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1  |  INTRODUCTION

The worldwide consumption of synthetic nitrogen (N) fer-
tilizers amounted to 104 Tg in 2018 (IFA, 2021). Urea is 
the most frequently used synthetic N fertilizer (47%), be-
cause of its high N concentration (46%) and low cost (Fan 

et al.,  2004; IFA,  2021). However, the N- use efficiency 
(NUE) from urea by the crops is low, ranging between 
30% and 65% of the applied N (Herrera et al., 2016; Hirel 
et al., 2011; Ladha et al., 2005; Omara et al., 2019). This is 
because a large proportion of the N from urea is released 
immediately after application and is not in phase with 
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Abstract
The use of urea as nitrogen (N) fertilizer in agriculture needs to consider envi-
ronmental, economic and resource conservation aspects because of low N- use 
efficiency (NUE). Polymer- coated urea (PCU) offers an effective way to improve 
the NUE of urea and to reduce its environmental trade- offs. However, we lack 
information on the impact of climate and soil properties on N release from PCU. 
Therefore, this study was performed to quantify the effects of soil texture, mois-
ture and temperature on the release kinetics of N from PCU. We designed a test 
system for soil incubation experiments and investigated three fertilizers with 
different release patterns, five topsoils, three moisture levels and two tempera-
tures over 48 days. We analysed the concentrations of inorganic N (NH+

4
−N and 

NO−

3
−N) in the soil and estimated N release rates using the unified Richards 

model. Soil texture did not change the N release patterns, but release rates varied 
significantly among the investigated soils. Changes in soil moisture for a given 
soil had no effect on N release from PCU and urea when fertilizers were incor-
porated into the soil at conditions supportive of crop growth. Lowering soil tem-
peratures, however, decreased N release rates from PCU by 16%– 49% but only in 
silt loam and not in sandy loam. We conclude that PCU improves the N residence 
time in soil, but predictions on N release from PCU must be adapted to the pre-
vailing environmental conditions and cannot be generalized across differently 
textured soils.
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the N uptake of seasonal crops (McKenzie et al.,  2007; 
Trenkel, 2010). The imbalance results in potential N losses 
of up to 70% for urea applications (Fan et al., 2004; Naz & 
Sulaiman, 2016), particularly from ammonia (NH3) vola-
tilization and nitrate (NO−

3
) leaching (Azeem et al., 2014; 

Blaylock et al., 2005; McKenzie et al., 2007). Consequently, 
the use of conventional urea as fertilizer causes not only 
environmental but also economic and resource conserva-
tion problems.

The use of a controlled- release technology may offer an 
effective way to improve the NUE from conventional urea 
and to reduce its environmental impacts (Chen et al., 2018; 
Naz & Sulaiman,  2016). The most common controlled- 
release fertilizers (CRFs) encapsulate urea granules with 
hydrophobic materials, particularly polymeric ones, to re-
strict N dissolution rates (Chen et al., 2018; Trenkel, 2010). 
The coating material acts as physical barrier and controls 
the N release into the soil solution in three stages: a lag pe-
riod, followed by a stage of constant N release, and finally 
by a stage of declining release (Naz & Sulaiman,  2016; 
Shaviv et al., 2003; Trenkel, 2010). During the initial lag 
period, water penetrates through the coating membrane 
and dissolves small fractions of the urea core without any 
observable N release (Du et al., 2006; Shaviv et al., 2003). 
The stage of constant release follows when a critical vol-
ume of urea- saturated solution has accumulated in the 
granules, therewith inducing a constant urea transport 
through the coating material by diffusion (Du et al., 2006; 
Shaviv et al.,  2003). The final decline phase is reached 
when the solid urea core is dissolved so that the N release 
rates decrease (Shaviv et al., 2003). Overall, plant- available 
N is thus released over a prolonged period of time with 
a higher chance to match the N requirements of crops 
(Cahill et al.,  2010; Shaviv et al.,  2003; Trenkel,  2010). 
Because of diverse polymer properties, it is theoretically 
possible to adapt N release profiles to individual crop de-
mands (Terlingen et al., 2020). However, the use and entry 
of PCU into the global fertilizers market is still limited, 
for example, as the cost of PCU is still two to three times 
higher than that of conventional urea, despite extensive 
research during the last five decades. Also, missing regu-
latory opportunities for registration limited acceptance in 
European Union.

Several studies have characterized the N release from 
PCU in the laboratory or their impact on crop growth in 
the field. When evaluating PCU, it is common practice 
to measure the N release in water (Shaviv et al.,  2003; 
Trenkel, 2010). A standard method in water is provided, 
for instance by the ISO 21263:2017. There is, however, 
no standard method available for the determination of N 
release in soil. N release curves have been characterized 
by using models following empirical, semiempirical or 

mechanistic approaches (Fujinuma et al., 2009). However, 
field studies show conflicting results on the effects of PCU. 
Yields were higher, unchanged or even lower in response 
to PCU than achieved with conventional urea (Azeem 
et al.,  2014; Blackshaw et al.,  2011; Grant et al.,  2012; 
McKenzie et al., 2007). This uncertainty might originate 
from N release patterns that were predicted from labora-
tory experiments in water but do not sufficiently account 
for soil and other environmental parameters. Our cur-
rent knowledge on the impact of environmental drivers 
on N release kinetics from PCU and subsequent transfor-
mations of inorganic N in soil is still incomplete (Azeem 
et al., 2014; Chen et al., 2018; Guertal, 2009).

