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Pasture conditions influence the nutrients use efficiency and nitrogen (N) losses from

deposited excreta. Part of the N is lost as nitrous oxide (N2O), a potent greenhouse

gas. The objective of this study was to characterize apparent N recovery in milk of

dual-purpose cattle and to quantify N2O emissions from the urine they deposit following

grazing on Megathyrsus maximus cv. Mombasa. The N content in the grass and the

milk produced by the cattle and the milk urea N (MUN) content were quantified in two

contrasting regions of Colombia (Casanare and Atlántico). Dry matter intake (DMI) by the

cattle was estimated using the Cornell Net Carbohydrate and Protein System. We used

a closed static chamber technique to measure N2O emissions from soils in areas with

and without urine patches (21 days in Atlántico and 35 Days in Casanare). Estimated

DMI values were 11.5 and 11.6 kg DM day−1, milk production was 6.5 and 5.9 L day−1,

apparent N recovery in milk was 24 and 23%, and the MUN content was 4.4 and 17.2mg

N dl−1 in Casanare and Atlántico, respectively. N applied to soil in the form of urine

corresponded at rates of 20 and 64 g Nm−2 and net cumulative N2O emissions were 350

and 20mg N2O-N m−2 in Casanare and Atlántico, respectively. Despite low digestibility

of offered diet, N recovery in milk was above the values reported at dairy cattle in tropical

conditions. High urine-N inputs at Atlántico site did not result in high N2O emissions

suggesting that the default Tier 1 emission factor (EF) which is based on N inputs would

have overestimated urine-based N2O emissions in Atlántico. Comparing previous studies

conducted in Colombia, we observed inter-regional differences by urine-based N2O

emissions. This observation suggests that to increase certainty in estimating urine-based

N2O emissions, Colombia needs to move toward more region-specific Tier 2 EF and

reduce its dependence on the default IPCC Tier 1 EF. In addition, the adoption of

Tier 2 EF in the cattle sector will facilitate accounting for the effect of animal diets on

N2O inventories.
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INTRODUCTION

Cattle production occupies 37 million ha and represents a major

land-use option, which is a source of income and livelihood for

small- to large-scale farmers in Colombia (FEDEGAN, 2018).
In the case of Colombia’s national greenhouse gas (GHG)
inventories, total emissions are estimated to be 214M tons CO2-

eq of which the AFOLU sector is the main emitter that is

responsible for 55% of these GHG emissions (IDEAM, 2018).
Despite the significant contribution of the cattle sector to

Colombia’s national GHG emissions, the country still relies on
the IPCC’s global Tier 1 emission factors (EF) to estimate nitrous

oxide (N2O) emissions from excreta deposited on pastures
during cattle grazing.

Colombia’s national cattle herd is estimated at 27 million

animals (ICA, 2019), 41.4% dedicated to breeding, 37.3% to
the dual-purpose (beef and milk) production, 21.2% to solely

beef production, and 0.1% to milk production only (FEDEGAN,
2018). The cattle production systems are mainly extensively

grazed systems based on native and naturalized pastures that
are characterized by drastically low biomass production during
the dry season (Mahecha et al., 2002). Extensive grazing systems
are associated with low rates of live-weight gain and low milk
outputs, which translate to lower profitability for livestock
farmers (FAO, 2013). Since pasture management is generally
absent in extensively grazed pastures, overgrazing, and signs of
pasture degradation are common occurrences (Murgueitio and

Ibrahim, 2001; Bacab et al., 2013). Animal excreta (i.e., urine)

are randomly deposited in extensively grazed pastures, resulting
in the formation of patches where N turnover and potential

losses are high.
The loss of N from urine patches as NH3 or N2O depends

on the pasture type, which influences N uptake, the urine

composition, especially the amounts of excreted N (Voglmeier

et al., 2018), which depends on efficiencies in the use of dietary
N (Lessa et al., 2014; Rivera et al., 2019a). Part of the dietary N is
retained inmilk and other part is excreted in urine and dung. The
amounts on N retained in milk depend on N intake; in systems
characterized by high N intake the percentage of retained N in
milk relative to the total consumed is low (Correa et al., 2012).
Therefore, inefficiencies in apparent N recovery inmilk will result
in higher amounts of N being lost in urine and dung (Dijkstra
et al., 2011). According to the IPCC (2019), N losses from excreta
are between 40 and 70 kg of N head−1 year−1 for cattle, and
the N2O-N EF for excreted N is correspondingly 0.2 and 0.6%
under dry (<1000mm rainfall) and wet (>1000mm rainfall)
climates. Cattle urine is a source highly soluble N, that stimulates
nitrification processes and their subsequent transformation into
N2O (Sordi et al., 2014). At the same time, it is also a volatile
source of N depending on the ambient temperature and soil
texture (Oenema et al., 2005). Several previous studies conducted
in Latin America show considerable variations in N2O emissions
from urine patches ranging between 0.7 and 1.16% (Kelliher
et al., 2014; Lessa et al., 2014; Byrnes et al., 2017; Chirinda et al.,
2019). However, in most of these studies, the peak emissions
were reported to occur within the first 10–20 days after urine
application and the emissions usually extend up to 30 days post-
urine application. The pattern of urine-based N2O emissions is

