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Communication
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Abstract: Cow urine is a rich source of mobile nutrients such as nitrate (NO3
−) and potassium (K+).

The aim of this experiment was to evaluate the wetting pattern distribution through soil profile of
cow urine patch in an andisol. Two field experiments across two consecutive years were carried out to
compare cow urine patches in relation to initial wetting pattern and volume of soil affected. Bromide
(Br−) has successfully been used as an inert hydrologic tracer to indicate the movement of NO3

−

and K+ in soil–water systems. The distribution of Br− (used as a urine tracer) on the soil surface and
down the profile was irregular in all the patches. Cow urine patches covered a surface area of 0.27
and 0.35 m2, respectively, and penetrated to a depth of 70 cm. The rapid downward movement of
urine occurred through macropore flow but even so, between 27% and 40% of the applied Br− was
detected in the 0–5 cm soil layer. Br− showed concentrations greater than 1500 mg kg−1 and up to
3000 mg kg−1, and as the concentration of Br− decreases, the frequency and depth of affected layers
increases. Despite the differences in moisture and in the distribution of the Br− concentration in both
years, the concentration frequency of 500 to 1500 mg kg−1 represented around 37% of the affected
volume of soil (bulb of urine) in both years. Up to 40% of the bulb represented N equivalent rates
between 187 and 975 kg N ha−1. These values can potentially be emitted in gases such as NH3, N2O,
and N2. It is suggested that the presence of N in the volume of affected soil could vary due to the
moisture content of the soil, and that in andisols of southern Chile under permanent grasslands there
are a large number of macropores that would induce preferential flows.

Keywords: cow excretion; macropores; potassium bromide; bulb of urine; nutrients flow

1. Introduction

The excretions of cattle, mainly dung and urine, represent the most important source
of nutrient recycling from grazing animals [1]. Between 55% and 90% of nutrients ingested
by grazing animals are returned to grassland in the form of dung and urine [2,3]. The
nutrients in the excreta are recycled by soil, absorbed by plants, or lost from soils through
leaching, surface runoff or emission of gases into the atmosphere. The magnitude of losses
depends on the nutrient content in the soil.

Cow excreta deposition typically covers a small area of soil, and the nutrients con-
tained therein achieve high concentrations per unit area [4], reaching, for example, a
contribution equivalent to 1000 kg N ha−1 per patch. Urine accounts for most of the mo-
bile nutrients excreted, such as N, K and S [5], being transported through the soil profile
through water movement [6,7]. Urine patches are the major source or “hot-spots” of N
and can be lost by different pathways, for example nitrous oxide emissions [8,9], ammo-
nia volatilization [10,11], pasture uptake [12,13], and leaching [14,15]. These pathways
are especially dependent on differences in the physical properties of soils and moisture
content [7]. Frequently, there is preferential water movement through the macropores that
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are connected to the soil surface, and it is produced when the deposition rate exceeds the
infiltration rate of the soil, as occurs during some urination events [16], leading to the
leaching of mobile nutrients rapidly, such as NO3

− and K+ [6,17]. Bromide (Br−) has been
used successfully as an inert hydrologic tracer to indicate the movement of NO3

− and K+

in soil-water systems [6,17]. In addition, Br− has been used for decades to study leaching
patterns in a representative range of soils, highlighting distinct differences in the hydrology
of the soils. The main features of Br− are: (i) it is present in low background concentrations
in soil, (ii) it rarely sorbs to soil particles, and (iii) it is not biologically degradable [18].

Williams and Haynes [6] compared cattle and sheep urine patches in relation to initial
wetting pattern and volume of soil affected. The authors found that the distribution of
Br− (used as a urine tracer) [19] across the soil surface and down the profile was irregular
in both patches. Monaghan et al. [17] related the movement of the Br− of a urine patch
through the profile of 10 different soils of New Zealand with physical properties of the
soil such as hydraulic conductivity (Ks) and air permeability (Ka) and found that the Ks
predicted the movement of urine about 20 cm depth in a better way.

Most soils in southern Chile are volcanic and include different taxonomic orders, such
as Inceptisols, Andisols and Ultisols [20], and cover between 50% and 60% of the arable
land of the country (5.4 million ha) [21]. Due to their andic properties [22,23], these soils
have completely different characteristics than other types of soils throughout the world.
Andisols have been described to have variable charge [22], high air and water holding
capacity [24], high hydraulic conductivity [25], large total porosity, great depth, and a great
shrinkage capacity [26,27]. In addition, these soils have low bulk density (<0.9 g cm3),
elevated levels of organic carbon [28] and of allophane [29,30]. The specific differences of
the andisols of southern Chile with respect to other andisols in other countries are that they
do not have a Bt horizon, are deep derivatives of basaltic andeositic ash [31] and they are in
agroecosystems of very high productivity [32].