Here, we aimed at first characterizing the typical re-
lease patterns of conventional urea and two types of PCU 
within different release rates. We designed a test system 
suitable for soil incubations and used a uniform parame-
terization of the Richards model to describe the inorganic 
N release from PCU. Second, we determined the influence 
of soil texture, moisture and temperature on the N release 
kinetics. We conducted incubation experiments with three 
fertilizers, five topsoils, three moisture and two tempera-
ture levels. During the experiments, we recorded soil res-
piration and analysed the inorganic N release from PCU 
fertilizers into soil by determination of plant- available 
NH+

4
−N and NO−

3
−N concentrations. The experiments 

were conducted during 48 days to cover the vegetative 
growth stages of seasonal crops since the majority of N re-
serves are established in vegetative tissues at pre- anthesis.

2  |  MATERIALS AND METHODS

2.1 | Soils and sampling sites

Five soils were selected to cover a wide range of soil tex-
tures that are typical for arable topsoils in the temperate 
climate zone (Table 1). To identify frequent soil textures 
at German, European and global scales, we used the data-
bases of the Soil Information System FISBo BGR 
(Fachinformationssystem Boden der BGR; Düwel 
et al., 2007), the LUCAS project (Land Use and Coverage 
Area frame Survey; Ballabio et al., 2016) and the GLDAS 
(Global Land Data Assimilation System; Rodell 
et al., 2004), respectively. The soils were collected from 
sampling sites in the German federal states of North 
Rhine- Westphalia and Rhineland- Palatinate. Topsoil 
samples were collected from each site at a depth of 0.1– 
0.3 m to avoid too many plant residues in the sampled 
soil. The soils were air- dried and homogenized by sieving 
to <2 mm. The texture of the soils was determined ac-
cording to FAO  (2006), the pH

(CaCl2)
 according to  
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   | 3SENTEK et al.

ISO 10390:2005, the soil organic carbon (SOC) concentra-
tion and the C/N ratio according to ISO 10694:1995 and 
ISO 13878:1998, respectively (Table 1). The water- holding 
capacity (WHC) was determined according to Alef and 
Nannipieri  (1998), by percolating 100 mL of deionized 
water through 20 g of air- dried soil (with a known resid-
ual water content) in duplicate. Samples were allowed to 
stand overnight (covered by aluminium foil) and the vol-
ume of the water stored in the soil was calculated and 
related to soil dry weight.

2.2 | Experimental design and materials

We investigated four treatments comprising an unferti-
lized control (CON), conventional urea (URE) and two 
different PCU fertilizers (PCU2, PCU17). The PCU2 fer-
tilizer was coated with a biodegradable polymer and re-
leased 80% of its N within 2 days in water. The PCU17 
fertilizer was coated with a less permeable and non- 
biodegradable polymer. The release time was substan-
tially higher, and 17 days were needed to release 80% of 
its N in water. The fertilizers were provided by EuroChem 
Agro GmbH. The release time of N from the fertilizers in 
a water system was also obtained from EuroChem Agro 
GmbH (data were determined in a modified test system 
based on ISO 21263:2017). All fertilizers were applied at 
a rate of 105 mg N per sample (100 g soil), which corre-
sponds to 1.05 g N kg−1. Assuming that the fertilizer covers 
a layer of 2 cm soil within the Ap horizon with an average 
bulk density of f 1.2 kg dm−3, this amount translates into a 
N fertilization rate of 250 kg N ha−1, which is common for 
crops such as wheat.

We designed a test system to determine N release from 
different PCU fertilizers in soil. This allowed us to study 
the effect of soil texture on N release under conditions 
that are closer to field conditions than existing standards 
like the ISO 21263:2017, which describe a procedure for 
determining the release of nutrients from coated fertiliz-
ers into water. For the incubation, we used straight- side, 
wide- mouth polypropylene jars with a volume of 250 mL 
(Thermo Fisher Scientific) that are compatible with the 
respirometer Respicond VIII (Nordgren Innovations AB). 