mainly regulated by microbial activity, mineral N, and oxygen
dynamics (Rubol et al., 2013; García et al., 2014). Soil moisture
is also a determining factor in the activity of soil nitrifying
microorganisms (Oenema et al., 2005; Du et al., 2008; Laudone
et al., 2011; Laville et al., 2011; Alves et al., 2012; Li et al., 2015;
Marsden et al., 2016). In a study conducted under temperate
conditions, Bell et al. (2015) reported that high soil moisture
resulted in increased denitrification rates, and elevated N2O
emissions from deposited animal excreta.

Globally, the general aims of the current forage genetic
improvement programmes are to increase the quantity and
quality of forage production and, consequently, increase cattle
productivity in different agro-ecological regions. An example is
Megathyrsus maximus (M. maximus), which produces between
20 and 30 t of DMha−1 per year, has a protein level that fluctuates
between 10 and 14% and a digestibility level between 60 and
70% (Arango et al., 2016). M. maximus has the potential to
adapt to climate change, as it is a versatile pasture that adapts
to intensive grazing and can be subjected to forage conservation
processes in times of intense rainfall or prolonged periods of
drought. However, information on greenhouse gas emissions in
urine patches and bovine manure associated with this pasture
is scant. Several studies have demonstrated the potential of
M. maximus to increase dry matter consumption and increase
animal productivity (Mahecha et al., 2007; Suárez et al., 2011;
Gaviria et al., 2012; Rivera et al., 2019b). However, M. maximus
is produced optimally under rotational compared to continuous
grazing as, under the latter, the levels of insoluble fiber (lignin)
can dramatically increase. An increase in the fiber content
of grass reduces its digestibility and increases the amounts
of excreted N in urine and manure (Barahona and Sanchez,
2005). A recent study (Villegas et al., 2020) showed that M.
maximus has the potential to reduce nitrification rates by 50%
compared to bare soil under controlled conditions. This finding
suggests that M. maximus has the potential to increase cattle
productivity and reduce the environmental impact of waste from
animal production.

Due to the lack of data to generate local EF, Colombia relies
on the IPCC’s Tier 1 N2O-N EF to quantify emissions in this
key emissions category. Regional differences in offered diets,
plant N uptake rates, edaphic factors, and climatic conditions
(Bell et al., 2015) generate variations in the primary drivers
of soil N2O emissions. The determination of national N2O-N
EF is required to advance toward the Tier 2 method of N2O
emission estimation. We hypothesized that urine deposited on
grazed pastures in the wetter Casanare region will have higher
cattle urine-based N2O emissions compared to urine deposited
on pastures in the drier Atlántico region. We also hypothesized
that the low quality of the diet offered in dual-purpose production
systems results in low concentrations of N in the urine of
grazing cattle.

MATERIALS AND METHODS

Study Sites
This study was conducted on two farms located in the Casanare
(5◦12’43“N−72◦20’19.6”W 350m altitude) and Atlántico
(10◦45’04.95“N−74◦55’06.96”W 123m altitude) regions of
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Colombia. According to the Köppen and Geiger classification
(Kottek et al., 2006), the Atlántico and Casanare localities,
correspondingly have Aw–Equatorial climate with dry winter
and Am–tropical monsoon climatic conditions (Climate-
data.org., 2008a). These regions are two of the most important
cattle-producing regions of Colombia. The Atlántico has an
average relative humidity of 78%, a mean air temperature of
27.4◦C and a mean annual precipitation of 1,074mm (Climate-
data.org., 2008a). While, the Casanare region has an average
relative humidity of 66%, a mean air temperature of 26.3◦C, and
a mean annual precipitation of 3,009mm (Climate-data.org.,
2008b). In 2015, when the current study was conducted, the
Atlántico region experienced a severe drought attributed to
the “El Niño” climate phenomenon (IDEAM, 2016), (IDEAM.
Code: 29040020-Montebello Baranoa-Atlántico). During the
measurement period, rainfall data was obtained from direct
measurements conducted at the sites or from weather stations
of the IDEAM Institute of Hydrology (Taluma site: code
35010010-Puerto López; Patía site: 21050220-San Luis).

Soil Properties
According to Gardi et al. (2014), the soils corresponding to the
study sites are classified as Cambisols. Specifically, soils at the
Atlántico site are classified as Vertic-Cambisols (CMVr) and
those at Casanare are classified as Ferralic-Cambisols (CMFI).

At both sites, soil samples were collected at 0–20 cm depths
and characterized for soil pH in 1:1 soil: water solutions, bulk
density using a ring of known volume (5cm high × 5cm
diameter), total carbon (C) and N using dry a combustion
technique, and soil texture using the hydrometer method
(Bouyoucos, 1962) at the analytical laboratory in CIAT. The
water-filled pore space (WFPS) was calculated using the
gravimetric water content, the soil bulk density, and a particle
density of 2.65 Mg m−3.