It is necessary to determine the potential volatilization and denitrification losses in
volcanic soils. These losses are dependent on the concentration of N. For this reason, it is
important to know the variation in N concentration that occurs within the urine patches;
we hypothesize that it has an uneven concentration distribution within the urine patch,
and therefore, with spatial variability and with different potential points for N losses. The
hypothesis of this pilot study is that the distribution of urine through the depth of the soil
varies according to the physical characteristics of the soil that influence the movement of
water. The objective was to evaluate the simulation of a patch of cow urine in distribution
and Br− concentration at different depths of an Andisol, using bromide as a tracer.

2. Materials and Methods
2.1. Site and Soil Characteristics

The distribution of urine through the soil profile was temporally replicated twice,
on 23 March 2017, and on 26 March 2018. No statistical replications were made, similar
to Williams and Haynes [6], because the method is destructive, and it is very likely that
the distribution of the urine patch in the soil solution be different in each case when
considering the physical and chemical characteristics of the soil. Therefore, a descriptive
image simulation software was used to visualize the movement of Br− concentration at
the surface and through the depth of the soil of two temporal replications. The experiment
was carried out on a permanent pasture commonly used for dairy production, consisting
mainly of perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) at the
Vista Alegre research farm (Universidad Austral de Chile) located in Región de los Ríos,
Valdivia, Chile (39◦47′ S, 73◦12′ W; Figure 1) at 20 m.a.s.l. The soil is of volcanic ash origin,
classified as Duric Hapludand, which is characterized by being moderately deep, with
a silty loamy texture in the first centimeters, which becomes thicker with the increase in
depth [31]. Before starting the experiment, a sector with a flat slope was selected to avoid
surface runoff when applying the marked solution. Additionally, a day in which there had
been no precipitation for at least two previous days was selected for the application of the
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Br− solution in both temporal replications. The weather conditions prevailing during the
experiment were obtained from Austral Meteorological Station, located in the Estación
Experimental Austral (EEAA) [33].
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perimental location. Yellow rectangle and white points represent the experimental area experimental
repetitions, respectively.

2.2. Description of the Study

Cow urine patches were created by the application of 2 L of solution containing
20 g of KBr L−1 of water. This solution was applied at the height of 1 m at the rate of
0.2 L s−1 [5,34]. This was equivalent to applying ~27 g of Br− in total to the soil as urine
patch. This solution is equivalent to a concentration of 1.35% of N in the urine excreted
by a cow. This concentration of N in the urine is typical of a dairy production system [5].
Collection of soil samples began 30 min after the simulated urination, which allowed
time for preferential movement of the KBr through the soil profile. At the end of this
time, there was no visible ponding of the urine on the soil surface. The soil cores were
collected from the demarcation of a grid in the area of the urine patch. The sampling grid
comprised 8 × 8 sections, with a spacing of 10 cm between cores, where each nucleus
was divided into depths of 0–5, 5–10, 10–15, 15–20, 20–30, 30–40, 40–50, 50–60, 60–70 and
70–80 cm (Figure 2). The soil samples were taken manually with a 1 m long hollow still
cylinder and 5 cm in diameter, which was marked with the depths of each sample for better
accuracy. The concentration of Br− was analyzed individually for each sample, allowing
to identify the distribution of Br− throughout the soil profile. In total, 640 samples of
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each year were analyzed. The surface area covered by the Br− solution was calculated
from the number of samples in the 0–5 cm depth that contained Br−. Similarly, the depth
to which the bromide solution penetrated was determined by the presence of Br− in the
samples collected from the various depths. Systat SigmaPlot 12.5.0.88 software was used
for the graphic representation of the different Br− concentrations in the different layers.
The evaluation of Br− concentration distribution in the soil was carried out with descriptive
statistics using GraphPad Prism 5.
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2.3. Bromide Analysis

The samples were dried at 65 ◦C for 24 h then ground to pass through a sieve with
round holes 2 mm in diameter. The Br− was extracted from each soil core in distilled water
using a soil:water ratio of 1:5. Sufficient 5 M sodium nitrate (as an ionic strength adjuster,
ISA) was added to provide a 2% solution [35]. The Br− concentration in the solution was
measured directly using a bromide-ion-specific electrode (Hanna Instruments HI-4102).
The forage contained in each soil sample was included in the analysis; thus, any Br− that
had adhered to the herbage from the application was also extracted.