100 g of air- dry soil was placed in sealed jars and incubated 
in the dark at varying water contents and temperatures, 
according to the test conditions described in the follow-
ing sections. The jars were opened every second to third 
day (depending on soil respiration) to ensure air exchange 
and to maintain a constant water content by weighing the 
sample and adding the lost mass of water between two 
openings (only deionized water was used in the whole 
experiment). A pre- incubation period of 9 days was set 
to compensate for the rewetting effect in soil causing a 
flash increase in the basal respiration and mineralization. 
After 9 days, the N fertilizers were added to the samples by 
placing strainer inserts (made of polyvinyl chloride) into 
the jars. The strainers were filled with approximately one 
third of the soil and the granules (ensuring that the gran-
ules were completely covered by soil). This facilitated the 
removal of granules but ensured their connection to the 
soil- water system. The samples were prepared in sets of 
triplicates, one set for each treatment and extraction day 
since the entire sample was extracted. The samples sets 
were randomized and incubated for 0, 1.5, 3, 6, 12, 24 and 
48 days in an incubation chamber. The sample sets for ex-
traction day 48 were prepared twice. One was incubated 
within the incubation chamber and the other one in the 
respirometer to determine respiration rates of the soils as 
a measure of microbial activity during the experimental.

2.2.1 | Testing effects of soil texture

The N release from PCU into soils was investigated for five 
different soil textures incubated at an average tempera-
ture of 21°C. As soil texture modifies the water- filled pore 
space, we tried to incubate the soils in moist state, close to 
50% of the WHC. However, the sample preparation includ-
ing drying and sieving altered the aggregate structures of 
the soils. As a consequence, the structural stability of the 
soil was reduced and additional dispersion was observed 
from adding de- ionized water so that silting and clumping 
occurred when the experiment was prepared. This would 
have affected the incubation experiments negatively re-
garding oxygen level and fertilizer handling. Therefore, 
the water content was adjusted as close as possible to 50% 

Soil texture
Sand 
(%)

Silt 
(%)

Clay 
(%)

SOC 
(%) C/N pH(CaCl2)

WHC 
(%)

SL Sandy loam 75.5 11.8 12.8 1.3 10.8 5.1 45.7

L Loam 25.8 48.4 23.9 1.4 10.9 6.0 70.5

SiL Silt loam 17.3 60.0 20.9 1.6 11.2 6.5 52.5

SiCL Silty clay loam 13.5 52.5 34.0 1.2 9.6 6.2 61.4

CL Clay 30.7 18.1 50.2 2.7 9.5 7.0 79.0

Abbreviations: C/N, carbon/nitrogen ratio; SOC, soil organic carbon; WHC, water- holding capacity.

T A B L E  1  Soil properties of the five 
soils used for the experiments.

 14752743, 0, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/sum

.12905 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [05/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 |   SENTEK et al.

of the individual WHC of the soils without visual deterio-
ration of soil structure and thus without affecting soil con-
ditions negatively. Deionized water was added to the soils 
to achieve the following percentages of WHC: 35% for the 
sandy loam, 33% for the loam, 45% for the silt loam, 38% 
for the silty clay loam and 44% for the clay, which corre-
sponded to gravimetric water contents between 22% and 
40% w/w. To account for these variations, we tested the 
effects of soil moisture individually for the given soils and 
included soil moisture variations as covariate in the sub-
sequent data evaluation. We observed, however, a slight 
formation of aggregates upon rewetting for the silty clay 
loam and the clay soil, which was owing to the high clay 
content of these soils.

2.2.2 | Testing effects of soil moisture

To investigate the influence of soil moisture on N release 
selectively, soils were incubated at an average tempera-
ture of 21°C with three water contents. We selected the silt 
loam as a medium textured soil with a high WHC and the 
sandy loam as coarse soil with a low WHC. The permanent 
wilting points for these soils were 15% (sandy loam) and 
25% (silt loam) WHC. For the sandy loam, water contents 
were set to (a) 22%, (b) 28% and (c) 35% of WHC and for 
the silt loam to (a) 32%, (b) 38% and (c) 45% of the WHC.

2.2.3 | Testing effects of soil temperature

We conducted an experiment to determine the effect of 
soil temperature on the N release from PCU. For this pur-
pose, the sandy loam at 35% WHC and the silt loam at 45% 
WHC (corresponding to gravimetric moisture contents of 
25% and 40% % w/w, respectively) were incubated at 16°C 
to be able to compare them with the samples incubated 
within the first experiment on soil texture at 21°C.

2.3 | Sample extraction and 
chemical analyses

After incubation, the plant- available N (Nmin) was deter-
mined in the soil samples as sum of the NH+

4
−N and 

NO−

3
−N concentrations. Before extraction, the granules 

were manually removed and counted (n = 9) to ensure 
complete removal from samples. After homogenization 
of samples, aliquots of 25 g moist soil were extracted with 
K2SO4 solution (1%) at a soil: solution ratio of 1:8 mainly 
according to ISO 14256- 1:2005. Extracts were filtered 
(M&N G 261 ¼) and stored at −21°C until further analy-
sis. The inorganic N concentrations (mg NO3– N L−1 and 

mg NH4– N L−1) in soil extracts were measured according 
to ISO 14256- 2:2005 by continuous flow analysis (CFA) 
using high- resolution colorimetry and photometric detec-
tion (Skalar, San++).