Characteristics of Animals
In each region, 10 dual-purpose cows with commercial Zebu
crosses were selected to be sources of the urine and milk
used in the current study. These cows which were not
permanently with their calves were in the second phase of
lactation (100–200 days post-calving), with an average body
weight of 475 ± 7.2 and 445 ± 4.6 kg in Casanare and Atlántico
sites, respectively.

Dry Matter Intake
Dry matter intake of the cows in each region was estimated using
the Cornell Net Protein and Carbohydrate System-CNCPS R©

version 6.0 model (Tylutki et al., 2008), which estimates beef
and dairy cattle requirements and nutrient supply for different
animal types under specific environmental conditions (i.e.,
climatic factors), management, and feeding regimes, through
the computational engine. Cattle in Casanare were fed with
tropical grassM. maximus cv. Mombasa (CIAT 6962), and those
at the Atlántico site also fed on M. maximus cv. Mombasa
(CIAT 6962) and a supplement that was based on barley,
wheat, and corn grains and palm kernel cake. The supplement

that was used at the Atlántico site was offered at a rate of
1 kg animal−1 day−1.

Chemical Composition and Digestibility of
Pastures
For the collection of forage samples, the methodology described
by Haydock and Shaw (1975) was used. In this method three
reference points were established within the grassland. The first
point corresponded to an area (0.5 m2 quadrats) where there was
the lowest level of forage (quantity and height), point two was
an area with intermediate forage production and point three was
an area with the highest amount of forage. The grass samples
were collected at the beginning of the experiment, before the
animals accessed the grassland. Samples from the three reference
points were mixed and the homogeneous sample was taken to the
laboratory for the characterization of its chemical composition.
The M. maximus pasture was harvested at 55 and 45 days of
regrowth at the Casanare and Atlántico site, respectively. This
regrowth age corresponds to the rest period of the pasture
determined by the farmers in each study region, based on local
experience with variables such as soil fertility, cattle stocking
rate, and environmental parameters such as precipitation and
temperature. At the Casanare and Atlántico sites, the pastures
had an average height of 107 and 93 cm, respectively. To simulate
grazing events pastures were cut at height of 30 cm from
the ground.

For collected grasses were characterized for different
nutritional quality parameters. Specifically, N content was
quantified using the Kjeldahl method [Kjeldahl AN 3001 FOSS
Association of Official Analytical Chemists (AOAC, 1990:
method 984.14)] and the amount of N obtained from this
analysis was converted to crude protein (CP) content, using
the following equation: CP = N × 6.25; neutral detergent
fiber (NDF) and acid detergent fiber (ADF) were determined
as proposed by Van Soest et al. (1991) adapted to an Ankom
Fiber Analyzer AN 3805 (Ankom R© Technology Corp USA).
Forage digestibility was determined as described by Goering
and Van Soest (1970). The insoluble protein in neutral and acid
detergent was determined through the N content in the residue
of the NDF and ADF as described by Goering et al. (1972). Dry
matter was determined through the thermogravimetric method
by drying at 60◦C for 72 h in a forced ventilation oven. These
analyses were conducted at the Forage Quality and Animal
Nutrition Laboratory of the International Center for Tropical
Agriculture (CIAT).

Chemical Composition of Milk
At both study sites, we collected 50ml milk samples from each
of the 10 cows once every 8 days, for a period of 35 days. The
milk was characterized for N content using the Kjeldahl method,
CP was calculated using the following equation: CP = N × 6.38,
and milk urea nitrogen (MUN) content was determined using
Infrared Spectrometry (MilkoScan, ISO-9622 standard method)
(Milk I. S. O., 2013) . Apparent nitrogen recovery in milk was
estimated from the efficiency of incorporation of consumed N in
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milk using the relationship described by Van Horn et al. (1994)
which we expressed follow (Equation 1).

Apparent nitrogen recovery in milk (%) =
Amount of N in milk

Total N intake
x 100 (1)

Experimental Set-Up for Soil N2O
Measurements
At both sites, a representative area of 160 m2 was selected
to conduct GHG measurements. In line with common farmer
practice, no fertilizer was applied to the selected areas in recent
years. To simulate grazing, grass in each plot was cut to
∼30 cm sward height, seven days before the initial collection
of gas and soil samples. In both regions, urine samples were
collected through stimulation of the vulva zone from 10 dual-
purpose cows. The samples obtained from each cow were
immediately mixed to obtain a homogeneous sample. Urine
sub-samples (500mL) were immediately applied uniformly into
the respective chambers (isolated area 0.5 m2). Cylindrical PVC
static chamber bases with a 26-cm internal diameter and 10 cm
height demarcated the area and the insertion depth was 5 cm.
The urine-N application rates were 20 and 64 g N m−2 at the
Casanare and Atlántico, respectively. These rates correspond
to the N concentrations in urine resulting from different diets
consumed at the two sites. At both study sites eight bases were
used. Four bases with urine and four bases without urine as
control treatments, therefore eight bases were installed in the soil
at each site. The chamber bases were distributed in a completely
randomized design with four replicates that were established on
land with a slope∼2%.

