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Abstract: Urea present in cattle urine contributes large amounts of nitrogen (N) to grazed pastures, 
which can be the equivalent to approximately 1000 kg N ha−1. However, there are no studies in 
volcanic soils of southern Chile on the effect of different concentrations of urinary N deposited in 
the soil, nor of the effect different wetting and drying conditions mimicking the variation in weather 
conditions on the nitrification process from urea to NH4+ and total oxidized nitrogen (TON) over 
time. In addition, the inhibition of nitrification driven by the accumulation of NH3 at high rates of 
N applied to Andisol has not been evaluated. Fresh cattle urine was applied at three different rates 
of N equivalent to 247 kg N ha−1 (Low N), 461 kg N ha−1 (Medium N), and 921 kg N ha−1 (High N), 
as well as deionized water as a control. Further, three moisture conditions were imposed: constant 
moisture (CM), drying–rewetting (DRW) cycles at 7-day intervals, and soil drying (SD). Destructive 
soil core samples were evaluated for top and bottom halves individually every 7 days over a 36-day 
period to measure changes on inorganic N and pH. There were no interaction effects for N rates and 
soil moisture. The main effect of the different rates of N on mineralization was significant through-
out the incubation period, while the effect of the different moisture conditions was variable over 
time. High N was associated with elevated NH3 concentrations and could explain why total N min-
eralization was partially inhibited. These results suggest that the presence of different nitrifying 
microorganisms in soil under different chemical and physical conditions determines nitrification, 
and thus, the oxidation of ammonia should be studied in more detail as the first step of nitrification, 
specifically in volcanic soils. 

Keywords: volcanic grassland soil; cow urea hydrolysis; soil moisture; urine nitrogen rate 
 

1. Introduction 
Nitrogen (N) is a primary macronutrient that is usually required in fertilization to 

obtain the highest growth and productivity of biomass. The two main forms of nitrogen 
used to fertilize grasslands are ammonium (NH4+) and nitrate (NO3−). A large proportion 
of N ingested by grazing livestock (55–90%) is returned to the soil in animal excreta, par-
ticularly through urine [1]. Both the frequency and volume of urine excretion result in a 
total production of up to 42 L of urine per day in dairy cows [2,3]. According to Hoogen-
doorn et al. [3], N concentration can vary between 6 and 15 g N L−1. Meanwhile, both the 
stocking rate and stocking method influence the amount of urine deposited on grazed 
pasture [4], while overlaps between urine patches can happen [5]. A urine patch can affect 
an area of 0.2 to 0.5 m2 [6–8], penetrating the soil profile at a depth of up to 60 cm [9], and 
due to the small area covered, the equivalent rate of N under a urine patch at high stocking 
density can reach up to 1000 kg N ha−1 [8,10,11].  

Between 70 and 90% of the total N in cattle urine can be found in the form of urea 
[7,12]. When urine is deposited on wet soil, the urease enzyme hydrolyzes urea to produce 
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NH4+ and a volatilization of ammonia (NH3) [13]. Then, under aerobic conditions, nitrifi-
cation occurs, where NH4+ is subsequently converted into NO3− through nitrite (NO2−). 
Cattle urine deposition produces large and rapid changes in soil pH that initially increase 
up to three units per day [14] due to the hydrolysis of urea to NH4+, and the subsequent 
nitrification of NH4+ to NO3− results in a decrease in pH over a period of approximately 
two weeks [15]. The decrease in pH is due to the production of H+ during the processes of 
the volatilization and nitrification of NH3 [16]. Venterea and Rolston [17] demonstrated 
that a decrease in soil pH during nitrification could result in a critical pH level, where 
nitrification was restricted. The oxidation of NH3 has been identified as a limiting step in 
nitrification [18], which occurs through two steps of mutualistic symbiosis between am-
monia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) [19]. Several 
studies have shown that urinary N rates equivalent to 1000 kg N ha−1 inhibit nitrification, 
and this inhibition can be explained by the accumulation of NH3 [14,20–22]. However, the 
duration of this inhibition is variable [23]. 