2.4 | Data evaluation and statistics

To determine the net N release from fertilizers, the 
NH+

4
−N and NO−

3
−N concentrations in the control soil 

were subtracted from concentrations in soils treated with 
fertilizers. This was done for each extraction day and ferti-
lizer. The net release was then expressed as percentage of 
the total N released as inorganic N.

To describe the N release from fertilizers, we applied 
a unified approach of the Richards model that was in-
troduced by Tjørve and Tjørve (2010) for the assessment 
of organismal growth. Another parameterization of the 
Richards model was used by Hara (2000) to characterize 
N release patterns from PCU at constant temperatures. 
However, the parameterization according to Hara (2000) 
was difficult to interpret and compares fertilizers that 
showed differently shaped release curves (i.e. simple sat-
uration and asymptotic sigmoid curves). We therefore ad-
opted the unified approach for modelling of the N release 
curves from different fertilizers as it allows for the com-
parison of parameters between differently shaped curves 
without the need for a conversion.

The function of the unified Richards model after Tjørve 
and Tjørve (2010) is given in Equation (1), where W(t) is 
the value of the released N, A is the upper asymptote (end-
point or maximum of net N release), W0 is the starting 
value at time zero, k is the slope at the inflection point 
(which is the point of maximum N release rate), and d is 
the shape parameter of the curve (Tjørve & Tjørve, 2010). 
The point of inflection is given by (Tin, Win) with Tin being 
the time at inflection (time of maximum release rate) and 
Win being the value of released N at this time which can be 
calculated by using Equation (2) (Tjørve & Tjørve, 2010).

To ensure that the release curves are comparable, the 
W0 parameter was set to zero for all curves, to provide a 
fixed starting point. The upper asymptote A was designed 
to be 100%. The fitting procedure showed, however, that 
it could not be uniformly set to 100% as the maximum 
of released N varied considerably among soils and treat-
ments. Therefore, we adapted the endpoint of N release to 

(1)W (t) = A

(

1+

(

(

W0

A

)1−d

−1

)

∙exp

(

−k ∙ t

d
d

1−d

))
1

1−d

(2)Win = A ∙ d
1

(1−d)
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individual release curves to avoid the deterioration of pa-
rameter estimates. We thus set the endpoints of the curves 
(for URE and PCU2) to the individual values of maximum 
released N that were closest to 100% of applied fertilizer N. 
However, for PCU17 we assumed that the maximum re-
leased N amounts measured at the end of incubation were 
not the endpoints of the curves. Thus, we set the endpoint 
values of PCU2 also as endpoints of the release curves for 
PCU17. To account for the different values of the A pa-
rameter, we calculated the absolute maximum release rate 
K (Equation 3) and used this parameter to evaluate release 
pattern.

Polymer coatings control the N release from PCU into 
the soil solution in three stages: lag period, (nearly) con-
stant release and decline phase (Naz & Sulaiman,  2016; 
Shaviv et al.,  2003; Trenkel,  2010). When considering 
a tangent to a sigmoid curve at the inflection point to 
be a linear approximation of the growth phase (Passos 
et al.,  2012), its intersections with the upper and lower 
asymptotes divide the release curve into three segments. 
These three segments correspond to the three stages of N 
release from the PCU fertilizers. The intersection of the 
tangent with the lower asymptote (x- axis) defines the end 
of the lag period (Tlag); the intersection with the upper as-
ymptote (A) corresponds to the beginning of the decline 
phase (Tdec; Passos et al., 2012; Shoffner & Schnell, 2015). 
Thus, the lag period extends from day zero (time of ap-
plication) to Tlag, the time of constant release from Tlag to 
Tdec and the decline phase from Tdec to the endpoints of 
the curves.

We used the Gnuplot version 5.2 software for 
Windows released 2017 for plotting and fitting the N 
release curves to the data. To assess model quality, we 
used the residual standard error (RSE). The mean re-
lease rates between the treatments were considered to be 
significant from another if their 95% confidence interval 
(CI) did not overlap.

3  |  RESULTS

We were able to generate accurate and reproducible data 
with the test system to characterize the release of N from 
urea and PCU fertilizers into soil. We calculated the re-
covery of fertilizer N as the ratio of applied fertilizer N to 
the measured N content in soil after 48 days (corrected 
for background N mineralization in the controls). The 
recovery across all soil textures accounted to 95.6 ± 11.2% 
for URE, 99.6 ± 8.43% for PCU2 and 88.9 ± 11.1% for 
PCU17. We assume that the N release from PCU17 was 

still incomplete for some soils after 48 days of incubation, 
yet this did not restrain parameter estimates for PCU17 
since the endpoint of the curves (A parameter) was set to 
the same values as for PCU2. The best results in N recov-
ery for all three fertilizers were achieved in the sit loam 
soil 100.7 ± 13.9% for URE, 103.8 ± 12.1% for PCU2 and 
100.5 ± 9.7% for PCU17. The unified Richards model fit-
ted our experimental data well; the residual standard 
error (RSE) ranged between 0.69% and 7.85% (Table 2; for 
a comprehensive list of parameter estimates and errors see 
Tables S1– S3).

