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Abstract Dairy systems in South America’s humid
subtropics include grass-legume pastures in rotation
with winter-summer double-cropping for silage, thus
combining direct grazing with periods of effective
confinement for concentrate and silage supplementa-
tion. The environmental impacts of these so-called
hybrid systems remain unclear. We compiled detailed
nitrogen (N) circulation budgets for four dairy sys-
tems in Uruguay stocked at 1,300 kg liveweight ha™!
but with contrasting feeding strategies (lesser vs.
greater use of maize silage) and cow genotypes (New
Zealand vs. North American Holstein—Friesian) and
then used a farm environmental model (Overseer®
Science) to partition N surpluses into losses to water
and air, and to estimate greenhouse gas (GHG) emis-
sions. All systems exhibited substantial N surpluses
(190238 kg N ha~!) and moderate whole-farm N
use efficiencies (31-35%). Conversely, estimated
GHG emission intensities were comparatively low:
less than 9.9 kg CO,e kg™! milk fat+ protein, with
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N,O representing less than 20% of total emissions.
Nitrogen surpluses were predicted to be lost mainly
through leaching (43%) and volatilisation (41%), not
denitrification (10%). Loafing pads and fallow peri-
ods in pasture-crop transitions contributed the most to
N losses. Feeding strategy and cow genotype effects
on these patterns were minor. This study identified (i)
specific spatiotemporal spots with a disproportionally
large impact on potential losses of N —for instance,
12-18% of the farm area accounted for 87-90% of
predicted N leaching losses, and (ii) a limited influ-
ence of feeding strategy and cow genotype. Such
insights into where critical environmental impacts
reside provide a quantitative foundation for future
studies on intensified hybrid subtropical dairy mitiga-
tion strategies.

Keywords Nitrogen losses - Leaching - Farm
system - GHG - Simulation

Introduction

Intensified pasture-based animal production systems
worldwide face the challenge of reducing their envi-
ronmental impact and enhancing standards on ani-
mal welfare, human health, and rural livelihoods and
well-being without compromising their profitability
(Britt et al. 2018; Clay et al. 2020). The projected
growth in global demand for dairy products over
the next 50 years (OECD/FAO 2021) requires the
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scientific and innovation system to address this chal-
lenge (Rowarth and Parsons 2015).

Dairy systems from temperate humid regions,
such as New Zealand, southern Australia and north-
ern Europe, predominantly rely on grazing perennial
ryegrass pastures with either minimal or time-limited
supplementation, which helps their economic sustain-
ability by maintaining low production costs (Oenema
and Oenema 2021; Luo and Ledgard 2021; McDow-
ell et al. 2022). However, intensified dairy farming
via higher stocking rates and increased pasture utilisa-
tion has led to adverse environmental impacts, mainly
due to water pollution through nitrogen (N) leaching
from urine deposition on pasture, as well as increased
greenhouse gas (GHG) emissions, primarily methane
(CH,) from enteric fermentation and nitrous oxide
(N,0) from N fertiliser and urine (Wachendorf et al.
2005; Roche et al. 2017; Rotz et al. 2020; Clay et al.
2020; Kelly et al. 2020).

Compared to temperate humid regions, dairy sys-
tems in humid subtropical areas experience higher
radiation, temperature, and evaporative demand.
These conditions provide a flexible window for dou-
ble-cropping annual winter-summer C3-C4 crops,
increasing primary productivity and water use, thus
reducing percolation below root depth (Ojeda et al.
2018a, b). However, summer heat stress, often com-
bined with short-term acute water deficits, becomes a
severe restriction for the survival of perennial temper-
ate grasses (Jauregui et al. 2017; 2024) and legumes
(Scheneiter et al. 2019). Furthermore, heat waves, i.e.,
several days with sustained high humidity and tem-
perature, impair grazing schedules, animal welfare
and milk production (Morales-Pifieyrta et al. 2022).

Specifically, dairy systems in Uruguay are charac-
terised by sequences that combine sown pastures that
last three to four years used mainly for grazing, fol-
lowed by one or two years of double-cropping annual
forage crops that are either grazed or, most frequently,
conserved as silage (INALE 2019). Grazed pastures
typically comprise a mixture of various temper-
ate grasses and legumes, whereas maize and annual
ryegrass or oats are usually the annual forage crops.
Hence, a significant portion of the farm is out of
the grazing platform, destined for silage production
or undergoing fallow or pasture/crop establishment
periods. Moreover, animal access to grazing is often
restricted, to one daily grazing session (either morn-
ing or afternoon) or none, due to extreme weather
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events, such as heavy rains or heat waves. There-
fore, grazed pasture rarely surpasses 60% of the
annual dry matter intake (DMI), with the remain-
ing of the diet consisting of silage and concentrates
that animals consume off-paddock, typically in feed/
loafing pads (Farifia and Chilibroste 2019; Lazzarini
et al. 2019). McDowell et al. (2022) characterised
these as “hybrid” systems that combine three to eight
months of direct grazing with consumption of pre-
served forage during the non-grazing periods.

In Uruguay, clear opportunities have been high-
lighted for competitively lifting milk production of
hybrid systems with five to nine net months of graz-
ing through increases in stocking rate (Farifia and
Chilibroste 2019; Lazzarini et al. 2019; Ortega et al.
2024) enabled by higher amounts of grazed pas-
ture per hectare finely tuned with moderate supple-
mentation rates (Gareli et al. 2023). Up to two-fold
increases in stocking rates relative to the national
average have been shown to improve economic per-
formance and to be biologically feasible via differ-
ent combinations of cow genotype (New Zealand
vs. North American Holstein-Friesian) and feed-
ing strategy (higher vs. lower proportion of silage in
diets) (Stirling et al. 2021a, b). However, the extent
to which such intensified systems impact the environ-
ment remains under scrutiny (Farifia and Chilibroste
2019; Darré et al. 2021).

Water pollution has become a concern in Uru-
guay, particularly regarding summer cyanobacterial
blooms, which have been linked to changes in water
temperature and pH (Beretta-Blanco and Carrasco-
Letelier 2021), but also to nutrient concentration of
waterways and agricultural land use (Chalar et al.
2017; Gorgoglione et al. 2020; Kruk et al. 2023). As
a result, national policies that currently regulate land
use seek to limit erosion, labile phosphorous con-
centration in the topsoil, and use of phytosanitary
products (ROU 2008). Since N management plays a
significant role in ensuring sustainable food produc-
tion systems (Leip et al. 2021), it is critical to assess
to what extent the pattern of environmental impacts
observed in intensified temperate pasture-based
dairy systems holds for rainfed hybrid systems in
subtropical regions that have more intense cropping
sequences, higher silage supplementation, and more
variable rainfall regimes.