Volcanic soils (Andosols or Andisols) are described as highly productive soils and 
comprise less than 1% of the world’s soil resources [24]. Andisols have very specific phys-
icochemical properties, such as variable charges, high content of organic matter, and high 
phosphate retention [25,26]. In addition, Andisols have an apparent density of less than 
0.9 g cm−3 and high water retention capacity at low matrix potential values [27]. Under-
standing and identifying the effects of urine deposition by cows on N mineralization in 
volcanic soils over a short period under different moisture conditions and rates is im-
portant for predicting the impact of changes in rain and drought patterns on the agricul-
tural systems of southern Chile. Our hypothesis is that different rates of bovine urinary N 
and different moisture conditions applied to soil affect N mineralization in the relatively 
short-term period. The aims of this work are to describe the effects of different rates of 
urinary N and different moisture conditions on the dynamics of N mineralization and pH 
throughout an incubation period of 36 days and to identify the effects of high rates of 
urinary N on the inhibition of nitrification associated with the oxidation of accumulated 
NH3 in soil. 

2. Materials and Methods 
2.1. Soil Samples Used for the Study 

The study was carried out with samples of soil from southern Chile from the Vista 
Alegre research farm (Universidad Austral de Chile) located in Región de los Ríos, Valdi-
via, Chile (39°47′ S, 73°12′ W; Figure 1), at 20 m.a.s.l. The soil was an Andisol from the 
Valdivia soil series classified as Duric Hapludand [28] and was collected from natural 
grassland to a depth of 10 cm using a shovel. For chemical characterization, three samples 
were obtained from the site and analyzed at the Soils Lab of the Universidad Austral de 
Chile (Table 1). For the experiment, the soil was collected from 10 randomly distributed 
sampling points from a plot of 1200 m2. After sampling, the soil samples were air-dried 
until they reached 35–45% moisture (dry soil basis). Roots and plant residues were re-
moved, and they were sieved to <2 mm. The homogenized, pooled sample was stored at 
4°C before starting incubation. 
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Figure 1. Soil moisture cycle regimes and sampling times: constant moisture at 85% WFPS (CM), 
drying–rewetting (DRW), and drying soil (DS) treatments. Adapted from Pezzolla et al. [29]. 

Table 1. Physical and chemical characteristics of the soil. 

Property Unit Value 
Soil type - Silandic Andosol; Eutric, Siltic [24] 
Texture - Silty clay loam—silt loam [24] 

NH4+ mg kg−1 dry soil 14.14 ± 1.43 
TON mg kg−1 dry soil 11.21 ± 0.23 
pH  5.55 ± 0.50 
P mg kg−1 dry soil 26.11 ± 7.14 
K cmol kg−1 dry soil 0.33 ± 0.16 

Mg cmol kg−1 dry soil 0.56 ± 0.24 
Ca cmol kg−1 dry soil 4.27 ± 2.24 
Na cmol kg−1 dry soil 0.16 ± 0.04 
Al+3 cmol kg−1 dry soil 0.54 ± 0.35 

Al+3 sat. % 12.86 ± 13.57 
Organic matter g g−1 dry soil 0.168 ± 0.015 
Particle density g cm−3 2.24 

Bulk density g cm−3 0.65 
Water content for packing g g−1 dry soil 0.42 

2.2. Design of the Incubation Experiment 
The design of the experiment was based on the work of Pezzolla et al. [29]. The ex-

perimental design consisted of a factorial design, where the factors studied were the cattle 
urine N rates applied (at four levels) and moisture conditions (at three levels) with seven 
destructive sampling times. At each sampling time for each combination of N rate applied 
and soil moisture condition, there were three replications. Urine was collected from at 
least seven lactating dairy cows grazing on a Lolium perenne L. and Bromus valdivianus Phil. 
sward at the Agricultural Austral Experimental Station, Universidad Austral de Chile, 
Valdivia, Chile. After collection, the urine was immediately stored in a 5 L air-tight plastic 
container at 4°C to avoid the hydrolysis of urea. Three homogenized urine sub-samples 
were analyzed to determine the concentration of N. Cattle urine contained 6.11 g L−1 total 
N. Subsequently, the N concentration in the urine was adjusted by either adding urea or 
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diluting urine (by adding deionized water) to produce three treatments with urine con-
centrations corresponding to urine low in N (low N), moderate in N (medium N), and 
high in N (nigh N), reaching concentrations equivalent to 247, 461, and 921 kg N ha−1, 
respectively. Deionized water was used as a control treatment (0 kg N ha−1). 