The N release from URE and PCU2 followed the shape 
of a saturation curve with a fast initial release and no lag 
period (Tlag; Figure  1a,b, Table  2). On average across all 
textures, a mean maximum release rate of 21.7 ± 7.70% 
day−1 (K) was reached after 2 days (Tin) for URE and of 
12.2 ± 2.93% day−1 within 3 days for PCU2 (Table  2). 
However, the mean release rates were not significantly 
different between URE and PCU2. For both fertilizers, 
the period of N release was generally short and 90% of 
the applied N was released within 2 weeks. The N release 
from PCU17 showed a different kinetics with a signifi-
cantly lower mean maximum release rate than for URE 
and PCU2 (Figure  1, Table  2). The initial N release was 
delayed by 2 days with a short lag period and mean release 
rate of 4.0 ± 0.68% day−1 (Table 2). The release time was 
extended, and 90% of applied N was released from PCU17 
within 42 days. The approximated endpoints of the release 
curve were outside the experimental period of 48 days. 
Consequently, the release patterns for conventional urea 
were different from those of PCU17 while the release pro-
file of PCU2 was similar to that of urea without a coating 
material.

The N kinetics of URE and PCU2 were mainly deter-
mined by the fast release of NH+

4
−N (Figure 2a; for details 

on PCU2 see Figure S1). After 6– 10 days, the NH+

4
−N re-

lease decreased. This was a result of nitrification and, con-
sequently, concentrations of NO3– N increased (Figure 2c, 
Figure S1). Since nitrate is a transformation product of am-
monia, the cumulative ammonia- N release decreased over 
the time while the nitrate- N release increases. The finding 
was different to the release pattern of PCU17, where the 
NH+

4
−N release was slower and prolonged, resulting in 

a steady increase in the availability of both NH+

4
−N and 

NO−

3
−N (Figure 2b,d).

3.1 | Texture effects

The typical release kinetics of URE and PCU2 differed 
among the examined soil textures (Figure 1, Table 2). 
The N release rates were slower in the two soils clay and 
silty clay loam, which was particularly evident within 

(3)K = k ∙ A
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the first 14 days after application (Figure  1a,b). The 
release rate from URE was significantly lower in the 
silty clay loam by nearly three times than in all other 
textures (Table  2). Also, the release rate from PCU2 
was lower in the silty clay loam but only significantly 
lower than in silt loam or sandy loam (Table  2). For 
both URE and PCU, release rates were strongly nega-
tively correlated with the clay: sand ratio of the soils 
(sandy loam = 0.2, loam = 0.9 silt loam = 1.2 clay = 1.6 
silty clay loam = 2.5; Figure  3). The correlation for 
URE was close to be significant (p = .07) andfor PCU2 
it was significant (p < .05; Figure 3). However, neither 
clay nor sand content correlated with the release rates. 
Instead, we found that the C/N ratio of the soils cor-
related positively with release rates for URE (Pearson's 
r = .89, p < .05) and PCU2 (Pearson's r = .91, p < .05). No 
such correlation was found with the overall content of 
SOC, which was lowest for the silty clay loam and high-
est for the clay.

The release kinetics for PCU17 were also affected by 
soil texture but they deviated from those for URE and 
PCU2 (Figure  1c): the mean release rate of PCU17 was 
significantly lower in sandy loam than in loam (Table 2). 
Aside, the release rates in the clayey soils (clay and silty 
clay loam) were also substantially lower than in the loam 
but this was only close to be significant at the p < .05 level 
of probability (Table  2). We further found a significant 
correlation between release rates and the gap between clay 
and sand content (Pearson's r = −.88, p < .05). This means 
that the release rates decreased when the gap or distance 
between the clay and sand content increased (gaps were: 
loam = 1.9%, silt loam = 3.6%, clay = 19.5%, silty clay 
loam = 20.5%, sandy loam = 62.7%). We conclude that re-
lease rates of PCU17 were reduced in heavy soils with a 
very fine texture as well as in light soils with a coarse tex-
ture in comparison with soils where no mineral fraction 
dominates.

As incubations for the different soils were performed 
at maximum feasible moisture contents, we had to ac-
cept some variations in moisture contents between soils 
(Table 2). Hence, in a first glance, texture effects cannot 
be separated from texture- induced changes in water- 
holding capacities. Correlating the K values of N release, 
however, with soil moisture contents did not reveal any 
significant relationship for urea and PCU17 (Figure S2). 
We did observe, however, a significant negative relation-
ship for PCU 2, which explained 53% of the variation of 
the data (p < .05: Figure  S2). Hence, soil moisture did 
likely not control all differences among soils, but might 
interact with N release rates of specific coating materi-
als. To better understand moisture effects on N release 
dynamics, we also incubated the same soils with differ-
ent moisture contents.So
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3.2 | Moisture effects

We found that different soil moisture contents did not 
significantly affect the N release kinetics of urea and 
PCU in silt loam (Figure  4, Figure  S4) and sandy loam 
(Figures S3 and S5). The release rates were also not signifi-
cantly affected by soil moisture content within the range 
of permanent wilting point and 50% of WHC (Table  2, 
Tables S1– S3). As soil textures had similar variability in 
WHC than used for the moisture study, these data give 
support to the above- mentioned suggestion that mois-
ture might also not be the key driver explaining differ-
ences in N release rates between soils. Despite this, the 
release curves of PCU2 and PCU17 were initially delayed, 
which resulted in an extension of the lag period (Table 2, 

Figure 4, Tables S2 and S3). This was evident in the silt 
loam but not in sandy loam.