Leveraging knowledge from international expe-
rience can help identify the main environmental
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risks that production systems pose in regions where
empirical assessments are still scant. In this situation,
adapting models extensively used in similar contexts
appears valuable (Rowarth and Parsons 2015; Jones
et al. 2017). In this study, we employ an integrative
whole-farm simulation approach by using the Over-
seer® Science model, adapted from New Zealand’s
context, to provide an initial assessment of critical
paths and sources of environmental impact of pro-
spective intensified hybrid systems for humid sub-
tropical areas in Mid-Atlantic South America.

The objectives of this study were, first, to com-
pile detailed N circulation budgets for experimen-
tal hybrid dairy farmlets with contrasting feeding
strategies (lower vs greater use of silage) and cow
genotypes (New Zealand vs. North American Hol-
stein-Friesian) that doubled milk production per hec-
tare compared with Uruguay’s national average by
increasing stocking rates, and second, to model both
GHG emissions intensity and the relative partitioning
of N surpluses into losses to water and air.

Materials and methods

The present study compiles detailed N budgets of four
experimental dairy farmlets over two years. Then it
uses the Overseer® Science Model (Science version
6.3.5; hereafter referred to as Overseer) (Wheeler
et al. 2003), parameterised with local soil and climate
data, to first evaluate how N surpluses are partitioned
to water (nitrate leaching) and air (ammonia volatili-
sation, and N, and N,O denitrification) and second, to
estimate GHG emissions (CO,, CH,, and N,0O).

Farm systems experimental study

A detailed description of the farmlets is provided
by Stirling et al. (2021a). Briefly, the farmlets were
located at INIA La Estanzuela (34°20'S, 57°41'W,
Uruguay) and aimed at increasing home-grown for-
age harvest to sustain a two-fold increase in stocking
rate relative to the national average. Meteorological
data was recorded at a station 1000 m from the exper-
imental site.

The biophysical and economic performance was
evaluated from June 2017 to May 2019 for the fac-
torial combination of (i) two Holstein—Friesian
cow genotypes, New Zealand (NZHF) and North

American Holstein Friesian (NAHF), with mature
body weights of 479 and 583 kg, respectively, and
(1) two feeding strategies that aimed to attain differ-
ent proportions of grazed pasture vs. silage (pasture
silage + maize silage) in the diet but with the same
level of concentrate (5.3Mg DM ha™! year™). The
Grass Fixed feeding strategy (GFix) diet had a fixed
ratio of 1/3 pasture, 1/3 concentrate and 1/3 silage of
total DMI (Table 1). All supplements were offered as
a partial mixed ration on a feed pad. The Grass Maxi-
mum feeding strategy (GMax) was aimed at maximis-
ing direct grazing and thus had a flexible diet deter-
mined by pasture growth rate. In this strategy, silage
was offered on a feed pad as a buffer in case of pas-
ture shortage, and concentrate (1/3 of total DMI) was
offered individually in the milking parlour.
Pasture-crop sequences comprised: (i) pastures,
either pure tall fescue (Festuca arundinacea) or a
mixed pasture with cocksfoot (Dactylis glomerata)
and lucerne (Medicago sativa), (ii)) annual winter
fodder crops (oats Avena sativa, or annual ryegrass
Lolium multiflorum), and (iii) maize (Zea mays) for
whole-crop silage. In GFix, the pasture-to-crop ratio
in the milking platform area (i.e., the area of the
farmlet potentially grazable by the milking herd) was
60:40; in GMax, it was 80:20. Therefore, pastures
lasted 3.5 years in GFix and 4 to 4.5 years in GMax.
Stocking was always rotational, with daily strips
grazed according to identical grazing management
guidelines in all four treatments. Nitrogen fertilisation
in grass-based pastures (tall fescue, annual ryegrass
and oats) was applied after each grazing using urea
(0.46 N) according to grazing rotation length (1 kg
of N ha™! per day of rotation, applied 48 h pre- or
post-grazing; Rawnsley et al. 2014). Mixed pastures
(cocksfoot with lucerne) were fertilised with N only
from their third year onward, using the same rotation
length rule. Maize crops were fertilised at sowing
with 46 kg of N ha™! and then re-fertilized at the V6
growth stage with 115 kg of N ha~! using urea and
organic fertiliser (i.e., manure), following local rec-
ommendation for target yields of 14-15 Mg DM ha™".

Estimations made with overseer
The Overseer model was used to estimate annual
nitrate leaching, denitrification, ammonia volatili-

sation, and GHG emissions of the four farmlets for
two years. Overseer is a whole farm-scale model
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Table 1 Summary of two
years of biophysical results
for four farmlets with either
Grass Maximum (GMax) or

Farmlet

GMax GFix
NZHF NAHF

Grass Fixed (GFix) feeding NZHF  NAHF
strategies and New Zeal?nd Farm
(NZHF) or North American
Holstein—Friesian (NAHF) Effective area (ha) 11.3 14.1 11.3 14.0
cow genotypes (data from Number of cows 30 30 30 30
Stirling et al. 20212) Stocking rate (cows ha™") 2.7 2.1 2.7 22
Stocking rate (kg live weight ha™") 1,402 1,229 1,413 1,266
Nitrogen fertilisation (kg ha™! yr ~1) 248 216 234 235
Production
Milk solids (fat + protein) (kg ha™! yr ‘1) 1,568 1,379 1,460 1,395
Milk fat (kg ha™! yr 1) 862 771 786 773
Milk solids per cow (kg cow™! yr™!) 521 616 543 602
Feed consumption (Mg DM ha™")
Pasture 6.3 5.2 4.2 3.7
Pasture silage 1.0 1.0 1.7 1.7
Maize silage 3.1 3.0 4.2 4.1
Bought-in concentrate 53 4.7 5.6 5.5
Total feed consumed 15.7 13.8 15.7 15.0