On the different gas sampling dates, chamber tops with a
25-cm height were connected to the chamber bases and sealed
with a thick custom-made rubber band to prevent gas leakage
during the sampling period (Alves et al., 2012). Gas samples
were collected from 9:00 to 10:00 am as described by Byrnes
et al. (2017). The first gas sample was taken immediately after
connecting the chamber top and the chamber base, subsequent
samples were taken every 15min resulting in sampling times of
0, 15, 30, and 45min after chamber closure. Based on dynamic of
urine-based N2O emissions reported by several studies carried
out in Latin America (Kelliher et al., 2014; Lessa et al., 2014;
Byrnes et al., 2017; Chirinda et al., 2019), in our study, the
gas samples were collected on five consecutive days following
urine application followed by 3–4 additional sampling campaigns
within the 35-day monitoring period. Due to logistical challenges
wewere unable to conduct the gasmonitoring during the planned
35 day period at the Atlántico site. We were only able to conduct
measurements over 21 days.

The N2O concentrations were analyzed by gas

chromatography (GC–Shimadzu 2014). The daily gas fluxes

were calculated by regressing N2O concentrations with the

corresponding sampling times and correcting for temperature
and pressure. All flux data were checked for linearity by
visual inspection during data analysis. Cumulative fluxes
were calculated from mean N2O emissions by interpolation

between measurement days (Dobbie et al., 1999). Specifically, we
determined the mean N2O emissions between two consecutive
sampling days and them the sum of the calculated averages
for the monitoring period. The cumulative N2O-N EF for the
Atlántico and Casanare sites were correspondingly calculated for
periods of 21 and 35 days, using the following Equation:

EF (%) =

(

N2O− Nemitted from urine treatment
)

−
(

N2O− Ncontrol
)

N applied
x 100 (2)

At each site, a sub-sample of urine (50mL) was acidified with
0.5mL of 1M sulphuric acid and frozen at −20◦C to avoid N
loss before analysis. Total N in the urine was quantified using the
Kjeldahl method [Kjeldahl AN 3001 FOSS; Association of Official
Analytical Chemists (AOAC, 1990: method 984.14)]. Urine N
contents were used in the calculation of N2O EF (Equation 2).

Statistical Analyses
A completely randomized design was used, with four repetitions,
where the experimental unit corresponded to the static chamber,
where there were two treatments equivalent to soil with urine
and without urine. Statistical analyses were conducted using
generalized linear model (GLM) procedure of the statistical
Software Statistical Analysis Systems (SAS R©, version 9,4) (SAS
Institute, 2012). In the GLM model the response of cumulative
N2O emissions to urine application was tested. Relationships
between N2O emission and percentage of water-filled pore space
(WFPS) as well as N2O emissions and rainfall were explored.
The PROC REG procedure was used for regression analyses. The
figures were constructed with python 2.7.14, Numpy 1.18.1, Scipy
1.4.1, and Motplotlib 3.2.1.

RESULTS

Expected Dry Matter Intake and Feed
Quality
Similar levels of dry matter intake were estimated for animals at
the Casanare (11.5 kg DM d−1) and Atlántico site (11.6 kg DM
d−1). The estimated energy balance from the CNCPS model was
2.44 and 3.34 Mcal in Casanare and Atlántico sites, respectively.
The CP content of the M. maximus at Casanare and Atlántico
site was similar (8%). However, due to the drought experienced
at the Atlántico site, the animals received a supplement that had
a high CP content (21%) (Table 1), which increased the amount
of N intake around 20% by the animals at this site (Table 2). At
both study sites, pasture digestibility was low (<50%) and NDF
was high (>70%).

Apparent Nitrogen Recovery in Milk and N
Content in Urine
The 8-day average of N content measured in milk was similar at
the Casanare and Atlántico sites. The relationship between milk
N/ intake N showed that both regions had optimal apparent N
recovery in milk values. The MUN concentrations of animals at
the Atlántico site was above the range suggested by Peña (2002)
and Cerón et al. (2014) (>16–18mg dl−1). While at the Casanare
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TABLE 1 | Chemical composition of pastures and feed supplements collected in

Casanare and Atlántico localities.

Parameter Casanare Atlántico Atlántico

Megathyrsus maximus Feed supplement

IVDMD (%) 42.8 47.7 83

Protein (%) 8.00 8.12 21.0

NDF (%) 76.6 71.7 14.9

ADF (%) 48.3 37.1 28.7

Crude fat (%) 1.4 1.6 2.0

Ash (%) 10.0 9.1 9.8

Moisture (%) 84.5 85.0 10.3

Lignin (%) 3.2 5.0 -

ADIP (%) - <1.4 -

NIDP (%) 2.75 4.1 -

NDF, Neutral detergent fiber; ADF, Acid detergent fiber; ADIP, Acid detergent indigestible

protein; NIDP, Neutral detergent indigestible protein; ME, metabolizable energy; IVDMD,

In vitro digestibility of dry matter.