For incubation, cores were packed to an apparent density of 0.65 g cm−3 at a height of 
7.5 cm in plastic tubes of 4.5 cm diameter with initial moisture of 42%. In total, each core 
was equivalent to 108 g of moist soil. Cores were pre-incubated in the dark at 20° C. The 
four N treatments (low N, medium N, high N, and control) were subjected to different 
moisture conditions. The first moisture condition consisted of maintaining constant mois-
ture (CM) at 85% water-filled pore space (WFPS), adjusting moisture daily based on 
weight difference by adding deionized water. The second moisture condition consisted of 
successive drying–rewetting (DRW) cycles, with drying periods of 7 days for each core 
(Figure 1). Replacement water level was added to obtain 85% WFPS, and destructive sam-
plings were carried out the next day. The third moisture condition consisted of progres-
sive soil drying (DS) until the end of incubation. Incubation was carried out at 20°C in 
dark conditions. 

At the beginning of incubation, the soil moisture of each core was adjusted to 85% 
WFPS considering the amendment. In total, there were seven destructive samplings every 
7 d after the first sampling on day 0, which corresponded to 1 h after the application of 
the amendments. The following sampling days were on days 1, 8, 15, 22, 29, and 36. For 
soil analyses, each core was divided into two halves to separate the top section from the 
bottom section. In total, there were 18 cores for each of the 12 combinations of N rate and 
moisture condition, i.e., 6 sampling points times 3 replicates for each treatment. Thus, 
adding the 12 cores of the initial sampling, a total of 228 cores were sampled.  

2.3. NH4+, TON, NH3, and pH Determinations 
Before the start of incubation, each soil sample was analyzed for NH4+ and total oxi-

dized nitrogen (TON), which included NO3−, NO2−, and CaCl2 pH. The mineral N, corre-
sponding to the sum of NH4+ and TON, was extracted by filtering 10 g of wet soil stirred 
for one hour with 50 mL of 2 M KCl. Then, 10 mL of the filtered solution was taken and 
added to a digestion tube, adding MgO to obtain NH4+, which was distilled by steam strip-
ping and, later, Devarda alloy to obtain TON under the same procedure. Both were 
trapped with boric acid and titrated with 0.005 N H2SO4. pH was determined in CaCl2 0.01 
M in a 1: 2.5 ratio [30]. Free NH3 concentrations were estimated according to the functions 
proposed by Watson et al. [31] and Smith et al. [32], using NH4+ and pH measurements 
for each core: ሾNHଷሿ =  ሾNHସାሿ1 + 10ሺଵ଴.଴଺଼ି଴.଴ଷଷ୘ି୮ୌሻ 
where, [NH3] is the concentration of free NH3 (mg N kg−1), [NH4+] is the concentration of 
NH4+ (mg N kg−1), T is the temperature (20 °C), and pH is the measurement of pH in CaCl2. 

The mineral N (mg) was measured in each sampled core (both top and bottom sec-
tions of the core). The percentage of total mineralized N with respect to the total N amount 
applied to each core for each sampling day was calculated: ሾ% of total mineralized Nሿ =  ሾNHସା + TONሿ𝑇𝑜𝑡𝑎𝑙 N 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ∗ 100 (1)

2.4. Statistical Analysis 
A two-way analysis of variance (ANOVA) was used to assess the effects of the levels 

of urine N concentration and the soil moisture conditions on the concentrations of NH4+, 
TON, and CaCl2 pH for each sampling day. NH4+ and TON concentrations were trans-
formed into Ln for the top section of each core and 1/y for the bottom section. The propor-
tion of mineralized N was transformed into Arcos to meet test assumptions. Tukey tests 
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were used as a post hoc test for mean separation (p < 0.05). All statistical tests and figures 
were produced using GraphPad Prism v7. All data are expressed on a soil dry weight 
basis, and the results are reported as the means of three replicates ± standard error of the 
mean (SEM). 