that develops budgets for major soil nutrients (N, P,
K, S, Ca, Mg and Na) and calculates nutrient losses
and on-farm GHG emissions (CO,, CH, and N,0).
The model is constructed from empirical sub-mod-
els, with coefficients derived from data from New
Zealand field experiments. The model has already
been used to assess production systems in Uruguay
(Becofia Lopez et al. 2013) and Argentina (Bilotto
et al. 2019). Nitrogen inputs include fertilisers, sup-
plements, rainfall, and biological fixation. Nitrogen
inputs from brought-in supplements include N in sup-
plements brought to the farm or stored, N in animal
health supplements, or net imports of N into a house
block (to balance those removed as sewage loading).
The amount of biological fixation in legumes (clo-
ver and lucerne), in the absence of added N inputs,
is calculated from annual pasture production, aver-
age legume content in the pasture, and an N fixation
rate. Nitrogen outputs include sold products (milk
or meat), N transferred as animals, and effluents
exported. The model calculates the N surplus—at the
farm (farmlet) scale—by subtracting total N output
from total N input and NUE as the ratio of total N
output to total N input. In the present study, we refer
to (1) whole-farm NUE, defined as total N exported
from the farm and expressed as a percentage of total
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N inputs from fertilisers, supplements, rainfall, and
biological fixation, and (2) animal NUE, defined as N
intake converted into animal products, and expressed
as a percentage of N intake by the animal from crop,
pasture and imported feed (de Klein et al. 2017).

The model was parameterised using local climate
and soil data. Furthermore, most of the N fluxes were
provided to the model from measured farm biophysi-
cal characteristics, namely animal size and number
and their spatial and temporal distribution in pas-
tures, milking parlour and feed pads, feed input from
grazed pasture and silage supplement and concen-
trate, pasture and crop management, fertilisation rate
and timing, and effluent and manure management.
Rainfall, reference Penman—Monteith evapotranspira-
tion (ETo), and temperature were entered as monthly
inputs using 10-yr averages from the local meteoro-
logical station (Fig. 1). Soil texture, soil plant avail-
able water holding capacity, and topsoil and subsoil
chemical and physical parameters were defined using
data from a detailed soil map of the experimental
site. The soil type, corresponding to a Vertisol in the
USDA Taxonomy, was specified as melanic sedimen-
tary with a silt-clayey loam texture for the topsoil and
clayey texture for the subsoil, with 74 mm of plant
available water holding capacity in the top 0.6 m
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(effective rooting zone; see Supplementary material,
Fig. S1). According to the model ranges, the slope
range selected was from 0-7%. Average soil analysis
values for Olsen P, MAF Quick Test (QT) K, Ca, Mg,
Na, and S were entered for each farmlet. Generally,
pastures and crops were not limited by P, K or S sup-
ply but experienced some degree of N deficiency. The
milking platform comprised the areas of pasture and
annual fodder crops, referred to in Overseer as the
“pasture block” and the “annual crop block™, respec-
tively (Fig. 2). The latter includes the corresponding
fallow periods before crop establishment and after

the crops were harvested. For the GMax feeding
strategy, the “pasture block” represented 75% of the
total area and the “annual crop block” 19%. In con-
trast, for the GFix feeding strategy, the pasture block
represented 57% of the total area and the annual crop
block 38%. The sum of laneways, loafing pad, milk-
ing shed and effluent storage systems, referred to as
“off-grazing block™ in this paper, was 6% of the area
in all farmlets.

The dairy effluent system modelled included a
holding pond, with prior separation of solids from
liquids, and was exported off-farm. Following de
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Fig. 2 Schematic depiction of the inputs, processes, and model outputs of the Overseer® Science model
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Klein et al. (2017), this was considered a “negative
input” rather than an output. The uncovered loafing
pad is the area where animals were withheld from
pasture for extended periods, and supplementary
feeds were offered. As the cows spent a high propor-
tion of the time on the loafing pad, the area presented
(i) a bedding area for the cows to lie down and (ii) a
feeding area with a concrete feed pad and floor where
supplementary feed was offered. The bedding area
presented a ground surface (inert surface) without
effluent capture or management. On the feed pad area,
the manure was scraped and stored in a stack with no
water. This manure remained in a stack uncovered
and was applied twice a year as fertiliser during the
spring-fallow period (September and October) before
the maize was sown. The manure was sampled for dry
matter (45% DM) and N (3%) content. On average,
16 kg N ha™! per year were applied as manure, repre-
senting around 7% of annual N applied per ha. Out-
puts from Overseer reported in this paper include the
partition of N surplus into losses as nitrate leaching,
ammonia volatilisation and denitrification, and on-
farm annual CH,, N,O and CO, emissions, expressed
in CO, equivalents per unit land area, per cow, and
per unit of product.

Nitrogen losses

Nitrogen losses to water (leaching, runoff, direct dis-
charge) and the atmosphere (volatilisation and deni-
trification) were modelled independently for the pas-
ture block, the annual crop block, and the off-grazing
block of each farmlet.

Nitrate leaching below 0.6 m (i.e., “below the
effective root zone”) is modelled using transfer func-
tions based on monthly drainage and nitrate concen-
trations in the soil solution. Drainage, which depends
on the hydric balance and thus on evapotranspiration,
precipitation and soil water holding capacity, was an
input (Fig. S2), but the concentration of inorganic N
in the soil solution, which depends on the balance
between immobilisation, volatilisation, denitrifica-
tion and pasture N uptake, was modelled (Selbie et al.
2013). Leaching is modelled separately for urine
patches and other sources (such as faeces and applied
fertiliser, effluents, and other organic additives),
which are collectively referred to as “background”.
For urine, Overseer calculates the monthly deposi-
tion of excreta on grazeable areas and calculates the
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amount leached using a transfer coefficient based on
the pore volume of drainage. For background leach-
ing, the model assumes that the pasture efficiency
retaining N applied as fertiliser or effluent is generally
high but declines in winter.

The proportion of N lost via ammonia volatilisa-
tion from urine patches varies between 0.10 and 0.20
depending on monthly air temperature and wind speed,
evapotranspiration and rainfall, and soil tempera-
ture, moisture, and pH (adjusted by the effect of urea
hydrolysis, Selbie et al. 2013). Ammonia volatilisation
from fertiliser applications includes the effects of daily
precipitation for the month, average monthly tempera-
ture, average monthly soil moisture to 0.6 m (relative
to field capacity), a crop cover factor, soil sand content,
and the type and rate of fertiliser applied.

Denitrification losses are estimated monthly using
an emission factor adjusted for pugging and depend-
ing on soil type, water-filled pore space and tempera-
ture for each day of the month.

