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Abstract

Intensive dairy farming relies on large inputs of N fertilizer and on the off-farm nitrogen to sustain a high milk
output per hectare, which leads to an overuse of N, and to a reduction of Nitrogen Use Efficiency (NUE). This
multiyear study aims to verify, through a Living Lab approach, on two commercial dairy farms in the Northern
Italy, the effect of planning and managing of a forage system on N balance and NUE. Two periods (3 years
each) before and after the changes in the farm and forage management were considered. The introduction of
legume crops, double cropping, winter crops, and the adoption of early cutting of forages coupled with an
efficient conservation of forages, were adopted on the farms. These actions have improved the uptake potential
of the crops and the recycling of N from livestock to the forage system and back again. Changes in forage
system management allowed to increase the average dry matter yield and N uptake per hectare on both farms,
mainly due to the contribution of alfalfa, Italian ryegrass, and corn harvested as high moisture silage. The N
output from cash crops, forages, and N input from nitrogen fertilizers were reduced on both farms, while the
input from biological N fixation was increased. This resulted in a reduction of around 30% of N surplus on the
farms, and in a higher N efficiency. This study shows that milk production could be intensified, and nitrogen
surplus could be reduced by acting on the management of the forage system and of conservation techniques to
improve feed self-sufficiency, and by relying on the introduction of legume crops and on a reduction of off-

farm nitrogen, through a synergistic Living Lab approach.
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1. Introduction

One of the main assets of making agricultural production systems more sustainable is the efficient use of
resources, including nutrients, and nitrogen (N) in particular (Ramirez and Reheul, 2010). Total N flows in the
environment are managed by many different actors, with livestock breeders and crop producers being by far
the most important (Quemada et al., 2020). Most of intensive dairy farms rely on large inputs of N to produce
sufficient amounts of crop biomass on the utilized agricultural areas (UAA), as well as on the off-farm purchase
of large quantities of protein concentrate feeds (which represent an indirect source of N input on the UAA of
a farm) to sustain a high milk output (Powell et al., 2010; Tabacco et al., 2018). Some extensive/organic
systems rely more on N derived from forage or grain legumes grown on-farm, thus partially mitigating the risk
of N pollution. However, farming systems characterized by high livestock units per hectare purchase most of
protein components of animal diets out of the farms and use large amounts of synthetic N fertilizers for the
crops (Rolando et al., 2024). Therefore, a strong reduction of Nitrogen Use Efficiency (NUE) for several
farming systems around the world has been reported (Lassaletta et al., 2014). In several regions of the world
dominated by livestock production, such as the Po plain in Italy, fertilizers and feeds for animals have
historically been used to maximize livestock and crop productions (Powell et al., 2010; Gislon et al., 2020).
Therefore, most dairy farms have become extremely simplified, as a result of favoring high-yield energy crops,
such as corn (Tabacco et al., 2018), that generally is produced in excess of herd feed requirements. As a
consequence, farms should sell part of the dry grain on the market, whereas they have become dependent on
the off-farm purchasing of feeds to satisfy most of the protein requirements (Borreani et al., 2013; Pasinato et
al., 2023). However, relying on off-farm protein feeds increases the amount of N that enters a farming system
and leads to a higher risk of N surplus. Since animals do not utilize N supplied with feeds efficiently (Huhtanen
and Hristov, 2009), most of the N that enters a dairy system ends up in manure, which is usually then applied
to fields close to the farm or within a few kilometers (0 to 20 km) from the farm center, often exceeding the
amount needed by the crops (Sharpley et al., 2006; Svanback et al., 2019). Moreover, since the transport of
manure is not cost effective, due to the high content of water and low concentration of nutrients, exporting it
from a farm is not a widely viable management option (Sharpley et al., 2006). Even when it has been dewatered,
its transport over long distances cannot be considered a sustainable way of reducing N surpluses, due to the
high energy consumption and costs associated with its transportation (Sharpley et al., 2006). The excessive
input of N as a synthetic fertilizer and/or manure leads to its inefficient use at the cropping system level,
especially when the cropping system has a low N uptake potential. This causes a large surplus and large
potential losses in terrestrial and aquatic ecosystems.

Therefore, managing N appropriately is of great importance (Ros et al., 2023), and adopting best management
practices is the first step toward increasing NUE at the farm level, decreasing use of synthetic N fertilizer, and
losses of N to air, soil and water, without reducing crop productivity (De Notaris et al., 2018; Low and
Osterburg, 2024).

Nutrient balancing approach, and the resulting surplus or deficit, have been recognized as valid indicators of

the risk of nutrient losses to the environment from agricultural activities, and as a monitoring tool to reduce
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these risks (Bauer and Sweers, 2015). They are relatively simple to compute and can give information that are
useful to better understand the nutrient use efficiencies at different agri-environmental scale levels (Oenema
et al., 2003; Ros et al., 2023). Also, NUE has gained recognition as another key indicator that can be used to
assess and monitor the N use in agricultural systems (Quemada et al., 2020). Several management strategies
are available to reduce N surpluses and to improve NUE at the field and farm levels in dairy production systems
(Bersting et al., 2003; Powell and Rotz 2015; Treacy et al., 2008). Among them, the introduction of legume
crops into the forage system and double cropping are suggested as effective ways of achieving these goals, as
they help retain a greater amount of N in the cropping system, facilitate the recycling of N from livestock to
crops and then back again to livestock, and reduce off-farm protein purchases (Peyraud et al., 2014). Alfalfa
is well suited for effectively increasing removal of N from soil, since it is characterized by a deep root system,
perennial growth and long periods of N uptake, a large N requirement, and an overall N removal rates that are
much higher than annual crops such as wheat or corn (Russelle et al., 2007; Singh et al., 2023). Furthermore,
when the N availability in the soil is high, it is well known that N fixation can be reduced or suppressed, and
soil inorganic N diminished the relative proportion of N that is derived from the atmosphere (Russelle et al.,
2007). This characteristic of legumes to facultatively modulate the N> fixation activity may buffer the variable
amount of inorganic N supplied with slurry and manure reducing loss to the environment, while maintaining
high crop yields (Ketterings et al., 2007). Double cropping, which involves autumn-planted winter cereal or
forage grasses followed by spring-planted corn, sorghum or soybean, has been suggested to increase the total
DM yield per hectare, while promoting nutrient uptake (Seifert et al., 2017; Garnier et al., 2016). Annual crops
growing over winter can provide additional forage to feed livestock, protect the soil from erosion, and capture
nitrogen derived from manure application, and, thereby contributing to increasing the amount of N that can be
assimilated in a year by the cropping system.

Finally, it is possible, through the association of an efficient forage conservation technique to an early cutting
schedule of forages, to transfer the greater amount of N taken up by crops to the animals, thus increasing the
amount of N that is cycled within the system. Tabacco et al. (2018) developed the concept of dynamic forage
system, which involves double crops, growing forage legumes in a consistent part of the UAA, and re-
designing crop rotations to develop, through an integrated ethological and agro-ecological approach a more
closed-loop and self-sufficient vegetal and livestock production system.

Conducting long-term on-farm research helps farm managers to test and practice changes across the spectrum
of their operations under real farm conditions (Greene and Kremen, 2003), and allows researchers to monitor
the effects of changing management practices over time (Powell et al., 2010; Tabacco et al., 2018). Thus, a
shared N management plan, which was developed through a synergistic collaboration between farmers,
agronomists, veterinarians, economists, producer organizations, and policy makers was adopted to improve
NUE and reduce N farm surpluses. This plan, which involved taking advantage of an existing Living Lab
(Pasinato et al., 2023) and optimizing the collaboration of two “lighthouse farms”, started from the cropping
system organization and management and continued through the feeding and nutrition management practices.

It was hypothesized that when alfalfa has been introduced into the forage system, cut at early stage of
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development, conserved as silage and utilized efficiently in animal feeding, it could reduce the amount of off-
farm N (both from feeds and fertilizers), and that it could increase the amount of N that was recycled within
the farm from the crops to the livestock.

We therefore conducted an 8-year study, through a Living Lab approach, on two commercial dairy farms
operating in the Po plain in Italy to verify how the adoption of practices to increase the capacity of the farm
system to cycle N within its boundaries, can maintain or increase yields, while reducing N surplus and

increasing the NUE of the studied farms.