3. Results 
3.1. NH4+, TON, and NH3 Mineralization 

There were no significant differences in NH4+ concentrations between N rates, mois-
ture conditions, or interaction effects (except on day 29) for the bottom sections of cores 
throughout the whole period (Table 2). On the other hand, NH4+ concentrations signifi-
cantly varied throughout the incubation period in the top sections of the cores amongst 
the N rates and moisture conditions (Table 2, Figures 2–5), and interaction effects were 
observed from day 8 of incubation. There were differences in NH4+ concentrations among 
all rates of N throughout the entire incubation (p < 0.0001), but there were no differences 
between the moisture conditions until day 15. There were no significant differences be-
tween all N rates and all moisture conditions for the bottom sections of cores throughout 
all of the incubation period. The maximum concentrations of NH4+ were observed be-
tween days 1 and 8 in all the N rates, being the highest for high N, with peaks of (mean ± 
SEM) 662 ± 65.3, 591 ± 16.8, and 495 ± 23.1 mg N kg−1 on day 1 for the moisture conditions 
CM, DRW, and DS, respectively (Figure 5a), and then decreasing to values up to ten times 
smaller than the peaks for the CM and DRW conditions. In the control samples for all the 
N application rates, the concentrations of NH4+ in the DS condition decreased until day 
22, increasing again until the end of the incubation period and reaching similar values to 
those observed on day 15. The decrease in NH4+ concentrations from day 1 to 36 between 
medium N and high N for the CM condition was 8.9 ± 1.26 mg kg−1 d−1. For high N in the 
bottoms of the cores, a slight increase in NH4+ concentration for the CM and DRW condi-
tions was observed the day after the application of the amendments. 

During the incubation period, in the bottom halves of the cores for the low, medium, 
and high N rates, the TON concentrations increased, and small peaks were also observed 
in some N rates from day 22 until the end of incubation period. In the case of the top 
halves of the cores, there were peaks on occasions, e.g., for high N under the CM and 
DRW conditions at day 29, and particularly, in all N rates in DS conditions, the peak was 
on day 22 and began to decrease after. However, for medium N and high N rates, both 
increased again from day 29 (Figures 4c and 5c). From day 15, there were differences (p < 
0.001) in TON concentrations among all the N rates for the top and bottom halves, while 
for the different moisture conditions, there were differences on days 8, 29, and 36 for the 
bottom sections and from day 22 onward for the top sections (Table 2). Interactions be-
tween the factors occurred (p < 0.005) only in the top sections on days 29 and 36. Concen-
trations of TON began to increase from day 8 in all the N treatments, where the maximum 
concentration occurred on the last day of the experiment for high N with the CM and 
DRW moisture conditions at 264 ± 13.1 and 268 ± 12.7 mg N kg−1, respectively (Figure 5c). 
There was also a peak in medium N for the DRW condition on day 29. In the bottom halves 
of the cores, the increases in TON concentrations were small, reaching values close to 50 
mg N kg−1 for the control treatment and low N and showing some differences between 
moisture conditions from day 22 (Figures 2d and 3d). From day 22, for medium N and 
high N, the differences between moisture conditions were variable, reaching values be-
tween 100 and 150 mg kg−1 in the CM condition on the last day of incubation, while DRW 
and DS continued at values close to 50 mg kg−1. 
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Table 2. Results of the two-way ANOVAs for the variables analyzed in the top and bottom halves of the soil cores; n.s.: non-significant. 
  Incubation Day 
  1 8 15 22 29 36 

Variable Effect Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom 
NH4+              

 N rate <0.0001 n.s. <0.0001 n.s. <0.0001 n.s. <0.0001 n.s. <0.0001 n.s. <0.0001 n.s. 
 Moisture cycle n.s. n.s. 0.0147 n.s. n.s. n.s. <0.0001 n.s. <0.0001 n.s. <0.0001 n.s. 
 N rate × moisture cycle n.s. n.s. 0.0229 n.s. 0.0031 n.s. 0.0001 n.s. 0.0024 0.0302 <0.0001 n.s. 

Total oxidized nitro-
gen (TON) 

             

 N rate n.s. n.s. n.s. n.s. 0.0003 0.0001 <0.0001 <0.0001 0.0048 <0.0001 <0.0001 <0.0001 
 Moisture cycle n.s. n.s. <0.0001 n.s. n.s. n.s. n.s. <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 N rate × moisture cycle n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.0021 n.s. 0.0008 
              

Total mineral N  N rate <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001       
 moisture cycle n.s. 0.041 n.s. 0.0228 0.0107 0.0209       
 N rate × moisture cycle n.s. 0.0184 0.0086 0.001 0.0002 0.0106       
              

% of N applied  N rate n.s. 0.0007 <0.0001 <0.0001 <0.0001 <0.0001 
 Moisture cycle n.s. n.s. n.s. 0.0002 0.0002 n.s. 
 N rate × moisture cycle n.s. n.s. 0.0286 <0.0001 <0.0001 0.0071 
              