To assess the impact of climate interannual
variability on the partitioning of N losses, each
feeding strategy was modelled for 16 meteorologically
contrasting years taken from historical weather
data at the experimental site. Hence, rainfall, ETo,
temperature and drainage were entered as monthly
inputs in 16 independent model runs. Then, a
regression analysis was performed to assess the
sensitivity of the amount of N lost in each pathway
and block. Finally, fitted regression equations were
used to estimate the frequency distribution of N
losses using the entire meteorological database
(1967-2021).

GHG emissions

Overseer estimates the farm’s CH,, N,O and CO,
emissions per source and unit product, expressed in
kg of CO, equivalent (CO,e) per hectare per year,
until the product is ready to leave the farm for pro-
cessing, thus including embodied emissions of feeds
and fertiliser brought into the farm and the emissions
of the activities undertaken on the farm. The GHG
model built within Overseer (Wheeler et al. 2008) is
based on algorithms that include IPCC (2006) emis-
sion factors as used for New Zealand’s Agricultural
National Inventory (MFE 2018) and modified to
include on-farm management practices (Wheeler
et al. 2003).
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The sources of CH, emissions are separated into
enteric, dung and effluent. Enteric CH, emissions are
calculated by multiplying an enteric CH, emission
factor (MFE 2018)xtotal DMI (estimated monthly
from the animal’s metabolisable energy (ME) require-
ment and feed ME content, measured weekly in each
farmlet). Dung CH, emissions are based on dung pro-
duction estimated monthly as the sum of DMI X (1—
digestibility) of each dietary component, accounting
for the number of animals and diet quality. Methane
emissions from stored effluent vary depending on the
effluent management system, including storage and
field application methods.

Nitrous oxide emissions are based on emission
factors for direct N,O losses from excreta in the pad-
dock and effluent excreta, N fertiliser, crop residues,
and indirect emissions from leached N or volatilised
ammonia from the farm (MFE 2018).

The CO, emissions include electricity and fuel,
and the indirect contribution of supplements and fer-
tilisers processing and manufacturing accounted for
using a ‘“cradle to the farm gate” partial life cycle
assessment.

Statistical analysis

Statistical analysis was carried out using JAMOVI
software (The JAMOVI project 2023, Version 2.3).
The farm-gate N balance variable and animal N
intake were analysed using mixed models.

Where Yj; is the dependent variable, p the overall
mean, YR, is the random effect of the year (i=2 yr),
ES; is the fixed effect of feeding strategy (j=GFix or
GMax), G, is the fixed effect of genotype (k=NZHF
or NAHF), (FSXG); is the fixed effect of the inter-
action between feeding strategy and genotype effects,
and ey, is the residual error (random). Fixed effects
were declared statistically significant at P <0.05 and
discussed as trends for 0.05 <P <0.10.

Results
Farm-gate nitrogen balance

Total annual farm N inputs (net of exported efflu-
ents from the milking shed) averaged 315 kg N ha™!
across farmlets and years (Table 2, Fig. 3). There was
a trend for systems with NZHF cows to increase total
N input under the GMax feeding strategy (interaction
FS * G; P=0.053). However, there was no effect of
feeding strategy or genotype, nor their interaction on
the different farm N inputs, N outputs, N surplus, and
NUE.

In all cases, N from fertiliser and bought-in
concentrates were the primary inputs, accounting
for 51% and 47% of total N inputs, respectively.
Biological N fixation and atmospheric deposition
were minor fluxes, always less than 2% of total N
inputs. Total N output in milk and livestock averaged
103 kg N ha™! per year, without difference between
systems.

Net farm N surplus averaged 212 kg N ha~! year™!,
and whole-farm NUE averaged 33%. The ratio of N
export to N intake, a measure of the intrinsic animal
NUE, was much lower than the whole-farm NUE
(24 vs. 33%, respectively, averaged across farms). In
contrast, the ratio of N intake to N input, an index of
N cycling intensity, ranged from 1.38 to 1.46. Both
ratios indicate substantial recycling of N within all
systems. No apparent differences were observed
between cow genotypes or feeding strategies
regarding the N budget results (Table 2).

Composition and distribution of N fluxes within
farmlets

No differences between systems were observed in N
intake from imported supplements and pasture silage
(Table 2, Fig. 3). However, feeding strategy affected
N intake from maize silage and direct grazing. In
the GMax feeding strategy, cows consumed more N
from pasture (208 vs. 142 kg N ha™!, respectively;
P <0.003) and less N from maize silage (41 vs. 56 kg
N ha~!, respectively; P <0.005) than in GFix. There
was also an effect of cow genotype: NZHF cows
consumed more N from pasture than NAHF cows
(189 vs. 161 kg N ha™", respectively; P=0.043).

In the GMax feeding strategy, 49% of the total N
intake was attributed to pasture, with maize silage
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Table 2 Whole-farm nitrogen (N) fluxes measured, and N
losses predicted by the Overseer® Science model parameter-
ised with local soil and climate data for four farmlets with
contrasting feeding strategies (FS) [maximum consumption

from grazed grass (GMax) vs. fixed contribution of grazed
grass to 33% of the animal diet (GFix)] and cow genotypes (G)
[New Zealand (NZHF) vs. North American Holstein—Friesian
(NAHF)]

1

Farmlet Significance

GMax GFix
Item NZHF NAHF NZHF NAHF SEM FS G FSxG
Farm N budget (kg N ha! yr™!)

N INPUTS 343% 312Y 2929 315Y 11.1 0.053 0.625 0.052
Fertiliser 201 190 170 200 13.3 0.429 0.450 0.159
Supplements 179 168 178 175 8.0 0.536 0.202 0.475
Rainfall 2 2 2 2 0.0 1.000 1.000 1.000
Biological fixation 3 5 3 1 0.8 0.314 0.877 0.213
Effluent exported -60 -53 -62 -63 4.3 0.347 0.675 0.512

N OUTPUTS (as product) 106 102 102 104 1.5 0.759 0.759 0.380

N BALANCE 238 210 190 211 12.1 0.112 0.776 0.103

Whole-farm NUE (%) 31 33 35 33 1.38 0.278 0.893 0.379

Cycling intensity (Nintake: Ninput) 1.39 1.35 1.46 1.29 0.035  0.793 0.051 0.159

N fluxes (kg N ha™! yr™!)

