concentrations of 100 mg L−1. Guo et al. 
[12] found that after a long-term application of DCD, 
non-target microbes in the soil were unaffected. There-
fore, the authors concluded that DCD only acts specifi-
cally on the ammonia oxidation. Because of the lack of 
A. fischeri’s reaction to DCD, this hypothesis can be sup-
ported. Tindaon et  al. [36] applied DCD concentrations 
of 10  μg  g−1 dry soil (recommended rate) to different 
soil samples under laboratory conditions and up to 1000 
times higher concentrations in different treatments and 
measured the activity of dehydrogenase and dimethyl 
sulfoxide reductase activity as an indicator for non-target 

Fig. 2  Inhibition of Aliivibrio fischeri (luminescence) after exposure to Piadin (a) and Vizura (b) for 30 min (n = 3). The regression curves were 
modelled using a linear model (left) and a Michaelis–Menten function with two parameters (right)
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microbial activity. The authors not only claimed that 
higher DCD rates might affect non-target microbial 
activity in the soil but they also state that DCD can be 
considered as safe to use at recommended application 
rates.

Piadin
In contrast, Piadin showed various ecotoxic effects 
throughout all experiments conducted.

In the Lemna Growth Inhibition Test, Piadin inhibited 
growth of Lemna plants already at low concentrations, 
with EC50 values of 0.42  mL  L−1 for frond number and 
0.40  mL  L−1 for frond area (Table  2). The similarity of 
these endpoints is not surprising due to the high correla-
tion between frond number and frond area. Visual tox-
icity symptoms consisted of chlorosis in all fronds at the 
two highest concentrations (1 and 10  mL  L−1) and dis-
integrated fronds at the second highest concentration of 
Piadin. As similar studies with L. gibba or related aquatic 
plants are missing, it is impossible to compare our results 
with other data. It is, therefore, crucial to repeat such 
experiments and to include other endpoints such as fresh 
and dry weight and chlorophyll content as they might dif-
fer in sensitivity.

In the Seed Germination/Root Elongation Toxicity 
Test, restrictions of germination and root development 
across all species were observed. All species tested had 
in common a much higher sensitivity with regard to the 
endpoint root length compared to the seed germination. 
It has been reported that dormant seeds show less vul-
nerability under unfavorable conditions, but as soon as 
germination starts, the first developing plant organs are 
very sensitive towards environmental stress in general 
[38]. This holds true also for Piadin application as a stress 
factor in young plant seedlings.

Generally, EC50 values for seed germination ranged 
between 31 and 53  mL  L−1. Only the wild species L. 
annua showed a much lower value of around 6 mL L−1. 
As the values for L. annua and A. githago differ, it can-
not be concluded that wild species in general would be 
more sensitive to Piadin. To make a clearer statement, 
tests with more wild species are needed. Germination of 
L. annua might be much more sensitive due to its small 
seed size. In general, larger seeds tend to be more stress-
resistant still enabling the resulting seedlings more likely 
to establish [6]. The seed size-related sensitivity is sup-
ported by the fact that amongst the other species, the 
species with the largest seeds, Z. mays, was by far the 
least sensitive with regard to both endpoints.

To determine effects of Piadin at later plant growth 
stages, a greenhouse experiment with A. githago, F. escu-
lentum and Z. mays was conducted. Results showed a 
similar pattern as for the Seed Germination Test. Maize 

was the least sensitive species regarding both endpoints 
(height and dry weight) and the wild species reacted 
faster with a reduction of growth. The species tested did 
not show a clear trend in endpoint sensitivity. A. githago 
and F. esculentum showed higher sensitivity with regard 
to the endpoint dry weight, whereas the effects on Z. 
mays were the other way round. Unfortunately, no other 
studies tested the phytotoxicity of Piadin or its active 
ingredients before, so that the results obtained from this 
study cannot be compared to other references. More 
greenhouse experiments also integrating other species 
than tested in the present study should be carried out 
in the future to understand how NIs affect plant perfor-
mance later growth stages.