NH3  N rate <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 Moisture cycle n.s. n.s. <0.0001 <0.0001 <0.0001 <0.0001 
 N rate × moisture cycle <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
        

pH CaCl2 N rate <0.0001 0.006 <0.0001 n.s. <0.0001 0.0007 <0.0001 <0.0001 <0.0001 0.0004 0.0004 <0.0001 
 Moisture cycle 0.0127 <0.0001 0.0101 0.0216 0.0007 < 0.0001 0.0057 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 N rate × moisture cycle <0.0001 n.s. 0.001 n.s. <0.0001 0.0019 <0.0001 0.0011 <0.0001 <0.0001 <0.0001 <0.0001 
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Figure 2. Variation during the incubation period for the control treatment (deionized water applied). 
(a,b) Ammonium (NH4+), (c,d) total oxidized nitrogen (TON) concentrations, and (e,f) CaCl2 pH for 
top and bottom soil samples at constant moisture at 85% WFPS (CM), drying–rewetting (DRW), and 
drying soil (DS) treatments. Day 0 was sampled 1 h after urine application. Error bars represent the 
standard error of the mean (n = 3). 
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Figure 3. Variation during the incubation period of urine addition at low rate of nitrogen (low N) to 
the soil. (a,b) Ammonium (NH4+), (c,d) total oxidized nitrogen (TON) concentrations, and (e,f) CaCl2 
pH for top and bottom soil samples at constant moisture at 85% WFPS (CM), drying–rewetting 
(DRW), and drying soil (DS) treatments. Day 0 was sampled 1 h after urine application. Error bars 
represent the standard error of the mean (n = 3). 
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Figure 4. Variation during the incubation period of urine addition at medium rate of nitrogen (me-
dium N) to the soil. (a,b) Ammonium (NH4+), (c,d) total oxidized nitrogen (TON) concentrations, 
and (e,f) CaCl2 pH for top and bottom soil samples at constant moisture at 85% WFPS (CM), drying–
rewetting (DRW), and drying soil (DS) treatments. Day 0 was sampled 1 h after urine application. 
Error bars represent the standard error of the mean (n = 3). 
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Figure 5. Variation during the incubation period of urine addition at high rate of nitrogen (high N) 
to the soil. (a,b) Ammonium (NH4+), (c,d) total oxidized nitrogen (TON) concentrations, and (e,f) 
CaCl2 pH for top and bottom soil samples at constant moisture at 85% WFPS (CM), drying–re-
wetting (DRW), and drying soil (DS) treatments. Day 0 was sampled 1 h after urine application. 
Error bars represent the standard error of the mean (n = 3). 

Generally, considering the total mineral N (NH4+ and TON) in both sections (top and 
bottom), from the first day of incubation, the fluctuations in N across time within each 
moisture condition seemed minor (Figure 6). However, for medium and high N, signifi-
cant interaction effects (Table 2) were expressed in the differences between each moisture 
condition within the same day. In the case of medium N, there was a clear trend, i.e., DS 
> DRW > CM, whilst for high N, the pattern was not that clear. Greater amounts were 
observed, on average, on days 1 and 8, with values between 25 and 30 mg in the CM and 
DRW conditions, practically trebling the amount of mineral N in the control treatment 
and doubling the amount for low N (Figure 6). Thus, the effect of the N rate on total min-
eral N was highly significant (p < 0.0001) throughout the experiment. There were no effects 
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of moisture treatment on days 1 and 15, but there was an interaction effect between N rate 
and moisture from day 8 to day 36 (Table 2). The results of medium N, high N, and mois-
ture conditions over time were distinct; in general, for medium N the highest values oc-
curred in the DS condition, while in high N they occurred in the CM condition (Figure 
5c,d). 

 
Figure 6. Mean of total mineral nitrogen per core for control (a), low nitrogen (b), medium nitrogen 
(c), and high nitrogen (d) with constant moisture at 85% WFPS (CM), drying–rewetting (DRW), and 
drying soil (DS) treatments. Error bars represent the standard error of the mean (n = 3). Different 
letters indicate significant differences between treatments for each sampling day (p < 0.05). 

The percentage of N that was mineralized over time in relation to the N rate applied 
showed the largest value for medium N, reaching a maximum of 35%, and minimum val-
ues from 5 to 10% were presented for low N and high N in the last 3 weeks of the incuba-
tion period (Figure 7). In addition, the pattern of the proportion of mineralized N from 
the total N applied over time was similar between low N and high N. Effects of the N rate 
on the proportion of total N mineralized were observed from day 8 (Table 2, p < 0.0001). 
Moisture conditions only affected the soil samples on days 22 and 29 (p < 0.001), while 
there were interaction effects from day 15 (Table 2). 