2. Material and methods

2.1 The living lab approach

The current study is based on an initiative that is followed by researchers and farmers to respond to a dairy
farm problem (Pasinato et al., 2023) which, in this case, concerned nitrogen pollution, according to the
demands of consumers and policy makers. Considering the complexity of the topic, the Living Lab approach
involved the coordination, development, and structuring of initiatives aimed at the simultaneous search for
solutions to address problems not only at the field scale but also at a larger scale, i.e. at the whole farm level.
The main issues and needs that emerged from the discussions between the members of the Living Lab
concerned the reduction of environmental impacts and the need to increase the efficient use of inputs. In this
context, the collaboration between the researchers and farmers had the objective of reducing the nitrogen
surplus at the farm level and increasing the NUE. Furthermore, threshold values were defined for these
objectives, in a process of continuous improvement of the farms, to achieve surpluses of less than 100 kg/ha
and NUE of more than 0.50. This work reports the results obtained on two commercial farms which adopted
an approach that dealt with all needs and problems discussed in the Living Lab. The role of the research group
was to coordinate the activities by continuously searching for scientific evidence and necessary information,
according to the specific needs of each farm. The farm managers and researchers worked together over a long
study period (8 years), applying changes to management of the cropping system, methods of forage
conservation, herd feeding and organic and synthetic fertilization, following a transdisciplinary and integrated

strategy, with the aim of achieving the objectives set over the years.

2.2. Selection of the farms

An eight-year study was conducted on two dairy farms in the Po Plain (Piedmont, Italy; Figure 1). The farmers’
willingness to adopt new and innovative management approaches to their forage systems, to the feeding and
nutrition of their herds, to the use of livestock slurry and N fertilization, were considered as a key factor in the
farm selection process. Both farms (FARM 1 and FARM 2), which at the beginning of the study period were
representative of conventional dairy farm management practices in the area of the study, had undertaken a
collaboration with the University of Turin (Forage Team) and ARAP (Extension Service of the Regional
Breeder Association of Piedmont). Both farms raise Holstein cows (with an average weight from 620 to 710

kg), that were kept indoors all year round in a free stall barn and fed total mixed rations (TMR) and zero-
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grazing. On average 125 and 101 Holstein cows were reared on FARM 1 and FARM 2, respectively, without
any practical change over the 8-year study. Replacement herds were composed on average by 31 and 32 dry
cows, 40 and 47 calves with more than 12 months, 96 and 114 calves with less than 12 months, on FARM 1
and FARM 2, respectively. FARM 1 and FARM 2 cultivated on average 83 and 64 ha, respectively.

Farmers were asked to change the management of their forage system by changing the crop destinations, the
harvesting schedules, and the conservation methods, the herd nutrition practices, and the management of
livestock slurry and of the synthetic N fertilization (Table 1).

A PRE- and a POST- evaluation period were considered in the study to assess the effects of the adoption of
the innovative management on N surplus and NUE at the farm scale, and to understand how the forage system
could increase the potential of cycling N within its boundaries. The farms were evaluated before any changes
had been made over a period of 3 years (PRE, years 1 to 3), and then were evaluated again over the period of
3 years (POST, years 6 to 8) after the management practices that had been planned by the Living Lab had been
introduced. A period of 2 years (years 4 and 5) was considered as a transition period between the PRE and
POST evaluation periods.

The prevailing soil textures in the horizon 0 to 30 cm were loam and sandy-loam for FARM 1 and FARM 2,
respectively, and the soils were well drained and deep on both farms (Table 2). The field elevation ranged from
228 to 237, and from 308 to 318 m above sea level on FARM 1 and FARM 2, respectively. The studied areas
are in a temperate sub-continental weather zone. The mean annual temperature is around 12.2°C, with 700 to
1000 mm of rainfall per year (30-year average). Most of the rainfall occurred in two periods (October-
November and April-May). Both farms irrigate their crops by means of surface irrigation, which, on average,
is conducted 0 to 3 times for alfalfa, 3 to 5 times for permanent and rotational meadows, and 3 to 6 times for

corn.

2.3.  Data collection

The organization of the forage systems (crops grown, harvesting management, and forage conservation
methods) was recorded for each crop on both farms for each year of the study. Truck-scales located on the
farms were used to record the fresh matter yield for each harvested grain and forage. The sum of the weights
of all the loads from each field were used to calculate the fresh yield of each harvested crop. Composite samples
from forages and feeds produced on-farm were taken to evaluate the DM and N contents, in order to calculate
the DM yield and the N uptake of each crop. The DM yield and N uptake values were then referred to one
hectare of farm UAA. Routinely (twice a month on average), at the total mixed ration preparation time, all
feeds produced on farm were sampled from different silage bunkers, homogeneous lots of baled silage, hay or
grain to evaluate the DM content and the nutritional characteristics. Furthermore, each TMR load was weighed
and all weights recorded digitally throughout the year. Information about manure delivery (time of spreading,
soil injection or broadcast, hours before soil incorporation) and synthetic N fertilizer applications was recorded
for each crop field. Manure and slurry were sampled 6 times a year during spreading operations. The bulk milk

was sampled four times each month to assess milk composition.



2.4.  Nitrogen balances and use efficiencies

The difference between the total input and output of N, computed on an annual basis, was used to calculate the
farm-gate N balance (Oenema et al., 2003; Gourley et al., 2012). The difference between N inputs minus
outputs, resulted in a surplus (positive values) or deficit (negative values). N surplus or deficit were expressed
on the tillable area (kg N/ha) and per megagram of product (fat and protein corrected milk, FPCM, IDF, 2015).
These two outcome measures allow monitoring assessments to be conducted over time through annual
evaluations (Cela et al., 2015). The nitrogen inputs taken into account were derived from purchase invoices
(synthetic fertilizers, animal feeds) and sales invoices (milk, animal, manure and crops) by considering the
exact amounts of products in the filed documents and multiplying each amount by its N content. All the N
contents were derived from direct analyses of each product, except for animals exported from the farms, for
which standard values of N were used. Since no direct measurement was available for biological fixation of
legume crops grown on the two farms, we decided to retrieve values from a 3-year experiment conducted in
the same environment where FARM 1 and FARM 2 were located (Borreani et al., 2003). These authors
(Borreani et al., 2003) estimated, on soils that had not received slurry or manure for more than 20 years, an
average amount of N fixed by symbiotic activity in alfalfa of 325 kg N/ha per year (range from 121 to 336 kg
N/ha), corresponding to an average N fixation rate of 65% (range 55% to 69%). Nitrogen fixed by legumes
forages (mainly white and red clover) on permanent meadows were estimated from the same study (Borreani
et al., 2003), who reported average values of 160 kg N/ha (116-248 kg N/ha) for a pure legume stand with an
N fixation rate of 51-78%. Over a year, the proportion of white and red clover on the total biomass of permanent
meadow ranged from 20% to 30% in both farms. An average amount of N fixed of 40 kg/ha was then utilized
as reference value. Values for soybean were retrieved from Goss et al. (2002), with an average amount of 170
kg N/ha per year (N fixation rate of 60%).

NUE was calculated as the ratio between the N outputs and the N inputs. In this case, it was determined by
considering the global farm scale as the system boundary (Powell et al., 2010; Low and Osterburg, 2024), or
as inputs and outputs expressed for each tonne of FPCM milk (kg N/t FPCM).

2.5. Chemical analysis

Forage and grain samples were split into two sub-samples for determination of DM content and for qualitative
analyses. The first sub-sample was dried in a ventilated oven at 80°C for 48 hours for DM content
determination. The second sub-sample was dried at 65 °C to a constant weight in a forced-air draft oven for
further analyses. The dried sample, after being air equilibrated, was ground in a Cyclotec mill (Tecator,
Herndon, VA, USA) to pass a 1 mm screen for qualitative analyses. A total nitrogen (TN) analysis was carried
out according to the Dumas combustion method (method number 992.23, AOAC, 2005). The CP content of
each feed was then calculated on the basis of the TN analysis results (NT * 6.25). Nutritional analysis of
forages and feeds were evaluated through Near Infrared Reflectance spectroscopy (Complete-NASEM
package, Dairyland Laboratories inc., Arcadia, W1, United States).