N intake from pasture 229 187 150 135 4.9 0.003 0.043 0.269

N intake from pasture silage 24 23 41 40 6.9 0.155 0.900 0.980

N intake from maize silage 43 40 57 56 1.8 0.006 0.411 0.827

N excreta’ 368 317 325 301 6.7 0.022 0.011 0.142

Animal NUE (Nexport/Nintake, %) 22 24 24 26 0.8 0.206 0.102 0.778

"Values in the same row with different superscripts tend to differ (x-y; 0.05 <P <0.10)

2N excreta: N intake — N output (as product)

accounting for 7% and pasture silage 2% of the total N
intake, whereas, in the GFix feeding strategy, N intake
from pasture accounted for 35% of the total N intake,
followed by maize silage at 12% and pasture silage at
7%.

Feeding strategies also affected the spatial localisa-
tion of N fertiliser inputs. In the GMax feeding strategy,
77% of the total imported N fertiliser was applied to the
pasture block, while the remaining 23% was applied to
the annual crop block. In contrast, within the GFix feed-
ing strategy, 58% of the total N fertiliser was applied to
the pasture block, with the remaining 42% allocated to
the annual crop block (Fig. 3). Conversely, both feeding
strategies had the same (comparatively small) amount
of manure applied in the annual crop block.
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Partitioning of N losses: critical pathways, farm areas
and times of the year

Total predicted N loss averaged 247 kg N ha™' per
year across treatments (Table 2; Fig. 3; Fig. 4). The
off-grazing block —comprising raceways, loafing
pad, milking shed and effluent storage systems— was
the primary source of N lost, accounting for 63%
and 58% of total losses in GMax and GFix feeding
strategies, respectively, attributed almost equally
to leaching and volatilisation in both feeding strate-
gies (48 and 43% in GMax, and 41 and 45% in GFix,
respectively).

The pasture and annual crop block areas contrib-
uted differently to total N losses in the GFix and
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Fig. 4 Proportional contribution of different N losses (leach-
ing, volatilisation and denitrification) predicted by the Over-
seer® Science model in the pasture block (green), annual crop
block (orange) and off-grazing block (blue) for farmlets with

GMax feeding strategies because of the contrasting
proportions. In GFix, the annual crop block was the
second source of total N losses, accounting for 25%
of total N losses, whereas GMax accounted for 12%
of total N losses. Conversely, in GMax, the pasture
block was the second source of N losses, contribut-
ing 25% of the total N losses compared to 16% in the
GFix feeding strategy.

Within the annual crop block, nitrate leaching was
the major N loss pathway (63-64% of total losses),
whereas in the pasture block, volatilisation was
the main N loss pathway (49-57% of total losses).
For the annual crop block, nitrate leaching losses
occurred during fallow periods before planting the
maize (Sept-Oct) or the winter grasses (Feb-Mar)
(Fig. 5a). Instead, in the pasture block, nitrate leach-
ing from background losses was evenly distributed
between winter, early spring, and autumn (Fig. 5b).

The (time-weighed) proportional contribution to
total N leaching of the different farm areas was highly
unequal, approaching the Pareto rule: 87 to 90%
of losses were explained by 12 and 18% of the total
(time-weighed) farm area in GMax and GFix, respec-
tively, corresponding to the off-grazing block plus
the fallow period of the annual crop block (Fig. 6).
Within the pasture block area, urine patches occupy
30 and 18% of the total time-weighed area, explain-
ing 6 and 5% of total N leaching losses for GMax and
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contrasting feeding strategies: maximum consumption from
grazed grass (GMax) vs. fixed contribution of grazed grass to
33% of the animal diet (GFix)

GFix, respectively. Pasture and cultivated annual crop
background losses occurred over 58% and 64% of the
area but explained just 7 and 6% of total losses in the
GMax and GFix feeding strategy.

Greenhouse gas emissions

On average, the total farm GHG emission was 14.5
Mg CO,e ha™! yr~!, ranging from 13.8 to 15.3 Mg
CO,e ha™! yr~! (Table 3). The primary GHG was
CH, (56-58% of the total GHG emitted), followed
by CO, (22-25% of the total GHG emitted) and N,O
(19-20% of the total GHG emitted) (Fig. 7).

Total annual GHG emissions from farmlets with
NZHF cows were higher than from farmlets with
NAHF cows (15,067 vs. 13,978 kg CO,e ha™' yr™,
respectively). Conversely, GHG emissions per cow
were higher for the NAHF cows than the NZHF cows
(~7vs. 6 Mg CO,e cow‘l). However, emissions were
similar when expressed per kg of milk solids (9.8 kg
CO,e kg~! milk fat+milk protein).

The primary source of CH, emission was enteric
fermentation (Fig. 7), followed by CO, emissions
from the production, transport, and processing of
bought-in supplements. These two sources explained
almost three-quarters of total GHG emissions. For
N,O, the primary source was the excreta deposited
in paddocks and effluent (44-51% of the total N,O
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Fig. 5 Monthly background nitrate leaching (i.e., not from
urine patches, kg N ha™!) predicted by the Overseer® Science
model in the annual crop block (a) and in the pasture block (b),
in four farmlets with contrasting feeding strategies [maximum
consumption from grazed grass (GMax) vs. fixed contribution
of grazed grass to 33% of the animal diet (GFix)] and cow gen-
otypes [New Zealand (NZHF) vs. North American Holstein—
Friesian (NAHF)]

emitted), followed by indirect emissions (29-35%)
and emissions from synthetic N fertiliser application
(17-21%).

Discussion

A comprehensive whole-farm approach was used
to assess the relative magnitude of various potential
environmental impacts of four intensification paths,
all based on increasing the carrying capacity (i.e.
stocking rate) via enhanced home-grown forage.
Such a strategy is envisaged to maintain or increase
the global competitiveness of rainfed dairy systems
in humid subtropical Uruguay (Farifia and Chilibro-
ste 2019). The approach combined (i) detailed meas-
urements of all N fluxes within farmlets, except for
(ii) excreta distribution and N losses estimated with

100 O
90 r —&—GFix Off-grazing block
-O--GMax
=z 80
3
5 70 t Annual crop block
3 (fallow)
s 60
é 50 | Pasture block
S (urine patches)
9
a 40 Pasture block

(]
)
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30 | Annualcrop (background) '
block P
20 |} (cultivated) /

10 20 30 40 50 60 70 80 90 100
Time-weighed area

Fig. 6 Proportion of leached nitrogen (N) relative to the
time-weight area from the different areas of the farm (pasture
block, annual crop block and off-grazing block) predicted by
Overseer® Science model in farmlets with contrasting feeding
strategies [maximum consumption from grazed grass (GMax)
vs. fixed contribution of grazed grass to 33% of the animal diet
(GFix)]

model-based partitioning of the measured N surplus
into spatial-, temporal- and biochemical-explicit
losses, and (iii) model-predicted GHG emissions
from CH,, N, 0, and CO,.