3.3 | Temperature effects

Soil temperature affected the N release kinetics from all 
fertilizers, conventional urea, PCU2 and PCU17 (Figures 5 
and 6, Figures S6 and S7). The effect of temperature was 
significant in the silt loam soil. No temperature effect was 
apparent or significant in the sandy loam soil (Table 2). 
Lowering the temperature by 5°C (from 21 to 16°C) re-
sulted in a significant reduction of release rates for all three 
fertilizers in silt loam (Figure 5). For the URE treatment, 
the N release rate was reduced by nearly half (Table  2, 
Figure 5a). For both PCU fertilizers, the release rates de-
creased by 28% for PCU2 and 49% for PCU17 (Table  2, 
Figure 5b,c). Moreover, lower temperature caused an ex-
tension of the lag period (Tlag) for the PCU fertilizers and 
an increase of the time to inflection (Tin) by factor three 
for PCU2 and two for PCU17 (Table 2). Overall, lowering 
temperature inhibited the N release from PCU and con-
ventional urea but not across all soil textures.

4  |  DISCUSSION

There is yet no standardized method for the reliable de-
termination of N release from PCU into soil (Lawrencia 
et al., 2021; Medina et al., 2014). To date, different labora-
tory methods have been used to determine N release from 
coated fertilizers into soil (Medina et al., 2014; Terlingen 
et al.,  2020). A method by Medina et al.  (2014) used a 
soil incubation column leaching technique with sand: 
soil mixture containing <1% soil (Medina et al.,  2014). 
However, this method is not suitable for the evaluation of 
the N release into pure soil as it uses leaching technique 
that would distort N release since NH+

4
−N would be re-

tained on exchange sites in soil. Our results experiments 
illustrate that the N release from PCU can be determined 
in pure soil.

The unified Richards model after Tjørve and 
Tjørve (2010) allowed a prediction of the release of in-
organic N from conventional and polymer- coated urea 
in soil with an acceptable error. Because of its empir-
ical character, it was possible to predict the N release 
from fertilizers without considering release- affecting 
mechanisms like enzymatic urease activity or diffusion 
rates (Fujinuma et al.,  2009; Juan et al.,  2010; Shaviv 
et al., 2003). Another parameterization of the Richards 
model has been used by Hara (2000), who successfully es-
timated the N release from coated urea fertilizers at con-
stant temperatures. In contrast to the parameterization 

F I G U R E  1  Cumulative inorganic N (=NH+

4
− N and NO−

3
− N)  

release from conventional urea (a), the fast- release PCU2 (b) and 
the slow- release polymer- coated urea PCU17 (c) in differently 
textured topsoils; given are means of three replicates ± standard 
deviation, and lines represent the fitted release curves using unified 
Richards model; Clay, grey symbols indicate that data were not 
included for the curve fit; L, loam; SiCL, silty clay loam; SiL, silt 
loam; SL, sandy loam.
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   | 9SENTEK et al.

used by Hara, the unified Richards model uses only pa-
rameters that control individual shape characteristics 
that can be compared among different release curves. 
Furthermore, the unified Richards model allowed sep-
aration of the sigmoidal- shaped N release into a lag, 
growth and plateau phase (Passos et al., 2012; Shoffner 
& Schnell, 2015). Hence, the unified Richards model is 
suitable for comparing and assessing the performance 
of conventional urea and PCUs with different release 
patterns.

We found that the basic kinetics of N release in soil 
from URE and PCU2 were similar but significantly differ-
ent than that of PCU17 (Figure 1). The kinetics of N release 
for URE and PCU2 followed a saturation curve without 
lag period but with high release rates, as typical for fast, 
enzyme- catalysed hydrolysis of urea to ammonium (Juan 
et al., 2010; Khakural & Alva, 1995). In our experiments, 
90% of the applied fertilizer N was hydrolysed after 11 days 
in the URE, which coincides with earlier reports that the 
hydrolysis of urea usually takes 1– 14 days in soil (Herbst 