TABLE 2 | Nitrogen intake, apparent nitrogen recovery in milk, and nitrogen

content in urine and dung in dual-purpose cows in Casanare and Atlántico regions

of Colombia.

Parameter Casanare Atlántico

Nutrient intake

Predicted DMI (kg cow−1 d−1) 11.5 ± 0.08 11.6* ± 0.11

N intake (g N d−1) 147 ± 1.0 171 ± 1.44

Diet energy contents

Predicted ME (Mcal kg DM−1) 2.07 1.93

Balance ME (Mcal d−1) 2.44 ± 0.13 3.34 ± 0.16

Nitrogen output and retention

Milk production (L d−1) 5.9 ± 0.1 6.5 ± 0.1

Milk CP (g d−1) 226 ± 1.7 246 ± 1.5

MUN (mg N dl−1) 4.37 ± 3.4 17.16 ± 2.4

Milk N (g N d−1) 35.4 ± 0.26 39 ± 0.23

Apparent N recovery in milk (%) 24 23

Total urine N output (g L−1) 2.1 ± 0.1 6.8 ± 0.3

Total dung N output (g kg−1) 22 ± 2.1 ±1.3

*The dry matter intake in the Caribe site corresponds to the sum of the dry matter

intake predicted by the CNCPS and the amount of supplement offered to the cows.

ME = predicted metabolizable energy. Values are means ± S.E n = 10.

site, the mean MUN concentration of animals was below the
threshold values (<12mg dl−1). The N content in urine at the
Atlántico site was over three-fold higher than values reported at
the Casanare site (Table 2).

Soil Properties
Soil pH was 5.2 and 6.7, bulk density was 1.3 and 1.4 g cm−3, and
soil texture was clayey and loamy in the Casanare and Atlántico
sites, respectively. Total N and total C content were similar at
both sites (0.11 and 1.1%, respectively).

Nitrous Oxide Emissions
At both study sites, the N2O emission peaks were observed
3 days after the urine application, which also coincided with
precipitation events (Figure 1). The application of urine in both
regions generated an increase in the cumulative N2O fluxes
compared to soil without urine (389mg N2O m−2, p < 0.0001
and 27.6mg N2O m−2, p < 0.0002 for Casanare and Atlántico
sites, respectively) (Figure 1). A positive exponential relationship
between N2O fluxes and %WFPS was found in the Casanare site
(p= 0.027 R2 = 0.45).While in the Atlántico site this relationship
was not significant (p= 0.176 R2 = 0.19).

N2O-N Emitted From Urine Treatment
Overall, the different EF calculated in the present study and those
from other studies conducted in Colombia showed variations
in EF under different rainfall conditions (Table 3). Taking into
account the results of this study and additional data available for
Colombia (Table 3), we find evidence for a positive, non-linear
relationship between rainfall and EF (p < 0.0001; R2 = 0.95)
(Figure 2).

DISCUSSION

It is important to note that this study was conducted in an El
niño year which was characterized by low rainfall. The unique
climatic conditions associated with the El niño phenomenon
influenced feed availability resulting in a need to supplement
the grazing systems in the drier Atlántico region. Despite the
fact that the El niño phenomenon was experienced across the
country, differences in feed composition and rainfall intensities
observed at the two study sites appear to have influenced the
observed N2O emission patterns. The N concentration in applied
urine would certainly influence N2O emissions, but calculating
emission factor enabled us to normalize for N content. Another
factor that may have affected our cumulative N2O emissions
is the fact that due to logistical challenges we were unable to
conduct N2O monitoring for the same period at the two study
sites. However, since most of the peak emissions in the current
and previous studies were reported to occur within the first 10–
20 days (Kelliher et al., 2014; Lessa et al., 2014; Byrnes et al.,
2017; Chirinda et al., 2019), our monitoring period allowed us
to gain important insights on N2O emission patterns during this
short-term monitoring period.

Expected Dry Matter Intake and N Intake
At both Casanare and Atlántico, the DM intake was similar. The
similarity in DM intake may have been due to the similar NDF
contents in the diet, a major determinant of intake in grazing
cattle (Barahona and Sanchez, 2005). The digestibility values
suggest that DM intake reported in this study is high, which may
be due to a selectivity response of the animals, given the height of
the forage that in both regions was>90 cm and the cutting height
of the forage for the chemical composition analysis was 30 cm.
The estimated N intake by cattle at both study sites (147 and
171 g N day−1 at the Casanare and Atlántico, respectively) were
within the range frequently observed for open-grazing tropical
cattle (40–170 gN day−1) (Cole and Todd, 2008; Nha et al., 2008).
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FIGURE 1 | Soil nitrous oxide emission following urine application and percent water-filled pore space saturation (WFPS) (A-Casanare and B- Atlántico), and Rainfall

and temperature (C-Casanare and D-Atlántico). Solid arrows indicate time of urine application. Vertical bars in (A) and (B) show the standard error (n = 4).