No specific regional modelling tools are yet availa-
ble for environmental assessments in Uruguay. There-
fore, we adapted the Overseer model from New Zea-
land’s farm systems, parameterised it with local soil
and climate data, and constrained it by providing all
biophysical fluxes except losses and excreta partition-
ing. The limited validation of Overseer in subtropical
climates warrants caution regarding predicted values,
however, inferences in this study serve as an initial
identification of prominent areas, time periods, and
biochemical paths of N losses and as a quantitative
profile of GHG sources. This should help weigh the
relative magnitude of the various potential environ-
mental impacts of intensified hybrid systems in Uru-
guay. Using experience from elsewhere when local
data is insufficient is not uncommon in whole-farm
analyses (e.g. Hoekstra et al. 2020).

Nitrogen loss partitioning in intensified subtropical
dairy systems

Irrespective of cow genotype or feeding strategy, a
significant amount of the N input was not converted
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Table 3 Annual farm-
scale GHG emissions

by source predicted by

the Overseer® Science
model parameterised with
local soil and climate

data for four farmlets

with contrasting feeding
strategies [maximum
consumption from grazed
grass (GMax) vs. fixed
contribution of grazed grass
to 33% of the animal diet
(GFix)] and cow genotypes
[New Zealand (NZHF) vs.
North American Holstein—
Friesian (NAHF)]

100%

90%
80%
70%
60%
50% r
40%
30%
20%

10%

0%

Farmlet
GMax GFix
NZHF NAHF NZHF NAHF
GHG emissions per unit area (kg CO,e ha™! yr‘l) 15,367 13,850 14,766 14,105
Methane (CH,) 8,789 7,974 8,435 7,899
Enteric 8,689 7,882 8,327 7,806
Dung 66 63 48 45
Effluent 34 29 60 49
Carbon dioxide (CO,) 3,439 3,231 3,537 3,515
Supplements (bought-in concentrate) 2,282 2,121 2,368 2,276
Nitrogen fertiliser (inorganic) 770 718 636 739
Fertiliser and organic inputs 119 128 141 127
Fuel 88 81 128 121
Electricity 58 47 58 47
Other 123 138 206 206
Nitrous oxide (N,O) 3,140 2,645 2,795 2,091
Excreta (deposited in paddocks and effluent) 1,609 1,335 1,324 1,189
Indirect emissions 963 769 982 940
Nitrogen fertiliser (inorganic) 567 538 483 556
Crops 2 3 7 7
GHG emissions per animal
kg CO,e cow™! 6,268 6,943 6,026 7,068
GHG emissions per unit product
kg CO,e kg fat protein corrected milk ™ 0.77 0.76 0.76 0.75
kg CO,e kg milk solids™ 9.6 9.7 9.8 9.9
N20 - Crops

CO2 - Electricity
- Fuel
- Other

- Supplements
- Effluent

- Dung

- Enteric

222838888
A A B DO NNNN

NZHF |
GMax

NAHF NZHF

Fig. 7 Proportional contribution of different gases and sources
to farm-scale GHG emissions predicted by Overseer for four
farmlets with contrasting feeding strategies [maximum con-
sumption from grazed grass (GMax) vs. fixed contribution of
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GFix

NAHF

N20 - Indirect emissions

N20 - Nitrogen inorganic fertiliser

®  N20O - Excreta from paddocks and effluent

- Fertiliser and organic inputs
- Nitrogen inorganic fertiliser

grazed grass to 33% of the animal diet (GFix)] and cow gen-
otypes [New Zealand (NZHF) vs. North American Holstein—

Friesian (NAHF)]
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into milk and was, therefore, liable to be lost to the
environment. The average N surplus across the four
intensification strategies was 212 kg N ha™! yr~!,
comparable to values reported for intensified pasture-
based dairy systems from temperate regions such as
New Zealand (Luo and Ledgard 2021; 186-281 kg N
ha_l), Australia (Gourley et al. 2012; 193 kg N ha_l),
Ireland (Buckley et al. 2016; 155 kg N ha_l), and the
Netherlands (Oenema and Oenema 2021; 174-208 kg
N ha™'). These results confirm a trend well-estab-
lished in the literature that increased stocking rates in
pasture-based systems lead to improved milk produc-
tion and economic profit and result in higher farm-
gate N surpluses (Powell et al. 2010; de Klein et al.
2017). Therefore, environmental challenges associ-
ated with intensified pasture-based dairy systems in
humid subtropical climates might be as pronounced
regarding N surplus as those observed in temperate
regions, namely higher losses of reactive N species to
waterways and the atmosphere.

Disaggregating N losses into the different sources,
including urine and dung excretion in the field, fer-
tiliser application and manure storage, has been the
focus of recent research (e.g. Fischer et al. 2016;
Hyde et al. 2016; Harty et al. 2016; Roche et al.
2016; Forrestal et al. 2017). However, fewer stud-
ies have evaluated N loss pathways at a whole-farm
level. Indeed, to our knowledge, this study is the first
approximation to a quantitative whole-farm partition-
ing analysis of the particular chemical forms, areas
within a farm, and times through the year into which
N surplus would be lost in dairy systems in subtropi-
cal humid climates. Further, we compared the effect
of feeding strategy and cow genotype, on which even
examples from temperate regions are scant, and thus,
opportunities for comparison are scarce.