Regarding NH3 concentration, interaction effects were significant throughout the 
whole period (Table 2). The maximum values were found for high N and were 517 ± 33.18 
and 574 ± 78.7 mg N kg−1 in the CM condition and 618 ± 119.32 mg N kg−1 in the DRW 
condition on day 1. For the lower N rates, NH3 concentrations were between 0 and 300 
mg N kg−1 in all moisture conditions. 



Agronomy 2023, 13, 10 12 of 19 
 

 

 
Figure 7. Total mineral nitrogen variation in the incubation period as a percentage of the nitrogen 
applied: low nitrogen (a), medium nitrogen (b), and high nitrogen rate (c) with constant moisture 
at 85% WFPS (CM), drying–rewetting cycles (DRW), and drying soil (DS) treatments during incu-
bation time. Error bars represent the standard error of the mean (n = 3). Different letters indicate 
significant differences between treatments for each sampling day (p < 0.05). 

3.2. Soil pH 
The addition of N from cow urine increased soil pH, following the same trend as the 

N rate applied and decreasing until the end of the experiment (Figures 2e, 3e, 4e and 5e). 
There were differences (p < 0.05) amongst all the N rates and moisture conditions in the 
top and bottom sections over time (Table 2). In the top sections, the interaction effect oc-
curred throughout the incubation period, while in the bottom sections, it only occurred 
from day 15 to the end of the experiment (Table 2). In the control treatment, the pH de-
clined to values close to 4.5 at the end of the experiment. For low N and medium N, the 
peak was reached on day 1 of incubation, with means of 5.9 and 6.9, respectively, in the 
DS condition (Figures 2e and 3e). For high N, the maximum value was reached on day 8, 
with a pH of 6.8 in the CM condition. For all N rates in the DS condition, the pH decreased 
until day 22 and increased again to a pH like that of day 15 at the end of the incubation 
period, while for CM and DRW, it decreased to pH values between 4.0 and 4.5. In the 
bottom sections, in general, the initial pH in all the N rates was 5.0, decreasing to a pH 
close to 4.5 in all moisture conditions (Figures 2f, 3f, 4f and 5f). 

4. Discussion 
4.1. N Rate and N Mineralization 

Similar to other studies carried out with bovine urine [22,33,34], our study showed 
higher pH levels from the beginning of the incubation period that followed the same trend 
as the N rate applied, with a similar trend in NH4+ concentrations and both variables de-
clining over time. Accumulated NH4+ was reported to nitrify to NO2− and NO3−, generally 
within a few weeks after urine application to the soil [35], with longer periods also having 
been reported [36,37]. Under high N, all moisture conditions resulted in high NH4+ con-
centrations (662 mg kg−1) on day 1, gradually decreasing until day 36, while TON concen-
trations were only close to 300 mg kg−1. For NH4+ and TON, the maximum proportion of 
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mineralized N with respect to the total N applied through urine was 35% for medium N 
(64 mg) in the DS condition. However, this proportion was only 20% that of high N (145.3 
mg) on the first day of incubation in the CM condition. The proportion of N that was not 
mineralized was probably immobilized as soil microbial biomass [38], stored as urea, and 
emitted as NH3 [39]; in addition; smaller amounts of denitrification could have occurred 
in the form of N2O and N2 [9,40,41].  

A few studies have indicated that between 9 and 20% of N can be immobilized in the 
first 24 h after urinary N application [42,43]. In addition, Thompson and Fillery [44] re-
ported that there was 38% urinary N immobilization in a soil with low carbon content 
(<1%). In volcanic soils, average NH3 losses from the application of urea are approximately 
between 35 and 43% [45]. When observing the amount of total mineral N over time in the 
CM condition (85% of WFPS), this was, in general, lower than those of the other moisture 
conditions for low N and medium N. This situation could be due to a process that gener-
ally occurs in water-saturated soils, where oxygen is depleted and bacteria use NO3− as an 
electron acceptor, which occurs through denitrification, and NH4+ can benefit from reduc-
tion to N2O or N2 [46]. 