TABLE 3 | Soil urine derived N2O-N EF for studies conducted at different sites in Colombia.

Region Forage type Nitrogen in

applied urine

(g N m−2)

EF (%) Rainfall (mm) Reference

Atlántico Megathyrsus maximus +

feed supplement

69.3 0.03 48.4 Current study

Casanare Megathyrsus maximus 21.4 1.76 248.3 Current study

Meta Brachiaria humidicola 46.3 0.02 36 Durango (unpublished)

Meta Brachiaria humidicola +

Arachis pintoi

40 0.05 127.4 Durango (unpublished)

Valle del Cauca Brachiaria hybrid cv

Cayman

65.3 0.05 41 Durango (unpublished)

Valle del Cauca Brachiaria hybrid cv

Cayman + Leucaena

leucocephala

128.5 0.17 41 Durango unpublished)

Valle del Cauca Brachiaria hybrid cv. Mulato 123 0.07 4.6 Byrnes et al., 2017

Valle del Cauca Brachiaria humidicola

cv.Tully

123 0.00002 4.6 Byrnes et al., 2017

Patía Brachiaria hybrid Mulato II,

Brachiaria brizantha and

Megathyrsus maximus

78.9 0.28 0.24 83

83

Chirinda et al., 2019

Chirinda et al., 2019

Patía Canavalia brasiliensis and

Dichanthium aristatum

78.9 0.164 31 Chirinda et al., 2019

Meta Brachiaria humidicola 11.2 0.02 7 Chirinda et al., 2019

Meta Brachiaria humidicola 11.2 0.01 7 Chirinda et al., 2019

Higher N intakes (>300 g d−1) have been reported by other
authors in cattle fed on fertilized pastures and feed supplements
(Correa et al., 2012; Dickhoefer et al., 2018; Castro et al.,

2019). Pastures in the tropics are typically characterized by low
digestible protein and high fiber content (Mahecha and Rosales,
2005), partly due to poor agronomic management (Pelster et al.,
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FIGURE 2 | Relationship between EF and rainfall obtained using Byrnes et al.

(2017), Chirinda et al. (2019), Durango (unpublished) data and measurements

conducted in the current study. At each site, rainfall data includes recordings

of precipitation events from 8 days before greenhouse gas measurement

commenced to the end at the gas measurement period. The model was

chosen based on statistical fit (R2).

2016), and this may be corrected through the use of protein
supplementation. However, the low dry matter digestibility of
pastures can exacerbate nutritional imbalance resulting in greater
excretion of nutrients (Broderick, 2003; Barahona and Sanchez,
2005). Under the pasture conditions in our study, moderate
N intake can be considered an advantage over excess protein
in relation to the available energy that commonly occurs in
tropical diets and can have a positive impact on N inputs to the
soil, since according to Dijkstra et al. (2013), lowering intakes
of CP is a strategy effective in reducing total and especially
urinary N excretion.

Apparent Nitrogen Recovery in Milk
The MUN results reported for the Casanare site (4.37mg dl−1)
suggest that there was an inadequate amount of degradable
protein ingested and that soluble carbohydrates may not have
been balanced in the rumen. As MUN is the result of the
diffusion of urea from the blood serum in the secretory cells
of the mammary gland, MUN values are indicative of excess
or deficiency of rumen available soluble carbohydrates, relative
to dietary N (Peña, 2002). Conversely, at the Atlántico site,
where cows received supplementation with a protein source,
MUN values were above the range frequently observed in
lactating cows under tropical conditions (Acosta and Delucchi,
2002; Peña, 2002). However, the MUN value reported for
Atlántico does not suggest an excess of protein in the diet
in comparison to the 10 and 19mg dl−1 range reported
by Hess et al. (1999), for dual-purpose cows in Colombia.
Further research is required to understand the metabolic
processes associated with the increased MUN observed at
the Atlántico site. At both sites, the pastures contributed
low amounts of N to the animal diets, which probably led
to the inadequate synthesis of microbial protein, which in

turn is the main metabolizable protein source for the animal
(Agricultural Food Research Council, 1992; Ma et al., 2010).

Based on the average milk protein content observed in the
current study, The amount of N retained from the total N
ingested in the diet is on average 24 and 23% for at the Casanare
and Atlántico, respectively, while 76 and 77% is excreted by
feces and urine. This is consistent with the values reported by
Colmenero and Broderick (2006) using multiparous cows 120
days post-calving, receiving low N diets. Correa et al. (2012)
in a study carried out in Colombia with dairy cows, reported
an apparent recovery of N in milk of 20% under following N
intake of 389 g d−1. According to Steinshamn et al. (2006), the
higher the N intake in the diet, the greater the excretion of
N through the urine and the lower the percentage retained.
León et al. (2008), reported N retention percentages in milk of
15.6% with respect to N intake of 667 g d−1. The N intake at
both study sites was much lower than was reported by other
authors. Consequently, we have found a higher percentage of
N retained. Based on this information, the results found in this
study suggest that the moderate protein intake of typical tropical
diets such as M. maximus, can favor N retention in milk for
cows in dual-purpose systems. However, other variables could
have influenced the apparent N recovery in milk observed in
the current study, such as the number of days since calving
and the low level of milk production. In both regions, the
cows had passed their peak lactation period, which has a higher
energy requirement for milk synthesis. According to Lapierre
and Lobley (2001), the recycling of urea N synthesized in the
liver can substantially contribute to N availability in the intestines
which mainly occurs when sufficient metabolizable energy is
available in the diet. Kennedy and Milligan (1980) also indicated
that urea transfer to the rumen is inversely proportional to
the ammonium concentration in the rumen. It is likely that
under these circumstances, the activation of urea N recycling
mechanisms toward the rumen was stimulated, which may
explain the high apparent nitrogen recovery in milk observed
for both regions. In the same sense, the excretion of N in urine
in both groups of animals did not exceed the range reported by
Bolan et al. (2004) (1–20 g L−1).