In the Luminescent Bacteria Test, a mean EC50 value of 
around 111  mL  L−1 was observed. This is a rather high 
value indicating that Piadin has hardly any toxic effect on 
the non-target bacterium A. fischeri. Studies testing the 
effect of other nitrification inhibitors such as DCD and 
DMPP concluded that these NIs at the recommended 
application rates do not affect non-target soil bacteria 
and act specifically on ammonia oxidation [12, 36]. As 
A. fischeri was barely affected, this can be assumed for 
Piadin as well. However, other non-target species (bacte-
ria and soil fauna) living in the soil right where applica-
tion takes place should be studied to assure usage safety. 
Results obtained for A. fischeri seem to be of importance 
because of the strong correlation with toxic effects on 
other aquatic organisms and the general high sensitivity 
towards toxicants [16, 25].

All in all, it remains unclear which individual compo-
nents in Piadin caused the observed phytotoxic effects 
and it might be useful to test different ingredients and 
mixtures separately. Piadin contains a compound with 
aromatic structure (1H-1,2,4-triazole), which can cause 
phytotoxic effects. However, not all ingredients are 
known as the company does not provide the correspond-
ing information.

Furthermore, results showed species-specific trends 
across the four biotests. EC50 values differed not only 
between biotests and plant species, but also between 
different endpoints. Among all biotests conducted with 
Piadin, L. gibba was shown to be the most sensitive plant 
species regarding both endpoints. This contrasts to the 
stated low hazard to waters [32].

Vizura
Vizura also showed different ecotoxic effects across the 
experiments conducted.

In the Lemna Growth Inhibition Test, Vizura reduced 
growth of Lemna plants at higher concentrations than 
Piadin. EC50 values were 2.7  mL  L−1 for frond number 
and 2.9  mL  L−1 for frond area. Again, there existed a 
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high correlation between frond number and frond area. 
Visual toxicity symptoms were the same as for Piadin, 
namely chlorosis at all fronds of the two highest concen-
trations (10 and 100 mL L−1) and disintegrated fronds at 
the second highest concentration of Vizura. It is, how-
ever, questionable whether Vizura would still have shown 
less phytotoxic effects than Piadin if the pH had not been 
neutralized. Comparable data for Vizura and Lemna are 
missing, but BASF [3] gives some information about the 
effects of the active ingredients DMPP and 1H-1,2,4-tri-
azole (1:1) on the cyanobacterium Anabaena flos-aquae 
(EC50 25 mg L−1) and the microalgae Pseudokirchneriella 
subcapitata (EC50 > 79 mg L−1). To make direct compari-
sons possible, further studies on the effect of the active 
compounds of Vizura on Lemna or the effect of Vizura on 
other water plants would be needed.

In the Seed Germination Test conducted with Vizura, 
a decrease in root length and germination with increas-
ing concentrations of the substance was found for all 
species except for Z. mays, which still germinated under 
the highest concentrations. This is surprising because 
all other EC50 values were lower for Vizura than for Pia-
din. All species showed higher sensitivity towards Vizura 
regarding the root length, supporting the statement from 
above that germination in general might be less sensitive 
in stress situations. For the other species except in maize, 
EC50 values for the germination ranged between 3.5 and 
54 mL L−1. The lowest values were observed in L. annua, 
which has been shown to be the most sensitive species. 
The other wild species A. githago showed the second 
lowest EC50 value for germination followed by the crops. 
However, the rather big difference between the two wild 
species does not allow general conclusions about the vul-
nerability of wild species towards Vizura in general. Rod-
rigues et al. [30] studied the seed germination of lettuce, 
watercress and clover under different DMPP concentra-
tions and observed negative effects only for lettuce at the 
highest concentration (100 mg L−1). EC50 values for the 
endpoint root length were generally very low (around 
1.5–3.5  mL  L−1) except for Z. mays. This indicates that 
Vizura affects root development and germination gen-
erally stronger than Piadin does. An underlying reason 
might be the extremely low pH of Vizura that was not 
neutralized in the Seed Germination Test. Since only few 
taxa were studied, no clear trend with regard to a spe-
cific plant group like monocotyledons vs. dicotyledons 
regarding their sensitivity could be discovered. However, 
the data suggest a clear species specificity. Therefore, to 
gain a better insight of plants’ reactions towards Piadin 
and Vizura application, more experiments with different 
plant species are required in greenhouses and in the field.