The bulk milk samples were analyzed for fat, lactose, protein, casein, and urea contents by infrared

spectroscopy (MilkoScan FT6000; Foss Electric A/S, Hillerod, Denmark).

2.6 Sensitivity analysis

Because of the uncertainties in the input values used to estimate the N balance in terms of annual N biological
fixation for alfalfa, soybean, and permanent meadows, we examined the sensitivity of the N balance to the
variation of values adopted for this parameter. A sensitivity analysis was performed to identify how the
variability of values for annual biological N fixation could influence the N balance and the NUE at the farm
level. A range of values from minimum to a maximum, as found in the literature were considered in the analysis.
Annual N biological fixations were set to: 121, 325 and 500 kg N/ha (Singh et al., 2023), 71, 170 and 300 kg
N/ha, 12, 40 and 150 kg N/ha, for alfalfa, soybean, and permanent meadows, respectively.

2.7. Statistical analysis

Data regarding farm characteristics, nitrogen balance and efficiency were analyzed separately for each FARM.
Differences between PRE and POST periods were analyzed by means of paired t-test, and the significance was
reported for a probability level of 0.05. The Shapiro-Wilk test was utilized to verify the normality of the data.
The Package stats version 4.3.2 of R software (R version 4.0.3, R Core Team, 2020) was used for all the

statistical analyses.

3. Results

Table 3 reports the achievement of the goals proposed in the Living Lab discussion for both farms. The
variations, from PRE to POST periods, regard the cropping system management, forage conservation
techniques, herd feeding, organic and synthetic fertilization. Many of the planned goals were attained to a
greater extent than the intended targets, such as developing an agronomic and feeding plan based on herd
requirements, growing forage legume on UAA, adopting cutting schedule set to an earlier stage of growth for
alfalfa, Italian ryegrass and permanent meadows, substituting haymaking with ensiling for all forage crops,
harvesting corn as whole ear silage instead of whole crop silage or dry grain, increasing farm self-sufficiency
in terms of protein feeds and reducing milk urea nitrogen. Some planned goals were only partially attained,
such as sale on the market of crop products in excess of herd requirements, grouping milking cows for milk
yield level (on farm 2), slurry injection on the whole farm UAA and avoiding the use of N synthetic fertilizer
on crop other than corn.

Average milk production, dairy efficiency and milk quality of the two studied farms are reported in Table 4
for the PRE and POST periods. During the studied period, individual milk production (kg of milk/cow/d), feed
efficiency (kg of milk/kg DM intake) and the milk intensity (t FPCM/ha) increased in both farms. The N
requirements for animal diets increased due to the increased milk yield on both farms. Diets for milking cows
changed on the basis of the feeds produced on both farms and on the basis of milking groups (early- and late-

lactation cows) only for FARM 1, as showed in supplementary Table S1. The milk quality showed no
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significant differences in fat content on both farms, whereas protein content was slightly higher on FARM 2
in the POST period. The milk urea decreased from PRE to POST period in both farms. The N input due to
purchasing feeds out of the farm slightly increased in both farms. However, the proportion of N from purchased
feed on the total N requirements of the herd decreased from 55% to 43% and from 53% to 43%, in FARM 1
and 2, respectively.

Table 5 reports the proportion of the UAA occupied by crops constituting the forage systems of the 2 farms in
PRE and POST periods. The proportions of Italian ryegrass, high moisture corn, and alfalfa increased from the
PRE to POST period on both farms. On the other hand, a reduction of the surface dedicated to whole crop corn
silage, winter cereals, and soybean was achieved. The permanent meadow remained almost constant on both
farms. In the PRE period, corn was harvested as whole crop silage or, when corn silage requirements of the
herd have been satisfied, as dry grain. In the PRE period, some of the corn or wheat grains were produced in
excess of animal requirements and they were sold on the market. The management of permanent meadows and
alfalfa in the PRE period involved to cut forage three to four times a year at a late stage of maturity and
conserved it as hay. Italian ryegrass was cut in late spring (at flowering stage, mid-May) and conserved as hay.
In the POST period, the corn harvested as whole crop silage decreased, whereas the corn harvested as whole
ear silage increased with a consistent reduction of the fiber content (NDF) of the product and an increase of
energy concentration per unit of product. Thanks to a specific agronomic and feeding planning, corn production
never exceeded the feeding requirements of the herd, thus reducing/avoiding the need to sell part of it as dry
grain. Alfalfa was introduced in the forage system of FARM 1 or grown in a greater proportion in FARM 2.
The early cutting adopted for both alfalfa and permanent meadows improved fiber quality and energy
concentration in forages. Therefore, from six to seven cuts per year were made at an early stage of growth
(every 20 to 25 days of regrowth with the first cut made before April 15) and harvested it as wilted silage (40%
to 50% DM). Italian ryegrass was harvested once or twice a year as wilted silage (40% to 50% DM) at boot
stage in mid-April (mid-May for second harvest).

The average DM yield of the crops of the forage systems on the studied farms are reported in Table S2. The
average DM yield per UAA hectare increased in both farms from PRE to POST periods (18.2 vs. 18.6 on Farm
1 and 16.8 to 17.5 t DM/ha on Farm 2). The adoption of an early cutting schedule and the reduction of harvest
losses due to the adoption of ensiling instead of haymaking, determined an increase in DM yield and N uptake
(meaning CP for animal feeding) for alfalfa on FARM 2, and for permanent meadows on both farms (Figure
2). Adoption of ensiling also increased the net energy for lactation (NEL) and the amount of DM of harvested
forages (alfalfa, Italian ryegrass and permanent meadows). Moreover, the changes resulted in higher average
content of CP and NEL relative to 1 kg of DM produced on farm (Figure S1).

The contribution of each crop to N uptake for one hectare of UAA (kg N/ha) is reported in Figure 3 for the
PRE and POST periods on the two farms. The average N uptake per hectare increased from the PRE to POST
period on both farms. When concerned together, alfalfa, Italian ryegrass, and permanent meadows increase
their contribution to average N uptake per hectare, from 22% to 47%, and from 33% to 63% of the total N
uptake, from the PRE to POST period on FARM 1 and FARM 2, respectively.



The amount of N entering the farm with synthetic fertilizer and type of fertilizers that were purchased are
reported in Table 6. The overall amount of synthetic N fertilizer was reduced on both farms from the PRE to
the POST period (-44% and -51%, for Farm 1 and 2, respectively). The amount of N from ammonium nitrate
was almost halved on FARM 1 and reduced near to zero on FARM 2. In contrast of Living Lab suggestions,
FARM 1 only partially reduced N broadcasted to winter cereals and permanent meadows from the PRE and
POST periods (data not shown). FARM 2 reached the planned goal and did not broadcast any synthetic N
fertilizer to winter cereals and permanent meadows in the POST period. All N derived from complex fertilizers
were reduced to 0 on both farms. Purchase of diammonium phosphate slightly increased on FARM 1 and
remained almost constant on FARM 2 and was utilized on corn at seeding (from 18 to 34 kg of N per hectare).
The total amount of urea (conventional and slow-release together) was reduced on both farms (-48% and -26%,
for FARM 1 and FARM 2, respectively). Both farms utilized urea on corn; however, FARM 1 reduced the
amount broadcasted to the corn crop from 176 to 86 kg of N/ha, whereas FARM 2 only reduced the amount
of urea from 154 to 127 kg of N/ha, although the recommended by the Living Lab was a greater reduction
(data not shown). In general, the proportion of UAA that not received synthetic N fertilizers increased in both
farms (from 7 to 25% and from 16 to 48%, on FARM 1 and 2, respectively).

The N balance and nitrogen efficiency of the two farms for the PRE and POST periods expressed per hectare
or tonne of fat and protein corrected milk are reported in Tables 7 and 8. The N output of milk increased from
the PRE to POST period on both farms. The N output of cash crops sold on the market was reduced on both
farms. The total N output was reduced by 16% on FARM 1 and remained almost constant on FARM 2. The N
input due to purchased feeds remained almost constant on both farms, whereas synthetic N fertilizers were
reduced. The estimated biological N fixation increased from the PRE to POST period, due to a higher
proportion of legumes grown on the UAA on both farms. As a consequence, N surplus was reduced by 28.4%
(65 kg N/ha) and 27.4% (72 kg N/ha) in the POST than in the PRE period on FARM 1 and FARM 2,
respectively.