Our results suggest that during this physiological
stage (∼100–200 days in lactation), the use of protein
supplementation, which farmers consider as an important
practice, may not have been necessary. This is in agreement
with previous reports in the tropics, where energy availability
can be a more limiting dietary factor for adequate animal
productivity than CP availability (Barahona and Sanchez,
2005). Perhaps nutritional strategies such as reducing the levels
of structural carbohydrates (e.g., ADF) in the diet (Table 1)
through improved grazing management, (e.g., reducing grazing
periods in rotational grazing systems) could increase feed
digestibility as reported by previous studies evaluating pasture
quality at different regrowth stages (Chacón and Vargas, 2009;
Valles de la Mora et al., 2016). This would also contribute to
an increase of milk yield as well as its compositional quality
(Rabelo et al., 2003). These results suggest that with the diets
offered in these milk production systems, and with cows in the
second stage of lactation, urinary excretions of N were low.
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This implies a reduction in the substrate for soil nitrifying and
denitrifying microorganisms.

N2O Fluxes Emissions
The cumulative net N2O emissions and the transformation rate
of urinary N into N2O-N was very different at the Casanare
(350mg m−2; 1.76% EF) and Atlántico (20mg m−2, 0.03% EF)
sites. This supports the proposal that region-specific EF could
greatly improve the accuracy of national GHG inventories. In
addition, data generated during the different sampling campaigns
aimed at developing region-specific EF could also be used to
validate and improve Tier 3models that are capable of integrating
different factors regulating N2O emissions from urine patches
such as the pasture type, climatic and soil conditions (Saggar
et al., 2004; Mazzetto et al., 2014). At the Atlántico site, the
cumulative N2O fluxes were lower compared to those reported
in other previous studies conducted in the Latin America region
[Sordi et al., 2014, (3,198 µg N2O-N m−2 h−1, 1,934 g N m−2);
Simon et al., 2018 (3,700 µg N2O-N m−2 h−1, 256 g N m−2);
Chirinda et al., 2019 (1,125 µg N2O-N m−2 h−1, 78.9 g N m−2)].
Several factors could have led to the lower N2O peaks including
the low N application rate in the urine patched (Table 3), low
precipitation regime and the low amounts of total carbon and N
in the soil.

The peak N2O emissions observed at the Casanare site
(3,745 µg N2O-N m−2 h−1) (Figure 1A) were lower than
those reported by Byrnes et al. (2017) (25,000 µg N2O-N m−2

h−1) under similar tropical conditions. Rivera et al. (2019a)
reported a higher peak N2O emissions value (9,450 µg N2O-
N m−2 h−1) for intensively managed pastures that received
external N inputs through chemical fertilization in the Andean
region of Colombia. According to Anger et al. (2003), the
activity of nitrifying and denitrifying microorganisms is much
greater in soils with high N inputs compared to those where
N availability is low; the latter was the case in the regions
evaluated in the present study where the pastures did not
receive N fertilizers prior the study. On the other hand, the
high values of bulk density (≥1.3 g cm-3, Jaramillo et al., 2002),
suggest lower aeration conditions, which according to Klefoth
et al. (2014) reduce the diffusivity of N2O and increase the
probability of its transformation to molecular N or dinitrogen
(N2) possibly explaining the observed low N2O emission
values. Skiba and Ball (2002), reported high N2O emissions
in clay soils that were characterized by poor aeration (high
%WFPS) and high bulk densities, conditions similar to those at
the Casanare site.

Villegas et al. (2020) reported that the accession M.
maximus cv. Mombasa can reduce nitrification rates by 50%
when compared to a bare-soil control. They suggest that
this reduction in nitrification rates is facilitated through the
release of enzymatic complexes that inhibit the activity of
bacterial nitrifiers. Brachiaria humidicola is another forage
pasture species that has been reported to reduce soil nitrification
by 60% (Subbarao et al., 2009). The ability of forage species
to inhibit nitrification represents a potential N2O reduction
mechanism. Megathyrsus’ ability to inhibit nitrification, could

have influenced the low cumulative fluxes observed in the
current study.