3. Results

In year 1, there was no rainfall for 11 days before the application of the solution
with KBr, including the date of the experiment, while in year 2, rainfall occurred for five
consecutive days with an accumulated rainfall of approximately 48 mm three days before
the experiment was carried out (Figure 3).
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The distribution pattern of Br− concentrations on surface and across the soil profile
was irregular, varying between the two years, with a decreased concentration as depth
increased (Figures 4–6). The patches of Br− solution applied to the soil for year 1 and year
2, covered areas of 0.27 and 0.35 m2, respectively (Figure 6a,b). Both patches reached 70 cm
of depth through the soil (Figure 4). The volumes of the soil that were affected by the Br−

solution in year 1 and 2 were 0.12 and 0.15 m3, respectively.
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Each “urine” patch showed different amounts of Br− recovered in each depth layer
sampled; from total Br− applied, 104% of Br− was recovered in year 1 and 122% in year
2. In both years of the experiment, the distribution was irregular and decreased as the
depth increased. The layer 0–5 cm was the layer that showed the highest amount of Br−

recovered in both years, which showed 40% and 27% for year 1 and 2, respectively, while
from the surface to 20 cm depth, 81% and 64% of Br− were recovered, respectively, with
year 2 more presence of Br− at a greater depth (Figure 4).

Figure 7 shows the frequency of the distribution of Br− concentrations at different
depth layers in the soil, for year 1 and year 2. For both years, 19% of the volume of
the upper soil layer (0–5 cm) showed higher concentration of Br−, which ranged from
1500 mg kg−1 to 3000 mg kg−1. Then, Br− concentration decreased with the increase in
soil depth. However, the concentrations of 500 and 1000 mg Br− kg−1 showed the highest
frequency for the layers below 60 cm in year 2 (Figure 6b); in both years, the sum of cores of
both concentrations represented 31% of the volume of soil affected by “urine”, and, if cores
frequency of 1500 mg kg−1 were considered, it reached 37%. Logically, cores that were not
marked with the KBr solution were those that were found in greater frequency per layer.
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4. Discussion

The irregular distribution pattern of KBr solution on the surface and through the soil
profile presented in this study was also found by Williams and Haynes [6]. However, in
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our experiment, the maximum affected area was 0.35 m2 and the depth reached 70 cm,
while the experiment of Williams and Haynes [6] showed a greater affected area ranging
from 0.37 to 0.42 m2, while the depth reached was only 40 cm. This difference could be
due to the Templeton silt loam soils in New Zealand, classified as Typic Ustochrept [36],
are characterized by being moderately well drained and have slow permeability in some
subsoil horizons. The surface that was affected in our study by the KBr solution agrees
with the ranges of covered area evaluated by Haynes and Williams [37] and Nguyen
and Goh [38], which range from 0.16 to 0.50 m2. However, in those studies, the spatial
concentration distribution of Br− of the urine patches was not studied.

If we consider a urine patch of an average size of 0.35 m2 and assume a stocking rate
of 2 cows ha−1 day−1, a frequency of urine events of ten times per day, and that 85% of the
urine is deposited within the grazed grassland [5] without overlapping patches, 21% of the
grazed area could be covered in one year, i.e., the grassland area could be fully covered in
approximately 5 years. These calculations can be applied to typical strip grazing systems of
southern Chile, where the distribution of urine patches depositions is more homogeneous.
However, in a continuous stocking method the spatial distribution pattern of the urine
patches is not homogeneous, since there are zones of high density of urine depositions, such
as under the shade of trees or near water troughs [5]; however, confirming this assumption
would require long-term experimentation, measuring the distribution of urine patches. The
surface of the grassland covered by a single urination event is influenced by several factors,
including soil moisture content, the presence of macropores that open to the soil surface,
the amount of herbage present, soil surface microtopography, vegetation cover, slope, and
wind [2,5,6,34]. Whatever the area covered by urine, the affected area can depend on the
lateral diffusion of nutrients and on the lateral component of root growth, and this may
extend to two to five times the area usually covered [39].

It is widely recognized that soils derived from volcanic ash (andisols) have excellent
physical properties [27,40,41]. Their physical behavior is associated with their high content
of organic carbon (>10%) [29], which confers a low bulk density, and a high storage capacity
and fluid conduction [29]. The functional aspects of the porous system are closely related
to the hydraulic properties of the soil, which are related to the transmission of fluids [42,43].
These properties are linked to the structure [44]; they can present anisotropy (i.e., vertical
hydraulic conductivity is less than horizontal), which was reported for andisols [45]. Fur-
thermore, Zúñiga et al. [46] reported increases in hydraulic conductivity in volcanic soils
under grasslands. Moreover, Zúñiga et al. [47] found increases in the functionality and
interconnection of the porous system through the continuity indexes of pores in pastures
that have not been tilled and that maintained their structure. Analogously, our experiment
was conducted in a permanent grassland not submitted to tillage. The hydraulic properties
would explain the depth of 70 cm reached by the “urine” solution. Hence, it could be
predicted that a larger volume of urine excreted in a few seconds (1.6 to 2.8 L) [2,38] would
cause a great depth reached by urine in the soil profile [5].