When the N inputs were expressed per tonne of milk (Table 8), a reduction in N from the purchased
concentrates and forages, and synthetic fertilizers, and an increase in N from biological fixation were observed
from the PRE to POST period. The N output per tonne of milk was lower in the POST than PRE period on
both farms. However, the N efficiency was higher in the POST than in PRE period on both farms.

The results of the sensitivity analysis performed to assess how different estimations of the amount of N
biologically fixed by legumes can influence N efficiency and N surplus are reported in Table 9. When N input
due to biological fixation was set to a minimum it resulted in a higher N efficiency value, that is, 0.57 and 0.60
in the POST period, and lower N surplus per ha, that is, 143 and 146 kg/ha on FARM 1 and 2, respectively.
The increase to a maximum of the estimated amount of N biologically fixed did not change the positive

direction of the results, but only the magnitude of the differences.

4. Discussion
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Scenario analyses and the implementation of management actions, through the Living Lab approach, suggest
that it is possible to increase the N uptake capacity of a forage system in a dairy farm. The amount of N that
cycles from field crops through feeds to animal diets and back to crop fields with manure, could be greatly
increased thus reducing the annual surplus of N and increasing the NUE of a dairy farm at a farm gate level.
The current study adopted a holistic approach that involved farmers, agronomists, economists, and nutritionists,
which make proposals and decisions to develop a shared management planning to improve the N use efficiency
and reduce N surplus at the farm gate. Moreover, it defined the thresholds that had to be achieved (less than
100 kg/ha of N surplus and a greater NUE than 0.50), in a process of continuous improvement of the farm
management practices, by optimizing the forage system, mineral and organic fertilization, forage harvesting
and conservation, herd nutrition and feeding strategies. Soberon et al. (2015) and Cela et al. (2015) showed
that livestock density, N imported in the form of animal feeds and synthetic fertilizers, the amounts of
homegrown feeds and their quality, and use efficiency of feed N are among factors that can positively improve
the N balance of dairy farms. Pellerin et al. (2017) showed that up to 33% of reduction in the N whole-farm
balances is feasible, with a minimal effect on the net income of a farm when feeding and cropping strategies
are considered together rather than when are optimized as independent management units. In the current study,
the Living Lab participants (farmers, agronomists, nutritionists and researchers) developed an agronomic and
feeding plan based on precise estimation of herd requirements, with the aim to produce feeds with specific
nutritional characteristics and not in excess of animal needs. Furthermore, it has been suggested to farmers to
adopt slurry injection and timing fertilizer application to crop uptake, when possible, and do not utilize
synthetic N fertilizer on any cultivated crop except for corn, to better satisfy crop nutrient needs and enhance
N uptake efficiency.

Research work on commercial dairy farms poses some critical management and organizational issues linked
to the farmers’ willingness to adopt the management practices that are defined as a result of Living Lab
activities and decisional processes (Jager et al., 2022). In particular, some practices, such as growing more
crops in the forage system, changing the cutting frequency and introducing new harvesting/conservation
management options (ensiling instead of haymaking), are perceived as being easier to apply (Franzluebbers
and Martin, 2022); some others, such as the optimization of slurry management and the reduction of synthetic
fertilizer use, are accepted less willingly, for historical reasons linked to the common farm practice of applying
synthetic fertilizers in excess of the crop needs, without giving credit to the nutrients already applied with
manure and slurry (Beegle et al., 2000). For these reasons, the reduction target in synthetic N fertilizer use, (0
kg N/ha), as planned in the Living Lab proposal, has not been met, and it should be one of the main goals of
future activities on the two studied farms.

All the changes to the management practices were performed while considering that it was not possible to
change the stocking rate (on average 2.9 and 2.8 LU/ha on Farms 1 and 2, respectively) over the study period.
It was showed by previous studies that decreased stocking rates are commonly associated with a decreased
purchasing of off-farm supplementary protein feeds and, as a consequence, N surpluses decrease and N use

efficiency increases, which in turn results in a lower risk of N loss to the environment (Powell and Rotz, 2015).
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Furthermore, Sharpley et al. (2006) suggested that exporting manure out of the farm agricultural area over a
long distance was not a feasible and economic management practice, and thus an unsustainable way of reducing
N surpluses.

The results of the current study show that it is possible, without exporting more manure from the farm and
maintaining the same stocking rate, to increase the milk production intensity, and to reduce the N surplus at
the farm level and per tonne of milk produced. The management changes introduced in this research included
an increase in the proportion of alfalfa on the UAA (from 0 to 10%, and from 9 to 16% of the UAA, on Farms
1 and 2, respectively) and the increase of the use of double-cropping (winter cereal followed by sorghum, or
Italian ryegrass followed by corn) instead of growing wheat or corn as the sole crop over the year. Changes in
the crop destination and conservation method, related to a shift to whole ear corn silage instead of dry corn
grain, the scheduling of the cutting frequency at an early stage of growth for all the grass and legume forages,
and their conservation through ensiling instead of haymaking were made with the main goal of increasing the
average amount of protein (nitrogen) uptake from each hectare of the forage system adopted on the dairy farms.
Alfalfa resulted in an uptake of more than 500 kg N/ha, when harvested at early growth stages and conserved
through ensiling instead of hay (Figure 3), thereby confirming results from Singh et al. (2023), who showed
that the N removal of this crop can sometimes exceed 600 kg/ha, and from Kelner et al. (1997), who showed
an N removal of 174 and 466 for the first and third years of production, respectively.

Italian ryegrass, double-cropped with corn for whole ear silage production, increased the amount of N
harvested per hectare, when compared to the N uptake from the corn or winter cereal that were grown as the
only crop in a year, and which were harvested as dry grain or whole crop silage. Double cropping has frequently
been reported to increase forage production, while promoting nutrient uptake on UAA and increasing nutrient
use efficiency, thereby offering an opportunity of increasing the quantity of manure that can be spread per unit
of land (Ranck et al., 2019), divided in more spreading periods over the year.

Furthermore, the increase of the frequency of cutting (at an early growth stage) of permanent and temporary
meadows that resulted in an increase in the amount of N harvested with forages (Figure 3), agrees with data
showed by Reyes et al. (2015). In general, cutting forages at early stages of growth increases the amount of N
that can be harvested per hectare. This is because the cumulative curve of N uptake in annual forage crops,
from seeding to maturity, typically follows a sigmoidal curve, with the highest rate of N uptake occurring
during the vegetative growth phase. As the crop enters the reproductive stage, N uptake levels off, either being
redistributed from vegetative to reproductive tissues or diluted in the overall increase in biomass (Lemaire et
al., 2008).

When these partial improvements in N uptake capacity of the crops are considered all together, it can be seen
that the adopted forage system resulted in an increased overall uptake of N that were 31% and 12% greater in
comparison to the PRE study period for Farm 1 and 2, respectively.

In the current research, the amounts of forages conserved by ensiling increased on both farms, resulting in
increased forage quality, either in CP and NEL concentration (per unit of DM) and CP and NEL yields per

hectare. Several studies have shown that well-preserved forages, harvested at an early stage of growth and
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conserved through ensiling, could partially replace purchased protein supplements without negatively affecting
milk production, and in some cases, even enhancing it (Randby et al., 2012; Pasinato et al., 2023). This is
particularly important when high producing dairy cows (i.e. Frisian or Brown Swiss) are bred on farm because
they require feeds with high concentrations of protein and energy as daily DM intake is often a limiting factor
(Eastridge, 2006; Pulina et al., 2020). In the current study, the inclusion in the cow rations of high-quality
forages allowed the reduction of the purchased protein per tonne of FPCM by 18% and 16% on Farm 1 and 2,
respectively. A reduction in the amount of N that enters the system through purchased feeds and a reduction
of N surplus per ha or per tonne of FPCM was observed on both farms, because both farms increased self-
sufficiency in terms of protein utilized in livestock feeding. Although in the POST period, the amount of N per
tonne of FPCM that left the farm was reduced, the calculated N surplus was lower on both farms. Thanks to
the accurate agronomic and feeding planning, all feeds produced in the farm had been utilized for feeding
animals, instead of being sold out of farm. The complete use of feeds produced on-farm contributed to
increasing the amount of N that cycled within the system and to lowering the N that entered the system in the
form of purchased feeds.