In all evaluated farm systems, leaching and vola-
tilisation were the major N loss pathways (44% and
41% of the total N losses, respectively), while deni-
trification contributed a smaller portion. This con-
trasts with pasture-based dairy systems located in
temperate regions such as Ireland (Burchill et al.
2016; Hoekstra et al. 2020) or New Zealand (Luo
and Ledgard 2021), where ammonia volatilisation
has been identified as the most significant N loss
pathway followed by nitrate leaching from urine
patches. The higher ammonia volatilisation levels
between systems and regions could be explained by
the presence of off-paddock (Luo and Ledgard 2021)

or housing (Hoekstra et al. 2020) facilities with ade-
quate infrastructure to collect the effluent produced.
This, in turn, leads to greater storage and utilisation
of slurry as fertiliser, which is a clear avenue for the
improvement of Uruguayan systems. Another reason
is that in this subtropical region, the climate seems
to exert a major effect on leaching but not on gase-
ous losses. The sensitivity analysis shows leaching
is predicted to vary significantly in response to water
balance (Fig. S3). Had our study been carried out
in years with drier winters and autumns, volatilisa-
tion would have become the main N loss path. These
interactions between sites and climate reinforce the
value of whole-farm modelling to compare systems
quantitatively.

Loafing pads and fallows - major spots of potential N
leaching

Around 60% of the total N losses in the studied sys-
tems occurred from the~6% farm area occupied by
feed/loafing pads, raceways, and effluent stores (i.e.
the off-grazing block). This contrasts with results
from temperate pasture-based dairy systems in which
urinary N deposited onto pastures is commonly iden-
tified as the primary source of N leaching (e.g. Clark
et al. 2007; de Klein et al. 2010). Notably, in New
Zealand pasture-based dairy systems, only 5 to 10%
of the excreta is deposited on concrete in the milk-
ing sheds and neighbouring yards (Luo and Ledgard
2021). Furthermore, leaching within off-paddock
facilities is minimised through proper effluent man-
agement (Powell et al. 2005; Gourley et al. 2012).
The uncovered loafing pad modelled in our study
resembles common facilities found in commercial
dairy farms in Uruguay. These pads consist of a con-
crete feed pad and a bare ground bedding area, lack-
ing drainage or effluent collection. They are used for
cow confinement for silage supplementation during
(substantial) periods of pasture shortage or extreme
weather conditions (INALE 2019).

Effluent draining from such uncovered areas can
significantly pollute ground and surface water due
to high animal densities and manure accumulation
(Houlbrooke et al. 2004). The stocking rate and time
cows spend confined likely contribute to leaching
losses from the loafing pad, as the amount of excreta
deposited is closely tied to animal confinement dura-
tion (White et al. 2001). In our study, the systems had
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high supplementation levels (Table 1), and cows were
confined for a significant portion of time (GMax: 33%
and GFix: 56% of the time; Stirling et al. 2021a).
Although cows in the GFix strategy spent more time
confined per year, N leaching in the off-grazing block
was similar between feeding strategies, possibly
because over the period with positive water balance
(end autumn-early spring; Fig. 1), animals spent most
of their time confined due to pasture shortage (data
not presented).

The simulation analysis emphasises that in inten-
sified hybrid dairy systems located in the subtropi-
cal region, addressing infrastructure limitations is
crucial to mitigate N leaching and prevent water
pollution (Aguerre et al. 2018; Farifia and Chilibro-
ste 2019). Proper regulation and use of off-paddock
facilities, such as stand-off or feed pads, are essential
for sustainable production with higher stocking rates,
protecting soils and cows, and reducing N leaching
and emissions (de Klein 2001; Beukes et al. 2017).

The annual crop area significantly contributed to
overall leaching losses in GFix systems with a higher
proportion of maize and thus shorter-duration pas-
tures in their pasture-crop sequence. Indeed, the sec-
ond source of N leaching occurred within the annual
crop block, specifically when the ground was left fal-
low. Annual crops, like maize, are often associated
with large surpluses of soil mineral N after harvest
and can lead to N losses through leaching (Betteridge
et al. 2007; Beare et al. 2010). The combination of
high levels of post-harvest soil mineral N and rainfall
creates conditions favourable for increased drainage
and N leaching losses below the root zone (Manevski
et al. 2015). The model predicted that N leaching
losses occurred during both fallow periods, before
and after cultivation (Fig. 5a). This agrees with stud-
ies showing that fallow bare soil increases nitrate
leaching risk as the opportunity for plant N uptake
is removed (Mary et al. 1999; Cameron et al. 2013).
Similar findings have been reported in non-grazed
long-term maize cropping systems, with no signifi-
cant losses during the growing season but higher rates
during fallow periods (Tsimba et al. 2021). It needs to
be noted that observed N leaching losses vary dramat-
ically with the soil depth at which losses are meas-
ured; e.g., estimates from suction cups placed in a
maize crop at a 700-mm depth were 3.5 times higher
than those placed at a 1200-mm soil depth (Tsimba
et al. 2021). Additionally, it has been reported that N
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leaching rates in cropping systems increase with pre-
cipitation (Jabloun et al. 2015). In the modelled crop
sequence, the soil was left fallow during the months
with the highest rainfall, September—October and
February—March, which accounted for 42% of the
total annual rainfall (Fig. 1).

Several studies highlight the benefits of incorpo-
rating maize crops into dairy systems from produc-
tivity, agronomic, and environmental perspectives.
However, when considering the land area used for
maize silage production, the inclusion of maize crops
in dairy systems may have a negative impact, leading
to increased whole-farm N leaching losses (Ledgard
et al. 2006; Basset-Mens et al. 2009; Beukes et al.
2017; Luo and Ledgard 2021). This is supported by
various studies emphasising that the inclusion of
input-intensive crops in the sequence, compared to
pasture, not only raises N leaching but also increases
energy use for operations as it requires the use of
urea, other non-N-fertilisers, lime, and diesel for
agricultural operations (Ledgard et al. 2006; Basset-
Mens et al. 2009). To enhance the environmental
performance of systems based on pasture-(double)
crop sequences, strategies such as minimising fallow
duration, and moving them to periods with negative
water balance should be explored. This underscores
the importance of tailoring effective mitigation strate-
gies, specifically for maize cropping in Uruguay, and
stresses the need for field measurements of soil N
levels and losses to develop targeted approaches for
reducing N leaching under local conditions.

Low emission intensity dominated by enteric CH,

To perform a whole-farm assessment of the amount
and sources of on-farm GHG emissions, we used
a model based on the New Zealand GHG inven-
tory (MFE 2018). An alternative approach could
have been to use emission factors (EFs) based on
Uruguay’s National Inventory (INGEI 2020). How-
ever, there is an absence of suitable whole-farm
modelling tools to estimate GHG emissions based on
Uruguay s National Inventory. Therefore, to correctly
interpret the results, it is important to consider the
extent to which similarities and differences between
EFs of the main sources of GHG emissions across
countries would impact our conclusions.