Regarding procedures, it is assumed that the deviation from 100% of Br− applied was
due to the sampling error introduced during the field sampling and laboratory analysis
of soil, such as the variation in temperature, which affects the measurement of the Br−

concentration by the selective ion of Br− electrode. These differences are also reported in
other studies such as Williams et al. [34], Monagan et al. [17] and Williams and Haynes [6].

Some studies have reported that 75% to 85% of the urine is retained in the first 20 cm
of the soil [6,34,48], i.e., 15–25% were present below 20 cm. Our study showed that 19
and 36% of the was urine below 20 cm in year 1 and year 2, respectively. This could
be explained by the contrasting meteorological conditions between year 1 and year 2,
which would have caused more conduction of the solution to greater depth in year 2.
The greater penetration depth in the soil caused by larger volume of urine excreted by
cows tends to result in a greater concentration of nutrient ions in the zone affected by
the urine, such as NH4

+, NO3
− and K+ [5]. The quantity of KBr that we applied to the

solution was equivalent to a concentration of 1.35% of N in the urine excreted by a cow.
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This concentration is within the ranges shown in the studies of Ledgard et al. [49] and
Safley et al. [50]. If urine with this concentration was applied to 0.35 m2 of soil (patch size
of year 2), it would be equivalent to applying ~770 kg N ha−1, but only if the concentration
within the affected area were homogeneous. However, it must be considered that the
27 g of Br− was irregularly distributed on the affected area and was diffused into the soil
profile. However, Br− concentrations varied in each sampled layer and through depth.
Considering that there were cores that had concentrations between 1500 and 3000 mg kg−1,
mostly in the center of the affected area, these would be equivalent to N application rates
between 488 and 975 kg ha−1, respectively, covering 19% of the area affected by the KBr
solution and decreasing as it approaches the edge of the patch. Due to the visual and tactile
difference in soil moisture in each repetition, and to the differences in rainfall patterns just
before each repetition (i.e., 48 mm of rainfall three days before the KBr application in year 2
vs. no rainfall for 11 days before the application in year 1), it is suggested that there was
more moisture in year 2 compared with year 1.

Overall, the concentration frequency of 500 to 1500 mg kg−1 represented ~37% of the
affected volume into the soil and reached a depth of 70 cm in both years, suggesting that
the differences in soil moisture would not have affected the proportion of the bulb where
the concentrations are greater than 500 mg kg−1. In summary, up to 40% of the bulb would
equal N application rates between 187 and 975 kg N ha−1. These values would represent
“hotspots” that exceed N uptake by plants [51]. The amount of N that remains in the soil
could potentially be emitted in gases such as NH3, N2O, and N2, since it has been found
that the greater the N rates applied to the soil, as fertilizer or urine, the greater the N2O
(265 times more polluting than the CO2) and N2 (harmless gas) emissions, especially under
high moistures conditions. It has been reported that WFPS values above 90% could produce
only N2 [52], as occurs with the application of urine [53–55].

5. Conclusions and Future Directions

Under the conditions of our pilot study, the irregular distribution of the Br− concen-
tration in the surface and through the soil profile in a permanent grassland, the penetration
up to 70 cm in depth, and the variation in the volume of the bulb in the soil depth would
be affected by the moisture content of the soil. These patterns are determined by the water
input and the soil properties, indicating that in andisols of southern Chile under permanent
grasslands there are a large number of macropores that would induce preferential flows
and that would presumably affect the mobility of nutrients, such as N. Our pilot study
also suggests that under different soil moisture conditions, zones of high concentration
of mobile nutrients (>500 mg Br− kg−1) can reach 40% of the total volume of soil affected
by a patch of urine. Even though there was variation between years, a regular pattern
was found.

This is the first study carried out in a permanent grassland of volcanic soils in southern
Chile; however, more evaluations of the site-specific physical properties of the soil should
have been introduced in this study to better explain our results. It is necessary to carry
out more studies where the evaluation of the different localized physical properties of the
soil where the urine is applied are included to explain the variables that would affect the
irregular distribution of nutrients using cow urine in more detail. Additionally, carrying out
an experiment including the spatial variability factor with the application of the solution in
different points of a grassland should be considered, so that the distribution of urine can be
interpreted in other regions.
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