Furthermore, an increase in the UAA cultivated with alfalfa determined a reduction in N entering the system
as synthetic N fertilizers. Relying more on legume N fixation allowed a more flexible management of N
fertilization and offered a greater possibility of lowering the amount of N that entered the system. The final
result was that the overall N efficiency on both farms was enhanced and the N surplus was reduced. Lassaletta
etal. (2014) reported that farms with a better NUE are those that based their crop production more on N derived
from biological N fixation than from synthetic N fertilizers. Peel and Loveras (1994) pointed out that, for
similar stocking densities, cropping systems in which the main N source is from cropped legumes have a better
NUE than cropping systems that rely more on purchased fertilizers.

In our study, thanks to the great amount of N removed from the system by alfalfa, it was clearly shown that
the reduction of N surplus would probably be of greater magnitude, if a lower N fixation rate had been
considered. Forage legumes are not usually N fertilized, and their N fixation rate may vary, and a field grown
with a forage legume usually has a N balance that could be set up near to zero (Russelle and Birr, 2004).
Legumes increasingly fix N if the soil mineral N content does not meet the crop needs. This is extremely rare
on dairy farms due to the large mineral N available from the heavy organic fertilization and high organic matter
content in the soil that leads to fast N mineralization due to favorable C/N ratio. It has been reported that when
nitrate in the soil is enough to satisfy crop N needs, or livestock slurry is applied to alfalfa, the amount of N
biologically fixed is reduced (Phillips and DeJong, 1984; Peterson and Russelle, 1991; Daliparthy et al., 1994),
whereas the amount of N removed by the crop is not affected or is even enhanced (Singh et al., 2023). This
capacity of alfalfa and of legumes in general to modulate the biological fixation activity in relation to the
available N in the soil, may increase the use efficiency of N that enters the system, thereby improving farm N
balance and the NUE (Ketterings et al., 2007; Lamb et al., 1995). In the sensitivity analysis, when the amounts
of N fixed per hectare by grain and forage legumes grown on the two farms were reduced to minimum values,

the NUE of the system would have increased on both farms (0.58 and 0.61) and the surplus decreased to around
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140 kg N/ha. The sensitivity analysis also showed that even when N biological fixation was set to maximum
values, the effect of the overall system management, as described in the current paper, would be positive both

resulting in decreased N surplus per farmed hectare and increased NUE of the whole farm.

5. Conclusion

It may be concluded that when the capacity of the forage system to uptake N is enhanced, relying on more
forage legumes and double cropping on the UAA, and adopting highly efficient harvest and conservation
systems, leads to the possibility of reducing the purchase of both synthetic N fertilizer and feed protein
concentrates. The results from our research show that the assessments of how N is used on dairy farms, through
a holistic Living Lab approach, allows to develop recommendations and to adopt practices that would allow
increased NUE and reduced N surpluses to be achieved at the farm level, without changing the existing farm
structural characteristics (e.g. lowering the number of animals reared per hectare of utilized agricultural area)
and contributing to increase the environmental sustainability of dairy sector. Finally, to support strategic
management and achieve desired outcomes, public action and agricultural policies are essential for promoting
a shift to new management practices. These practices should integrate forage system organization, crop
harvesting and conservation, nitrogen fertilization calibration, and herd nutrition optimization, rather than

treating each component separately.

Acknowledgments

The study was partially funded by the Agritech National Research Center, which received funding from the
European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR) —
MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 — D.D. 1032 17/06/2022, CN00000022). This
manuscript only reflects the authors’ views and opinions, and neither the European Union nor the European
Commission can be considered responsible for such views.

The authors would like to thank the farms for participating in the Living Lab program.

The authors declare no conflict of interest.

CRediT Author Stetement

Ferrero Francesco: Conceptualization, Methodology, Formal analysis, Investigation, Data Curation, Writing -
Original Draft;

Tabacco Emesto: Conceptualization, Methodology, Formal analysis, Investigation, Data Curation, Writing -
Original Draft;

Rolando Gabriele: Formal analysis, Investigation, Data Curation, Writing - Original Draft;

Borreani Giorgio: Conceptualization, Review & Editing, Supervision, Funding acquisition.

14



References

AOAC International, 2005. Official Methods of Analysis. 18th ed. AOAC International Gaithersburg MD.

Bauer, A., Sweers, W., 2015. Status of nutrient bookkeeping in the Baltic Sea countries. Report No. (UBA-

FB) 002225. Umweltbundesamt. https://helcom.fi/media/publications/Status-of-nutrient-bookkeeping-
in-the-Baltic-Sea-countries-1.pdf. (Accessed 16 November 2023).

Beegle, D.B., Carton, O.T., Bailey, J.S., 2000. Nutrient management planning: justification, theory, practice.
J. Environm. Quality. 29, 72-79.

Borreani, G., Coppa, M., Revello-Chion, A., Comino, L., Giaccone, D., Ferlay, A., Tabacco, E., 2013. Effect
of different feeding strategies in intensive dairy farming systems on milk fatty acid profiles, and
implications on feeding costs in Italy. J. Dairy Sci. 96,6840-6855. https://doi.org/10.3168/jds.2013-6710.

Borreani, G., Tabacco, E., Grignani, C., 2003. Quantificazione dell’azotofissazione nelle leguminose

foraggere. Riv. Agron. 37, 21-31.

Barsting, C.F., Kristensen, T., Misciattelli, L., Hvelplund, T., Weisbjerg, M.R., 2003. Reducing nitrogen
surplus from dairy farms: effects of feeding and management. Livest. Prod. Sci. 83, 165-178.

Cela, S., Ketterings, Q.M., Czymmek, K., Soberon, M., Rasmussen, C., 2015. Long-term trends of nitrogen
and phosphorus mass balances on New York State dairy farms. J. Dairy Sci. 98, 7052-7070.
https://doi.org/10.3168/jds.2015-9776.

Daliparthy, J., Herbert, S.J., Venema, P.L.M., 1994. Dairy manure application to alfalfa: crop response, soil
nitrate, and nitrate in soil water. Agron. J. 86, 927-933.

De Notaris, C., Rasmussen, J., Sorensen, P., Olesen, J.E., 2018. Nitrogen leaching: a crop rotation perspective
on the effect of surplus, field management and use of catch crops. Agric. Ecosyst. Environ. 255, 1-11.
https://doi.org/10.1016/j.agee.2017.12.009.

Eastridge, M. L. 2006. Major advances in applied dairy cattle nutrition. J. Dairy Sci. 89, 1311-1323.

Franzluebbers, A.J., Martin, G., 2022. Farming with forages can reconnect crop and livestock operations to

enhance circularity and foster ecosystem services. Grass. Forage Sci. 77(4), 270-281.
https://doi.org/10.1111/gfs.12592.

Garnier, J., Anglade, J., Benoit, M., Billen, G., Puech, T., Ramarson, A., Passy, P., Silvestre, M., Lassaletta,

L., Trommenschlager, J.M., Schott, C., Tallec, G., 2016. Reconnecting crop and cattle farming to
reduce nitrogen losses to river water of an intensive agricultural catchment (seine basin, France): past,
present and future. Environ. Sci. Policy. 63, 76-90. https://doi.org/10.1016/j.envsci.2016.04.019.

Gislon, G., Ferrero, F., Bava, L., Borreani, G., Dal Pra, A., Pacchioli, M.T., Sandrucci, A., Zucali, M.,
Tabacco, E., 2020. Forage systems and sustainability of milk production: Feed efficiency,
environmental impacts and soil carbon stocks. J. Clean. Prod. 260, 121012.
https://doi.org/10.1016/j.jclepro.2020.121012.

Goss, M.J., de Varennes, A., Smith, P.S., Ferguson, J.A., 2002. N, fixation by soybeans grown with different
levels of mineral nitrogen, and the fertilizer replacement value for a following crop. Can. J. Soil Sci. 1,

139-145. https://doi.org/10.4141/S01-003.