In the greenhouse experiment conducted with Vizura 
the same species like in the Piadin trial were tested. 

Among the three species, no clear trend was observed. A. 
githago and F. esculentum were more sensitive regarding 
the endpoint dry weight, whereas Z. mays reacted more 
sensitive regarding the endpoint plant height. Further-
more, the species differed in ecotoxic effects regarding 
both substances tested: A. githago showed lower EC50 
values for both endpoints tested with Vizura, Z. mays 
reacted earlier when tested with Piadin. Despite a more 
complex and time-consuming experimental setup, results 
of the effect of NIs in a later developmental stage of plants 
are environmentally relevant and should be repeated 
to clarify different plant reactions. Rodrigues et  al. [30] 
studied the phytotoxicity of DMPP in a hydroponic sys-
tem with red clover and did only observe negative effects 
after applying very high concentrations (100  mg  L−1). 
Zerulla et al. [41] showed non-toxic effects of DMPP at 
concentrations eightfold above than the recommended 
application rate. Therefore, the reason for phytotoxic 
symptoms in the present study remains unclear and the 
question if formulations in the product were involved 
remains unanswered.

The Luminescent Bacteria Test conducted with Vizura 
resulted in a very low EC50 value of around 3  mL  L−1. 
As mentioned above, different studies showed non-toxic 
effects of DMPP on non-target soil bacteria [12, 36]. Fur-
thermore, Rodrigues et  al. [30] determined an EC50 of 
16.6 mg DMPP L−1 on A. fischeri that was considered as 
harmful but negligible due to the low mobility of DMPP 
in soil. As pH was neutralized for this experiment, it can-
not be the reason for the low EC50 and it can therefore be 
assumed that phytotoxic properties of Vizura observed in 
all biotests originate from other (unknown) ingredients. 
At this point it should be stated that also Vizura contains 
aromatic compounds (1H-triazole) which could be the 
reason for phytotoxic effects.

Conclusions
It can be stated that none of the conducted biotests 
showed ecotoxic effects of DCD but all tests conducted 
with Piadin and Vizura allowed the determination of dif-
ferent ecotoxic effects across the species and endpoints 
tested. Among all biotests, frond number and frond area 
of Lemna were the most sensitive endpoints for Piadin 
and root length of some species (A. githago, H. vulgare) 
was the most sensitive endpoint for Vizura.

Plant species used in the two terrestrial plant tests 
(Seed Germination and Seedling Emergence) differed 
highly in their response to Piadin and Vizura applica-
tion and showed differing sensitivity with regard to 
substance and endpoints. The trend of wild and small 
seed-sized species being generally more vulnerable needs 
to be verified in further studies. However, the use of 
wild species could be problematic regarding the lack of 
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standardization of for example the seed material. Addi-
tionally, a broader range of monocotyledonous and dicot-
yledonous species should be tested to see if there is a 
plant group-related reaction trend. In any case, legumes, 
which depend on N fixing bacteria, should be looked at 
in greater detail in future studies.

Based on the results obtained in the present study, all 
four methodologies proved adverse effects of two out 
of three substances tested. However, results cannot be 
directly transferred to real field conditions. This requires 
checking in outdoor experiments. Investigations of the 
effects of individual compounds and mixtures of the 
substances tested are furthermore needed to identify 
the origin of the observed ecotoxicity. A possible rea-
son might be the aromatic compounds which are used 
in the formulations of Piadin and Vizura. However, also 
other unknown ingredients of both products could be the 
cause of ecotoxic properties.
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