Although in both regions the evaluation period corresponded
to the end of the rainy season, in the Casanare site, a higher
rainfall regime was experienced compared to the Atlántico region
(Figures 1C,D). Consequently, soils at the Atlántico site had low
vegetation cover. According to Oenema et al. (2005), between
3 and 15% of N in urine is lost as NH3 by volatilization,
under conditions of high soil compaction, high temperatures,
and low moisture; as prevalent at the Atlántico site. Additionally,
Voglmeier et al. (2018), found a greater loss of N from urine
as NH3 when the urine-N concentration was higher. These
alternative N loss pathways probably resulted in lower amounts
of N being available for nitrification and denitrification processes.
On the other hand, according to Porre et al. (2016), the
connectivity between pores and the size of the pore influence
the N2O diffusivity and ultimate emission to the atmosphere.
In our study, the soil texture was different between the sites.
Specifically, whereas the Casanare soil had a clay texture, the
soil at the Atlántico site was a loam. A clay texture supposes
a combination of medium pores and micropores, which favors
the water retention in the soil and inhibits the diffusion of
O2 from the atmosphere, creating anaerobic microsites in the
soil profile (Porre et al., 2016). While a loam soil would have
higher macroporosity, with less moisture retention capacity due
to higher sand and silt content and more aerobic conditions.
Thus, the more clayey soil and frequent rainfall events at the
Casanare site probably resulted in long periods with optimum
moisture conditions for microbe-mediated N transformation
processes in the deposited urine (Bateman and Baggs, 2005;
Laudone et al., 2011; Dijkstra et al., 2013) and induced the
higher N2O emissions observed at this site. This is consistent
with the study by Adhikari et al. (2020), who reported less N2O
emissions in soils with coarse (sandy) textures and in soils with
free drainage compared to clay soils that were characterized
by high bulk densities/compaction and subsequent elevated
water-filled pore space. The positive relationship between the
N2O emissions and % WFPS at the Casanare site (P = 0.027
R2 = 0.45) further provides evidence for the influence of
water in driving the high N2O emissions observed at the
Casanare site (Figure 1A). previous studies (Oenema et al., 2005;
Laudone et al., 2011; Marsden et al., 2016) also reported the
influence of %WFPS on denitrification processes. Specifically,
N2O emissions associated with denitrifier activity are typically
highest at values between 60 and 80% WFPS (Sey et al., 2008;
Klefoth et al., 2014) with higher moisture contents leading
to complete denitrification that produced dinitrogen as the
end product.

There was no relationship between % WFPS and N2O
emissions at the Atlántico site (P= 0.176 R2 = 0.19). The coarse-
textured soil at the Atlántico site was more compacted which
probably reduced water infiltration and moisture retention.
This low infiltration and water retention rates probably explain
the poor relationship between N2O emissions and % WFPS
at the Atlántico site. These findings corroborate with Sordi
et al. (2014) who suggested that the % WFPS, does not
closely reflect the rain pattern, because the moisture in the
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soil depends on the evapotranspiration and the drainage
between the rain event and the moment of taking the
soil sample.

Based on the information from previous studies [Byrnes
et al., 2017; Chirinda et al., 2019; Durango (unpublished)], as
well as findings in the current study under tropical conditions,
the rate of transformation of N in urine patches to N2O was
found to be mainly influenced by soil moisture, associated with
precipitation events (Figure 2). The loss N as N2O is affected by
several factors, however, as has been previously discussed, these
results suggest that under Colombian tropical condition, higher
losses of N, in the form of N2O, appear to occur during the
wet season. This result is consistent with studies where higher
emissions have been found following high precipitation events
(Bolan et al., 2004). In contrast, Sordi et al. (2014) obtained
lower EF during the wet season, which they attributed to the
lower temperatures recorded during the study period (13.9◦C).
However, in the evaluated regions, the average temperatures
recorded are above (≥23◦) those reported by Sordi et al.
(2014).

The N2O-N EF obtained in the current study, corroborate
with those reported in other studies developed under
tropical conditions in unfertilized grasslands in Colombia
[0.0002–0.471% EF Chirinda et al., 2019) and Brazil (0.2% EF.
Barneze et al., 2014); 0.1–1.93% EF Lessa et al., 2014)]. The
N2O-N EF obtained in the Atlántico region (0.03%) was lower
than Tier1 EF given by the IPCC (2019) for these climatic regions
(0.6% of N in bovine excreta).

CONCLUSIONS

The apparent nitrogen recovery in milk was similar at both
sites and despite the low digestibility and high fiber content
of the offered diets, the recovery of N in milk was above
the values reported at dairy cattle under tropical conditions.
The N concentrations in the applied urine were low compared
to those reported in previous studies. This suggests that
local cattle production systems may be characterized by low
urine-N inputs which may imply potential low environmental
impacts. On the other hand, the transformation rate of
urinary N into N2O-N differed at the two locations although
the same M. maximus grass cover was used. Our study
provides further evidence on the need to determine site-specific
EF as N2O emissions are affected by multiple biotic and
abiotic factors.
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