15



Gourley, C.J.P., Dougherty, W.J., Weaver, D.M., Aarons, S.R., Awty, .M., Gibson, D.M., Hannah, M.C.,
Smith, A.P., Peverill, K.I., 2012. Farm-scale nitrogen, phosphorus, potassium and sulfur balances and
use efficiencies on Australian dairy farms. Anim. Prod. Sci. 52, 924-944.
https://doi.org/10.1071/AN11337.

Greene, C., Kremen, A., 2003. U.S. Organic Farming in 2000-2001: Adoption of Certified Systems. AIB-

780. Economic Research Service, U.S. Department of Agriculture.

Huhtanen, P., Hristov, A.N., 2009. A meta-analysis of the effects of dietary protein concentration and
degradability on milk protein yield and milk N efficiency in dairy cows. J. Dairy Sci. 92, 3222-3237.
https://doi.org/10.3168/jds.2008-1352.

International Dairy Federation, 2015. A common carbon footprint approach for the dairy sector. The IDF
guide standard life cycle assessment methodology. Bulletin of the International Dairy Federation,
Brussels, 479/2015.

Jager, F., Rudnick, J., Lubell, M., Kraus, M., Miiller, B., 2022. Using Bayesian Belief Networks to Investigate
Farmer Behavior and Policy Interventions for Improved Nitrogen Management. Environ. Manag. 69, 1153—
1166. https://doi.org/10.1007/s00267-022-01635-6

Kelner, D.J., Vessey, J.K., Entz, M.H., 1997. The nitrogen dynamics of 1-, 2- and 3-year stands of alfalfa in a
cropping system. Agric. Ecosyst. Environ. 64, 1-10.

Ketterings, Q.M., Frenay, E., Cherney, J.H., Czymmek, K.J., Klausner, S.D., Chase, L.E., Schukken, Y.H.,
2007. Application of manure to established stands of alfalfa and alfalfa-grass. Forage and
Grazinglands, Available online doi:10.1094/FG-2007-0418-01-RV.

Lamb, J.F.S., Barnes, D.K., Russelle, M.P., Vance, C.P., Heichel, G.H., Henjum, K.I., 1995. Ineffectively
and effectively nodulated alfalfas demonstrate biological nitrogen fixation continues with high
nitrogen fertilization. Crop. Sci. 35, 153-157.

Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J., Garnier, J., 2014. 50 year trends in nitrogen use
efficiency of world cropping systems: the relationship between yield and nitrogen input to cropland.

Environ. Res. Lett. 9, 105011. https://doi.org/10.1088/1748-9326/9/10/105011.

Lemaire, G., Jeuffroy, M.H., Gastal, F., 2008. Diagnosis tool for plant and crop N status in vegetative stage:
theory and practices for crop N management. Eur. J. Agron. 28, 614-624.
https://doi:10.1016/j.ja.2008.01.005

Low, P., Osterburg, B., 2024. Evaluation of nitrogen balances and nitrogen use efficiencies on farm level of
the German agricultural sector. Agric. Syst. 213, 103796. https://doi.org/10.1016/j.agsy.2023.103796.

Oenema, O., Kros, H., de Vries, W., 2003. Approaches and uncertainties in nutrient budgets: implications for
nutrient management and environmental policies. Eur. J. Agron. 20, 3-16.
https://doi.org/10.1016/S1161-0301(03)00067-4.

Pasinato, S., Ferrero, F., Rolando, G., Comino, L., Tabacco, E., Borreani, G., 2023. A Living Lab approach

for sustainable intensification of dairy production: A case study of an organic and a conventional farm in

northern Italy. Eur. J. Agron. 149, 126904. https://doi.org/10.1016/j.eja.2023.126904.

16



Peel, S., Lloveras, J., 1994. New targets for sustainable forage production and utilisation. In ‘t Mannetje, L.,
Frame, J. (Eds). Proceedings of the 15" General Meeting of European Grassland Federation, Wageningen,
35-47.

Peyraud, J.L., Taboada, M., Delaby, L., 2014. Integrated crop and livestock systems in Western Europe and
South America: a review. Eur. J. Agron. 57, 31-42.

Pellerin, D., Charbonneau, E., Fadul-Pacheco, L., Soucy, O., Wattiaux, M.A., 2017. Economic effect of
reducing nitrogen and phosphorus mass balance on Wisconsin and Québec dairy farms. J. Dairy Sci. 100,
8614-8629. https://doi.org/10.3168/jds.2016-11984.

Peterson, T.A., Russelle, M.P., 1991. Alfalfa and nitrogen cycle in the Corn Belt. J. Soil Water Conserv. 46,
229-235.

Phillips, D.A., DeJong, T.M., 1984. Dinitrogen fixation in leguminous crop plants. In: Huck, R.D. (Ed.),
Nitrogen in Crop Production. ASA, Madison, WI, pp. 121-132.

Powell, J.M., Rotz, C.A., 2015. Measures of nitrogen use efficiency and nitrogen loss from dairy production
systems. J. Environ. Quality. 44(2), 336-344. https://doi.org/10.2134/jeq2014.07.0299.

Powell, J.M., Gourley, C., Rotz, C.A., Weaver, D.M., 2010. Nitrogen use efficiency: a potential performance
indicator and policy tool for dairy farms. Environ. Sci. Pol. 13(3), 217-228.

Pulina, G., Tondo, A., Danieli, P.P., Primi, R., Crovetto, M.G., Fantini, A., Macciotta, N.P.P., Atzori, A.S.,
2020. How to manage cows yielding 20,000 kg of milk: technical challenges and environmental
implications. Italian Journal of Animal Science 19, 865-879.

Quemada, M., Lassaletta, L., Jensen, L.S., Godinot, O., Brentrup, F., Buckley, C., Foray, S., Hvid, S.K.,
Oenema, J., Richards, K.G., Oenema, O., 2020. Exploring nitrogen indicators of farm performance among
farm types across several European case studies. Agric. Syst. 177, 102689.

R Core Team, 2020. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria.
Ramirez, E., Reheul, D., 2010. Variables influencing nitrogen surplus of dairy farms in Flanders. Agron.
Sust. Develop. 30, 789-795. https://doi.org/10.1051/agro/2010012.

Ranck, E.J., Holden, L.A., Dillon, J.A., Rotz, C.A., Soder, K.J., 2019. Economic and environmental effects of
double cropping winter annuals and corn using the Integrated Farm System Model. J. Dairy Sci. 103, 3804-
3815. https://doi.org/10.3168/jds.2019-17525.

Reyes, J., Schellberg, J., Siebert, S., Elsaesser, M., Adam, J., Ewert, F., 2015. Improved estimation of

nitrogen uptake in grasslands using the nitrogen dilution curve. Agron. Sustain. Dev. 35, 1561-1570.

https://doi.org/10.1007/s13593-015-0321-2.

Rolando, G., Ferrero, F., Pasinato, S., Comino, L., Giaccone, D., Tabacco E., Borreani G., 2024. Comparison
of frameworks for defining land occupation considering on-farm and off-farm feed production on Italian

dairy farms. J. Dairy Sci. Accepted for publication.

17



Ros, M.B.H., Olivia, F., Godber, A.J.O., Kristan, F., Reed, Q., Ketterings, M., 2023. Key nitrogen and
phosphorus performance indicators derived from farm-gate mass balances on dairies. J. Dairy Sci. 106,
3268-3286, https://doi.org/10.3168/jds.2022-22297.

Russelle, M.P., Entz, M.H., Franzluebbers, A.J., 2007. Reconsidering integrated crop—livestock systems in
North America. Agron. J. 99, 325-334. https://doi.org/10.2134/agronj2006.0139.

Russelle, M.P., Birr, AS., 2004. Large scale assessment of symbiotic dinitrogen fixation by crops: Soybean
and alfalfa in the Mississippi River Basin. Agron. J. 96(6), 1754-1760. https:/doi-org.
/10.2134/agronj2004.1754

Seifert, C.A., Roberts, M.J., Lobell, D.B., 2017. Continuous corn and soybean yield penalties across hundreds
of thousand fields. Agron. J. 109, 541-548. https://doi.org/10.2134/agronj2016.03.0134.

Sharpley, A.N., Daniel, T., Gibson, G., Bundy, L., Cabrera, M., Sims, T., Stevens, R., Lemunyon, J., Kleinman,
P., Parry, R., 2006. Best management practices to minimize agricultural phosphorus impacts on water
quality. U.S. Department of Agriculture, Agricultural Research Service, ARS—163, 50 pp.