F I G U R E  2  Inorganic N release splitted into NH+

4
− N (a, b) and NO−

3
− N (c, d) from conventional urea (a, c) and the slow- release 

polymer- coated urea PCU17 (c) in differently textured topsoils; given are means of three replicates ± standard deviation; CL, Clay; L, loam; 
SiCL, silty clay loam; SiL, silt loam; SL, sandy loam.
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F I G U R E  3  Correlation of the 
clay:sand ratios of five differently textured 
topsoils with absolute maximum release 
rates (K, calculated from unified Richards 
model) of conventional urea (URE), the 
fast- release PCU2 and the slow- release 
polymer- coated urea PCU17; ns, not 
significant.
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et al., 2006; Khakural & Alva, 1995). Therefore, we assume 
that hydrolysis of urea is governing the release of inorganic 
N from urea and also from PCU2, despite polymer coating 
of the latter. In contrast, the release profile of PCU17 had 
a sigmoidal shape with an initially delayed N release and 
short lag period, typical for fertilizers of which diffusion 
is the main driver of N release (Shaviv et al., 2003). Such 
sigmoidal release profiles have been reported to be the 
most effective in matching the N requirements of crops 
(McKenzie et al., 2007; Shaviv et al., 2003). This suggests 
that the retention of N by the coating of PCU2 was not 
high enough to create release characteristics that were 
controlled by diffusion while the coating of PCU17 shaped 
N release in a promising way.

Our results showed that release rates of URE and 
PCU2 were lower in silty clay loam and significantly 

correlated with the clay: sand ratio of the soils for PCU2 
(Figure  1a,b). However, earlier studies reported a faster 
hydrolysis of urea in clay loam than in sandy loam (Yadav 
et al., 1987; Zantua et al., 1977). This effect was attributed 
not only to clay content but it was assumed that hydrolysis 
of urea is greater in fine- textured soils because of higher 
SOC concentration, cation exchange capacity (CEC) and 
pH value (Yadav et al., 1987; Zantua et al., 1977).

In our experiment, the silty clay loam had the lowest 
SOC concentration (1.2%). It likely reduced hydrolysis 
to NH+

4
 since urease activity is known to relate closely to 

SOC concentration (Dharmakeerthi & Thenabadu, 1996; 
Zantua et al., 1977). However, the clay soil exhibited low 
release rates, despite having the highest SOC concentra-
tion (2.7%). We did not find a significant correlation be-
tween SOC and N release rates. Instead, we found that the 

F I G U R E  4  Cumulative inorganic N (=NH+

4
− N and NO−

3
− N)  

release from conventional urea (a), the fast- release PCU2 (b) and 
the slow- release polymer- coated urea PCU17 (c) in a silt loam 
topsoil at different soil moisture levels; given are means of three 
replicates ± standard deviation, and lines represent fitted release 
curves using unified Richards model.
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F I G U R E  5  Cumulative inorganic N (=NH+

4
− N and NO−

3
− N)  

release from conventional urea (a), the fast- release PCU2 (b) and 
the slow- release polymer- coated urea PCU17 (c) in a silt loam 
topsoil at different temperature levels; given are means of three 
replicates ± standard deviation, and lines represent fitted release 
curves using unified Richards model.
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C/N ratio of the soils correlated positively with N release 
rates of urea and PCU2. This was in apparent contrast to 
reports where the C/N ratio correlated negatively with the 
urease activity (Mavi & Singh, 2007). It is likely that re-
lationships to C/N ratio were caused by enzyme activity.

According to a review by Dharmakeerthi and 
Thenabadu (1996), soil properties can lead to different im-
pacts on urease activity, which may show both negative 
or positive correlations to soil- water content. Here, water 
content did not influence N release rates significantly for a 
given soil, thus supporting to the assumption that it might 
also not control differences among the differently textured 
sites. When plotting release rates for all soils against water 
content, we found a moderate negative relation between 
moisture content and release rates for PCU2 (r = −.73, 

p = .025, Figure S2). This relation was not confirmed for 
PCU17. There is no reason to assume that increasing water 
content might limit diffusion rates, thus giving rise to the 
assumption that this relationship, if it was causal at all, 
might be affected by other factors like oxygen availability, 
which, however, should not be specific for PCU2. In any 
case, we cannot fully discount an interaction of moisture 
content and PCU properties on N release rates, but differ-
ences were small compared with the effects of different 
temperatures.

The N release rates for PCU17 were reduced when ei-
ther a high clay or sand content dominated soil texture 
(Figure  1c). As these soils had different WHC, this re-
duction occurred at both highest and lowest water con-
tent, thus substantiating the above- mentioned statement 
of a lacking (linear) effect of soil moisture on N release 
from PCU 17. We are also not aware of parabolic relation-
ships reported in the literature. However, the finding is 
at least partly in line with earlier studies that suggested 
that N release rates from PCU were higher in soils rich 
in clay or SOC compared with sandy soils that are poor 
in SOC (Cahill et al.,  2010; Golden et al.,  2011; Medina 
et al., 2014). In particular, initial N release has been found 
to be faster in clay than in silt-  or sandy loam soil while 
cumulative N release was not affected (Golden et al., 2011; 
Medina et al., 2014). The low N release rates in our clay 
soils do not corroborate with these findings. Possibly, the 
formation of aggregates upon rewetting the swelling soil 
interfered with the connection of fertilizer granules to soil 
water, thus slowing down diffusion rates.