Overseer’’s EF for enteric fermentation is 96.5 kg
CH, head™' yr™! (Tier 2, country-specific), while
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Uruguay reports 108.4 kg CH4 head™! yr~! for dairy
cattle (Tier 2, IPCC 2006). For N,O emissions from
excreta deposited in paddocks and effluent, the N
excretion factor for dairy cattle used in Overseer is
112.8 kg N head™ yr~' (Tier 2, country-specific),
compared to 92.5 kg N head™ yr~' as reported for
Uruguay (Tier 2, IPCC 2006). Both countries employ
an EF of 0.02 kg N,O-N kg N~! for excreta deposited
into paddocks, following Tier 2, IPCC (2006) guide-
lines. Lastly, the emission factor for manure manage-
ment is 0.0025 kg N,O-N kg N~! for New Zealand
(Tier 2, country-specific) and 0.005 kg N,O-N kg N~
for Uruguay (Tier 2, IPCC 2006).

Regarding embodied CO, emissions (processing,
transport, making on farm and feeding) from bought-
in supplements, Overseer allocates an EF of 0.150 kg
CO,eq kg DM™! (for user-defined concentrates) cal-
culated based on life cycle analysis. There is no avail-
able information in Uruguay’s dairy sector regarding
EF of concentrates. Therefore, our analysis based on
New Zealand’s EFs would underestimate CH, emis-
sions (12%), an effect offset by the overestimation
of N,O emissions. Overall, these differences in EFs,
which probably reflect a diet with lower nutritive
value and lesser protein in Uruguayan dairy farms, do
not alter the main inferences made in our study: low
emission intensity dominated by CH,,.

Compared to commercial dairy farms in Uruguay
(c.f. Darré et al. 2021), the four hybrid dairy systems
assessed had higher total GHG emissions (~ 14,523
vs 4,491 kg CO,e) and notably higher CO, emis-
sions (~24% vs~2% CO,) because of greater use of
concentrates and fertiliser. Primary GHG emissions
from dairy farms include CH, and N,O from enteric
fermentation, manure storage and handling, and crop
and pasture land (Rotz 2018). The results of the pre-
sent study suggest that this is only partially true: in
fact, N,O was the minor contributor, and direct emis-
sion from applied fertilisers accounted for~4% of
total GHG emissions.

On the other hand, the assessed intensified hybrid
systems had lower emissions per kg of fat protein
corrected milk (~0.76 vs 1.09 kg CO,e kg™! FPCM;
from Darré et al. 2021). Declines in emission inten-
sity in response to intensification are common and
often attributed to enhanced overall farm efficiency
and production per cow and unit area (e.g. Christie
et al. 2011; Lorenz et al. 2019; Farifia et al. 2024).

Total estimated GHG emissions are within the
range reported for intensive pastoral systems in New
Zealand (Ledgard et al. 2020; Luo and Ledgard
2021), Australia (Christie et al. 2011, 2018) and Ire-
land (O’Brien et al. 2012; Lahart et al. 2021). Com-
pared to similar productivity, the hybrid systems
evaluated in this study had lower GHG emissions per
hectare than pasture-based systems in Ireland (Lahart
et al. 2021) and New Zealand (Adler et al. 2015), as
well as lower emissions per kilogram of milk solids
(c.f 12.5-14.0 kg CO,e kg milk solids™'). This would
largely result from a higher consumption of energy-
dense forages. Indeed, compared to year-round graz-
ing systems with minimal supplementation, the inten-
sified hybrid systems in this study had a profile with
less CH, and more CO, emissions per hectare due to
the use of energy-dense concentrates and maize silage
(c.f. Adler et al. 2015; Ledgard et al. 2020; Lahart
et al. 2021).

Interestingly, NZHF cows were predicted to emit
less kg CO2e than NAHF cows (6.1 vs. 7.0 Mg CO,e
cow™ !, respectively), possibly because of their lower
dry matter intake (18.6 vs. 20.3 kg DM cow ™! day™!;
Stirling et al. 2021a). However, farmlets with NZHF
and NAHF cows had the same emissions per kg of
milk solids because NZHF farmlets were stocked
with more animals per ha (same live weight per ha),
which agrees with previous studies on pasture-based
systems comparing HF genotypes (O’Brien et al.
2010).

Conclusions

The conclusions drawn from this study serve as an
initial identification of significant areas, time periods,
and biochemical pathways of N losses and provide a
quantitative profile of greenhouse gas sources.
Intensification strategies currently envisaged to
maintain or increase the global competitivity of rain-
fed pasture-based dairy systems in humid subtropical
regions, such as Uruguay, include feeding strategies
featuring different pasture durations and proportions
of annual winter-summer crops for silage (e.g. annual
ryegrass-maize) within the pasture-crop sequence and
cow genotypes with varying body sizes. These inten-
sification paths resulted in increased total GHG emis-
sions and significant N surpluses, i.e. N inputs not
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converted into animal products and thus liable to be
lost to the environment.

Nitrate leaching and ammonia volatilisation were
identified as significant pathways for N loss, with
feed/loafing pads identified as the critical hotspot.
Regardless of the feeding strategy or cow genotype,
addressing infrastructure limitations, especially
effluent management in confinement areas, is cru-
cial for mitigating impacts on water courses. Fallow
periods in pasture-crop transitions emerged as the
second most important source of N leaching. There-
fore, systems with higher levels of home-grown
maize silage in the diet would amplify environmen-
tal impacts by increasing fallow areas and excreta
deposition in loafing pads.

The profile of GHG emissions revealed that fer-
tiliser and N,O emissions are comparatively minor
contributors to total GHG emissions, which are
amply dominated by emissions of enteric CH, and
CO, generated by bought-in concentrates. Overall,
the differences in EFs reported do not alter the main
inferences made in our study: low emission inten-
sity dominated by CH,

The conclusions emphasise the need for locally
tailored mitigation approaches and field assess-
ments to address the environmental repercussions of
dairy intensification in humid subtropical climates.
Insights gained on where critical environmental
impacts reside provide a quantitative foundation
for hypotheses to be empirically tested in future
research on mitigation strategies. For instance, it
appears that mitigation options should prioritise a
deeper understanding of N cycling and synchroni-
sation during transitions between annual crops and
perennial pastures. These dynamics, in turn, con-
tribute to identifying which sub-models of existing
modelling tools must be given priority when local
calibration is sought.
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