Singh, A., Afzal, T., Woodbury, B., Wortmann, C., Igbal, J., 2023. Alfalfa in rotation with annual crops
reduced nitrate leaching potential. J. Environ. Quality. 52, 930-938. https://doi.org/10.1002/jeq2.20473.
Svanbick, A., McCrackin, M.L., Swaney, D.P., Linefur, H., Gustafsson, B.G., Howarth, R.W., Humborg, C.,

2019. Reducing agricultural nutrient surpluses in a large catchment- links to livestock density. Sci. Total
Environ. 648, 1549-2155. https://doi.org/10.1016/j.scitotenv.2018.08.194.
Tabacco, E., Comino, L., Borreani, G., 2018. Production efficiency, costs and environmental impacts of
conventional and dynamic forage systems for dairy farms in Italy. Eur. J. Agron. 99, 1-12.

https://doi.org/10.1016/j.€ja.2018.06.004.

Treacy, M., Humphreys, J., Namara, K.M., Browne, R., Watson, C.J. 2008. Farm-gate nitrogen balances on
intensive dairy farms in the south west of Ireland. Irish J. Agric. Food Res., 47, 105-117.

18



Figure captions

Figure 1. Location of the two studied farms.

Figure 2. The 3-year cumulated DM and CP yields from alfalfa and permanent meadows in the PRE and POST
periods in FARM 1 and FARM 2.

Figure 3. Average N uptake (kg/ha) and contribution of each crop to N uptake for one hectare of UAA (kg/ha)
on the two farms in the PRE and POST periods (2™, a summer crop followed a winter crop in the same year).
Values of N uptake of permanent meadows, alfalfa, and Italian ryegrass are reported in detail in the arrowed

boxes.
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Table 1. Variations of the cropping system management, crop destinations, forage conservation techniques,

herd feeding, organic and synthetic fertilization from the PRE to POST periods on the two studied farms.

Intervention field

Changes in management practices planned by the Living Lab

Cropping system

Forage production
and conservation

Herd feeding
strategies

Slurry management

Fertilization
management

Increase the proportion of forage legumes (alfalfa) on the UAA

Increase/maintain the proportion of double cropping on the UAA

Agronomic and feeding planning with the aim of devoting all the UAA to produce
livestock feeds instead of growing surplus crop that should be sold on the market
Increasing on-farm self-sufficiency for protein components in animal rations to
improve N cycling on farm

Adoption of an early cutting schedule for alfalfa, Italian ryegrass, and permanent
meadows

Adoption of ensiling instead of haymaking for all forage crops

Whole ear corn silage and stalk silage to replace whole crop corn silage

Whole crop corn silage fiber component replaced with high quality forages (ensiled
alfalfa, Italian ryegrass and permanent meadows)

Precision feeding by grouping dairy cows by parity (primiparous and multiparous) and
days in milk (early or late lactating cows)

Fine tuning of protein content of each diet for each livestock category aiming at
reducing protein supply and excretion of urea and increasing N use efficiency
Adoption of slurry injection or immediate soil incorporation after spreading
Synchronize spreading practices with crop uptakes

Fine tuning of N fertilization in relation to crop uptake defined on previous farm DM
yield level (for corn) and no use of synthetic N fertilizer on Italian ryegrass, sorghum,
winter cereal, permanent meadows and alfalfa

Valorization of livestock slurry and N credits from legumes, with the aim of
reducing/avoiding the use of synthetic N fertilizer also on corn

DM, dry matter; UAA, utilized agricultural area.
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Table 2. Average soil characteristics (+standard deviation) on the two studied farms.

FARM 1 FARM 2
Textural class loam sandy-loam
Sand (%) 44+6.2 49+10
Silt (%) 43+5.0 38+12
Clay (%) 13+1.4 13+4.0
pH 6.3+0.1 6.8+0.4
Organic matter (%) 2.4+0.5 2.0+0.8
Nitrogen (%) 1.6+0.3 1.5+0.3
C/N ratio 8.6+1.2 9.0£3.5
Available phosphorous (ppm) 41+£5.0 55+19

Exchangeable potassium (ppm) 118436 170+102




Table 3. Goals attained by the two studied farms over the study period.

Goal FARM 1 FARM2
Agronomic and feeding planning based on herd requirements Yes Yes
Introduction/Increase of UAA grown with alfalfa Yes Yes
Corn harvested as whole ear silage instead of whole crop silage or dry Partial Yes
grain

Cutting schedule set to an earlier stage of growth for alfalfa, Italian Yes Yes
ryegrass, and permanent meadows to replace fiber from stover whole

corn crop

Adoption of ensiling instead of haymaking for all forage crops Yes Yes

Reducing production and sale on the market of crop products in excess
of herd requirements

Increasing on-farm self-sufficiency for protein components in animal
rations

Grouping cows for level of production or parity

Increase N use efficiency in cow feeding and decrease milk urea
nitrogen

Adopt slurry injection and/or immediate soil incorporation

Better timing with crop uptakes

Avoiding use of synthetic N fertilizer on crops

Partial (-62%)

Yes (from 45 to
57%)

Yes

Yes

Partial (on 54%
of the UAA

Yes

Partial (from 7%
to 25% of the
UAA)

Partial (-42%)

Yes (from 47 to
57%)

No

Yes

Partial (on 42%
of the UAA)
Yes

Partial (from
16% to 48% of
the UAA)

UAA, utilized agricultural area.
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Table 4. Utilized agricultural area (UAA), milking cows, milk yield and quality, N herd requirements and

percentage of N requirements that was purchased from the market, on the two farms in the PRE and POST

periods.
FARM FARM
1 2

PRE POST SE P-value PRE POST SE P-value
UAA (ha) 76.3 87.6 2.77 0.008 64.3 63.4 0.20 <0.001
Milking cows (n) 123 126 0.87 0.074 99 102 1.15 0.289
Stocking rate (LU/ha) 291 2.86 0.33 0.110 2.76 2.78 0.27 0.256
Milk production intensity (t FPCM/ha) 14.8 16.8 0.47 0.004 17.8 22.3 1.01 <0.001
Milk yield (kg FPCM/cow/d) 25.1 32.0 1.56 <0.001 31.8 38.2 1.49 0.002
Feed efficiency (kg FPCM/kg DMI) 1.17 1.37 0.05 <0.001 1.34 1.51 0.04 <0.001
Milk protein (g/100 g) 3.50 3.51 0.003 0.614 3.36 3.47 0.003 0.043
Milk fat (g/100 g) 3.89 4.13 0.002 0.358 3.86 3.92 0.001 0.118
Milk urea (mg/dl) 24.7 17.9 1.93 <0.001 23.8 21.8 1.00 0.113
N requirements for animal diets (t/farm/y) 31.35 43.50 2.79 <0.001 27.44 35.06 1.92 <0.001
N in purchased feeds (t/farm/y) 17.33 18.81 4.58 0.049 14.62 15.21 5.00 0.111
N in purchased feeds (% of N requirements) 553 433 2.81 <0.001 53.5 43.4 2.51 0.010

FPCM, fat and protein corrected milk; LU, livestock units; SE, standard error of the mean.
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Table S. Proportion of farm utilized agricultural area (UAA) for each crop grown on the two farms in the PRE

and POST periods.
FARM 1 FARM 2
PRE POST PRE POST

Italian ryegrass (as hay or silage) 0.42 0.44 0.09 0.17
Corn grain / high moisture corn 0.31 0.49 0.43 0.51
Whole crop corn silage 0.38 0.12 0.18 0.04
Winter cereal grain 0.20 0.14 0.07 0.00
Winter cereal silage - 0.04 0.11 0.06
Sorghum silage - 0.09 0.01 0.03
Soybean grain 0.07 - 0.01 -

Alfalfa meadow (as hay or silage) - 0.11 0.15 0.25
Permanent meadow (as hay or silage) 0.05 0.04 0.16 0.15
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Table 6. Type and amount of N entering the farm with synthetic fertilizers in the PRE and POST period on

the two farms.