4.2. Nitrification and NH3 Oxidation 
A high urine N rate produces greater increases in pH at the soil surface, and before 

NH4+ oxidizes, it must first be converted into NH3, so the balance between these two com-
pounds depends on pH, which favors NH3 as pH increases [37]. In our study, one of the 
factors assessed was the effect of a high rate of N application (high N) on the amount of 
mineralized N over time, which resulted in a decrease in soil pH close to 4.0 at the end of 
the experiment. The TON concentrations (150 mg) until day 22 for medium N and high N 
were similar, with a low proportion of mineralized N from the total N applied for high N 
from the middle of the incubation period (~10 %), which may have been caused by levels 
of NH3 toxic to nitrifying bacteria [21] or elevated levels of ammonium bicarbonate 
(NH4HCO3) driven by the hydrolysis and nitrification of urea [20]. It has been observed 
that concentrations close to 730 mg N kg−1 of NH3 for treatments of 1000 kg N ha−1 during 
the first days of urine application can inhibit nitrification [31,32,47]. However, in the pre-
sent study, N mineralization occurred until day 36 under high N rates, in contrast to re-
sults reported by Somers et al. [22], where after an application of urine equivalent to 1000 
kg ha−1, the NO3− concentration was near baseline in the first 35 days of the experiment. 
The results of our experiment could be explained firstly by the fact that the NH3 concen-
trations were sufficiently lower than 730 mg N kg−1; secondly, low pH is a potential reason 
for ammonia-nitrifying archaea (AOA) populations that explain the rates of net N nitrifi-
cation [48–50]. However, the specific mechanism by which NH3 oxidants respond to 
changes in soil pH remains an enigma.  

It was originally believed that the first oxidation step of NH4+ into NO2− was carried 
out exclusively by AOB. This was refuted by Könneke et al. [51] with the finding of AOA 
genes, which encode the enzyme responsible for oxidizing NH4+ into hydroxylamine 
(NH2OH) before converting it into NO2−, in addition to being demonstrated by Offre et al. 
[52]. Among the factors that condition the nitrifying microorganisms present in soil are 
the availability of NH4+, toxicity by nitric (HNO3) and nitrous (HNO2) acid, and finally, 
soil pH [53]. Even so, there are studies that have shown that AOA are inhibited by high 
urine N rates (1000 kg ha−1), having significant growth of AOB, whilst the growth of AOA 
is substantial in treatments without the addition of N [52,54]. In addition, Offre et al. [52] 
showed that the abundance of AOB was much higher in upper layers of soil with high 
fertility (0–0.2 m), while in subsoils the abundance was higher in soils with low fertility 
(0.4–0.6 m), which was also reported by Leininger et al. [55] and Wessén et al. [56]. How-
ever, numerous studies have shown the positive relationship between the abundance of 
AOA and the nitrification potential of soil [52,57–59]. These contradictory results may re-
flect inherent differences between soils, for example, variations in organic carbon content, 
soil particle properties, fertilization regime, and pH [60]. 
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4.3. Moisture Conditions and N Mineralization 
The mechanisms that induce large differences in N mineralization by drying and 

wetting have been largely identified in numerous laboratory studies. A clear deficit, how-
ever, exists on the study of the effect of soil hydrophobicity on microbial activity in soils 
with high organic matter contents. These variations may be explained by differences in 
experimental conditions, such as the duration of incubation, room temperature, drying 
intensity, frequency of drying and wetting, treatments, and properties of soils [61]. Alt-
hough some studies have shown that drying–rewetting cycles promote the mineralization 
[62,63] and nitrification [64] of N in soil, compared to soil with constant moisture, other 
studies have observed decreases in soil N mineralization [65,66] or no impact on soil N 
mineralization or nitrification [67,68]. It has been found that, after short periods of drying 
soil followed by rewetting (less than 10 days), the differences from constantly humid soil 
in the mineralization of N are minimal. According to our results, CM and DRW had a 
similar trend throughout the incubation period, finding only a few occasional differences 
between both moisture conditions for NH4+ and NO3− concentrations, which could be ex-
plained by the high drying–rewetting frequency, but with a notorious difference for me-
dium N between the CM and DRW conditions. This finding could be explained by the fact 
that the pulse of rewetting dry soil can result in a flush of respiration by microbiota [64,67], 
often increasing within an hour, and at five times higher than soil kept constantly moist 
[69,70]. This flush usually persists for up to 10 days after rewetting [71–73].  