Increasing soil moisture in a given soil did not signifi-
cantly influence N release rates from URE, PCU2 and 
PCU17 (Figure 4). Soil water is essential for the dissolu-
tion and diffusion of urea and for hydrolysis by urease 
(Ibrahim et al.,  1984; Ransom et al.,  2020), but water is 
not a limiting factor at contents above the permanent wilt-
ing point (Cahill et al., 2010; Ibrahim et al., 1984; Lunt & 
Oertli, 1962). Yet, a lower soil moisture extended the lag 
period for N release from PCU17. Similar findings were 
reported by Golden et al. (2011) who found a lower initial 
N release (during the first 5 days) at lower moisture levels. 
However, this does not affect the fitting of N release rates, 
as this is an independent fitting parameter. Under real- 
world conditions one might have to add the lag time to the 
N release rates to assess true N availability; yet, differences 
in lag time were short and small compared with the effects 
of soil temperature on N release.

The N release rates for URE, PCU2 and PCU17 de-
creased with decreasing temperature in the silt loam but 
release rates did not significantly change in sandy loam 
soil (Figure  5, Figure  S5). We attribute the temperature 
effect on URE to slower hydrolysis of urea since the ure-
ase activity increases with temperature from 10° to 40°C 

F I G U R E  6  Cumulative inorganic N (=NH+

4
− N and NO−

3
− N)  

release from conventional urea (a), the fast- release PCU2 (b) and 
the slow- release polymer- coated urea PCU17 (c) in a sandy loam 
topsoil at different temperature levels; given are means of three 
replicates ± standard deviation, and lines represent fitted release 
curves using unified Richards model; grey symbols indicate that 
data were not included for curve.
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(Dharmakeerthi & Thenabadu, 1996; Golden et al., 2011). 
Within our experiment, N release from PCU in silt loam 
proceeded more rapidly with increasing incubation tem-
perature, which agrees with other findings (Golden 
et al., 2011; Medina et al., 2014; Trolove et al., 2019). In 
general, the diffusion rate increases with temperature (and 
decreases with temperature); thus, diffusion of dissolved 
urea through the coating membrane into soil solution de-
pends highly on temperature (Golden et al., 2011; Medina 
et al., 2014; Ransom et al., 2020). Moreover, faster hydro-
lysis of PCU- derived urea at higher temperatures allows 
for the establishment of a steeper concentration gradient, 
enhancing diffusion out of the PCU granules (Carson & 
Ozores- Hampton, 2013; Golden et al., 2011). Accordingly, 
lower temperatures can slow down N release, since the re-
leased N may accumulate around the PCU granules (Lunt 
& Oertli, 1962). We therefore assume that in the silt loam, 
temperature reduced both the diffusion rate and the con-
centration gradient, because of hydrolysis causing a de-
crease in release rates.

Our data did not point at a significant deceleration of 
N release with declining temperature in the sandy loam 
soil (Figure  6). As in the URE treatment, hydrolysis of 
urea was not affected by temperature in the sandy loam 
(Figure  6a), we discount the possibility that hydrolysis 
rate was main factor also affecting the temperature de-
pendency in the PCU materials (Figure 6b,c). Likely, the 
temperature- induced reduction of diffusion rates after hy-
drolysis was not sufficient to significantly change concen-
tration gradients and therewith total N release rates from 
PCU materials in the sandy soils.

5  |  CONCLUSION

The laboratory test system enabled a reliable determi-
nation of N release from PCU and urea into pure soil. 
Further, the uniform Richards model provided a good 
approximation of the inorganic N release, yielding quan-
titative parameters to evaluate and compare N release ki-
netics. Consequently, this test system provides a basis for 
establishing a standard method that is closer to real envi-
ronmental conditions than previous methods.

We found that the N release patterns were similar for 
conventional urea and PCU2 and that both followed a sat-
uration curve with high release rates. Hence, the reten-
tion of N by PCU2 was sufficient high enough to create 
real controlled- release characteristics. In contrast, the N 
release pattern from PCU17 was sigmoidal, supporting 
controlled N release over a prolonged period of time.

Soil texture did not change the underlying N release pat-
terns, but release rates significantly varied among the in-
vestigated soils. We could not separate the effect of texture 

from other related soil properties; however, our results 
showed that N release from PCU was impaired in fine- 
textured heavy soils or light and sandy ones. Soil moisture 
did not affect the N release from PCU and conventional 
urea in a given soil, although we cannot fully discount the 
possibility of moisture interactions with PCU types across 
different soils. Also, water tension is inherently different 
in soils of different textures, which could not be consid-
ered here. In contrast, temperature exhibited a clear and 
stronger effect on N release rates, which declined as tem-
peratures decreased in silt loam but not in sandy loam soil 
at given moisture content. We conclude that soil proper-
ties such as texture or those correlated with texture such as 
SOC concentration, C/N ratio or water tension modulate 
climatic effects on N use efficiency of PCU- treated soils, 
making soil an essential factor for the further development 
of PCU fertilizers.
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