The degree of physical disturbance (fineness of sieving) may also influence results if 
protected organic matter becomes accessible to soil microorganisms due to aggregate dis-
ruption [74]. Hassink and Whitmore [75] developed a model where the rate at which or-
ganic matter became physically protected depended on the degree to which the protective 
capacity was filled, incorporating the processes of desorption and adsorption in order to 
model silt and clay protection of SOM. Malamoud et al. [76] made the assumption that 
primary interactions occurred between clay particles and soil organic carbon (SOC) com-
ponents to form organomineral associations, which were then bound together to form ag-
gregates (STRUC-C model). The STRUC-C model considered each aggregate type as being 
a single carbon pool and did not account for particulate organic matter (POM) in the ag-
gregation process, decomposable plant material, or resistant plant material carbon pools. 
The formation of macro-aggregates (>250 μm) was considered the aggregation product of 
micro-aggregates (>53–250 μm), although macro-aggregates are known to consist of both 
micro-aggregates and silt–clay-sized aggregates (<53 μm), as well as POM [77,78]. Some 
authors have suggested that macro-aggregates are formed around POM, followed by the 
release of micro-aggregates as occluded organic materials are decomposed [79,80]. Dis-
turbance of the aggregate structure may also be caused by long drying periods [74], which 
could artificially increase the availability of nonmicrobial biomass substrates and micro-
bial activity [81]. In our study, the visual rupture of the soil structure caused by low mois-
ture content (around 20-25% water content between days 22 and 29) could have allowed 
organic matter that was not previously exposed to become accessible to soil microbiota in 
this period, explaining the new increase in NH4+ concentration for the DS condition in all 
the N urine rates. It has also been reported that rewetting dry soil leads to alteration in the 
soil structure, promoting the connectivity of the water into the soil, providing mobile soil 
microorganisms access to substrates [82–85], and desorbing organic and inorganic N from 
the mineral soil surfaces [86]. 

Regarding the behavior of AOA and AOB in different moisture conditions, AOA and 
AOB also have different cell structures and physiologies, including osmoadaptation strat-
egies [87], which can lead to different physiological responses to stress from drying–re-
wetting cycles. Placella and Firestone [88] reported the maintenance of AOA and AOB 
activity during a drought in two soils in California within hours of rewetting, with a faster 
recovery of AOB activity. Thion and Prosser [89] showed that the abundance of AOA was 
significantly less resistant to drought than AOB. These results may be related to the fact 
that, in the present work, from day 22, in the DS condition for low N, medium N, and high 
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N, the pH levels increased, and the nitrification of TON decreased, which could indicate 
that AOA are abundant in low pH environments with permanent moisture conditions in 
volcanic soils. 

Part of the results of the present study are reflected in a similar experiment carried 
out under field conditions in the same type of soil with urine application [9]. In that work, 
the initial weather conditions caused the soil to have low moisture levels for almost four 
months, similar to the DS treatment in the present study. N nitrification was also consid-
erably reduced from the third week, reaching similar levels to the control treatment in 
almost all layer depths of the soil (up to 60 cm), while NH4+ production increased at the 
same time [9]. These similarities were observed despite the fact that the experiment was 
carried out under field conditions with undisturbed soil structure, while in the present 
study, the environmental conditions were controlled and had a disturbed soil structure 
(sieved). For this reason, in future experiments on these N dynamics, the density and mi-
crobial diversity of soil should be evaluated, especially the activities of AOA and AOB, to 
better explain how different humidity conditions and N availability and at different levels 
of soil depth affect the N mineralization process in volcanic soil in southern Chile. 

5. Conclusions 
This is the first work to evaluate the effects of rates from zero to high levels of urine 

N at different moisture conditions on volcanic soils in southern Chile in a relatively short 
period of time. Our results suggested how the localized dynamics of N over a short-term 
period in patches of urine at different rates could affect the absorption dynamics of plants, 
depending on moisture variation, which alluded to the different climatic conditions exist-
ing in southern Chile. The N rate was the greatest determining factor in the transformation 
of urinary N to NH4+ and TON over all the incubation period. This effect was greater than 
the effects produced by different moisture conditions. The pH conditioned NH4+ and NH3 
volatilization, while pH was permanently affected by both factors. 

The partial inhibition of nitrification at the high N rate could be the result of a mod-
erately toxic level of NH3 oxidation on nitrifying microorganisms present in the soil. It 
was suggested that the presence in the soil of different nitrifying microorganisms condi-
tioned nitrification from urea in wet and dry soil conditions. Although the presence of 
specific soil-nitrifying microorganisms was not studied in this work, the results obtained 
suggested that the oxidation of NH3 was the first step of nitrification, and the roles of AOA 
and AOB in N condition should be studied in more detail under different moisture con-
ditions and N levels, particularly in volcanic soils. 
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