Type of fertilizer FARM 1 FARM 2

PRE POST PRE POST
Ammonium nitrate 4555 2825 1672 176
N from complex fertilizers 1554 64 2766 0
Diammonium phosphate 972 1533 1287 1188
Slow-release urea 8055 3619 5007 1300
Conventional urea 920 1027 1012 3128
Total N from synthetic fertilizers 16056 9068 11744 5792
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Table 7. Nitrogen balance (kg/ha) computed at the farm gate on the two farms in the PRE and POST periods.

FARM 1 FARM 2

PRE POST SE P-value PRE POST SE P-value
N output
Milk 81.5 91.6 2.37 0.002 93.8 121.4 6.22 <0.001
Meat 9.8 11.7 0.70 0.098 154 15.2 0.85 0.449
Surplus crops sold 53.2 17.6 8.46 0.003 313 18.5 6.66 0.197
Slurry 79.2 68.5 2.61 0.005 58.2 59.1 0.20 0.049
Total N output 224 189 8.62 0.009 199 214 5.80 0.108
N Input
Purchased concentrates and
forages 228 215 5.55 0.246 227 240 8.10 0.256
Purchased synthetic
fertilizers 211.1 103.9 25.1 0.001 182.7 91.4 22.7 0.008
Biological N fixation 13.6 347 5.20 0.006 51.6 74.1 5.31 0.002
Total N input 452 353 24.1 0.005 462 405 17.9 0.061
N Surplus 229 164 16.4 0.014 263 191 22.6 0.011

SE, standard error of the mean.
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Table 8. Nitrogen balance expressed on fat protein corrected milk (kg N per t FPCM) and N efficiency on the
two farms in the PRE and POST periods.

FARM 1 FARM 2

PRE POST SE P-value PRE POST SE P-value
N output 15.1 11.2 0.88 <0.001 11.1 9.6 0.42 0.047
Milk 5.5 5.4 0.42 0.554 5.3 5.4 0.33 0.165
Meat 0.7 0.7 0.02 0.348 0.9 0.7 0.01 0.010
Surplus crops sold 3.6 1.0 0.27 0.001 1.8 0.8 0.06 0.025
Slurry 53 4.1 0.35 0.002 33 2.6 0.27 0.001
N input 30.4 20.9 2.20 0.001 25.8 18.1 1.85 0.006
Purchased concentrates and forages 153 12.7 0.41 0.002 12.7 10.7 0.55 0.052
Purchased synthetic fertilizers 14.2 6.1 1.86 <0.001 10.2 4.1 1.49 0.009
Biological N fixation 0.9 2.1 0.30 0.013 29 33 0.13 0.103
N surplus 154 9.7 1.37 0.007 14.7 8.5 1.58 0.023
N efficiency (kg N out/kg N in) 0.50 0.54 0.01 0.043 0.43 0.53 0.03 0.047

SE, standard error of the mean.
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Table 9. Sensitivity analysis to assess the effect of adopting different values for nitrogen biological fixation

on N use efficiency (NUE) and N surplus on the two farms in the PRE and POST periods.

FARM 1 FARM 2

PRE POST PRE POST
Total N output (kg) 17027 16580 12778 13570
Total N input (kg)
Biological fixation MAX 35523 33288 32738 29743
Biological fixation MIN 33806 29097 27656 22852
N use efficiency (kg N out/kg N in)
Biological fixation MAX 0.48 0.50 0.39 0.46
Biological fixation MIN 0.50 0.57 0.46 0.60
N Surplus (kg/ha)
Biological fixation MAX 243 191 310 255
Biological fixation MIN 221 143 231 146

Values of minimum (MIN) and maximum (MAX) annual nitrogen biological fixation utilized were: 121 and

500 kg N/ha for alfalfa; 71 and 300 kg N/ha for soybean; 12 and 170 kg N/ha permanent meadows.
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Figure 1. Location of the two studied farms.
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Figure 2. The 3-year cumulated DM and CP yields from alfalfa and permanent meadows in the PRE and POST
periods in FARM 1 and FARM 2.
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on the two farms in the PRE and POST periods (2™, a summer crop followed a winter crop in the same year).

Values of N uptake of permanent meadows, alfalfa, and Italian ryegrass are reported in detail in the arrowed

boxes.
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Table S1. Ration composition (averaged over the 3-year study period) fed to lactating cows in the PRE and

POST periods in the two farms.

FARM 1
PRE POST Early lactation Late lactation
(7811.1 cows) (4711.6 cows)
Feed (kg DM/d per cow) s.d. Feed (kg DM/d per cow) s.d. s.d.
Corn silage 7.99 1.6 Italian ryegrass silage 4.05 1.2 6.15 2.5
Italian ryegrass hay 2.25 1.8 Alfalfa silage 3.98 1.8 4.05 0.4
Permanent meadow hay 1.17 0.3 Permanent meadow silage 0.78 1.1 1.69 2.4
Corn meal 4.28 0.2 Whole ear corn silage 735 0.2 1.89 0.1
Soybean meal 3.39 0.3 Corn meal 450 0.6 5.04 0.5
Molasses 0.35 0.3 Soybean meal 3.47 0.2 1.89 0.1
Concentrate and mineral mix (17% CP) 2.00 0.4 Mineral and vitamins 0.53 0.1 0.45 0.1
DM intake (kg /d per cow) 21.4 0.2 DM intake (kg /d per cow) 2465 0.6 21.16 0.3
3
Nutritional characteristics Nutritional characteristics
Crude protein (% DM) 16.0 0.6 Crude protein (% DM) 16.5 0.5 15.5 0.3
NDFom (% DM) 314 13 NDFom (% DM) 242 13 27.6 0.5
Starch (% DM) 315 21 Starch (% DM) 320 33 22.8 1.1
Net energy for lactation (MJ/kg DM) 6.67 0.1 Net energy for lactation (MJ/kg DM) 734 0.2 6.71 0.1
FARM 2
PRE POST
Feed (kg DM/d per cow) s.d. Feed (kg DM/d per cow) s.d.
Corn silage 9.38 0.6 Alfalfa silage 8.56 1.6
Permanent meadow hay 2.16 0.2 Italian ryegrass silage 1.05 1.8
Alfalfa hay 0.56 0.8 Permanent meadow silage 0.75 1.3
Italian ryegrass silage 2.09 2.0 Whole ear corn silage 7.55 0.9
Alfalfa baled silage 0.86 1.2 Corn meal 3.20 0.9
Corn meal 3.97 0.0 Soybean meal 2.34 0.6
Soybean meal 1.83 0.7 Distillers grains 1.22 0.2
Concentrate and mineral mix (35% CP) 2.69 0.5 Mineral and vitamins 0.45 0.0
Extruded lineseed 0.20 0.1 Fats 0.25 0.0
DM intake (kg /d per cow) 23.7 0.6 DM intake (kg /d per cow) 25.37 0.7
4
Nutritional characteristics Nutritional characteristics
Crude protein (% DM) 16.3 0.4 Crude protein (% DM) 17.2 0.6
NDFom (% DM) 346 0.7 NDFom (% DM) 252 1.1
Starch (% DM) 262 0.2 Starch (% DM) 284 11
Net energy for lactation (MJ/kg DM) 6.25 0.1 Net energy for lactation (MJ/kg DM) 722 0.1
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Table S2. Average DM yield (t/ha) on the two farms in the PRE and POST periods.

FARM 1 FARM 2
PRE POST PRE POST

Whole crop corn silage - - 25.1 -
Corn grain 11.6 12.1 11.7 11.9
Italian ryegrass (hay/silage) 8.3 8.4 8.2 7.3
Triticale silage - 8.1 7.5 -
Wheat silage - - - 11.8
Soybean grain 3.0 - - -
High moisture corn silage - 15.1 15.7 153
Alfalfa meadow (hay/silage) - 16.1 9.6 16.2
Permanent meadow (hay/silage) 10.3 12.1 12.1 14.8
Wheat grain 7.1 5.4 6.3 -
Whole crop corn silage 2" 20.9 213 25.6 20.4
High moisture corn silage 2" - 15.1 14.8 15.3
Corn grain 2 - 12.0 - 12.0
Panicum hay/silage 2" - - 5.0 -
Sorghum silage 2" - 7.1 8.0 8.0
Soybean grain 2™ 34 - 3.0 -
Wheat straw 5.7 4.3 6.2 -
Corn stalks - 2.1 23 2.2
Average 18.2 18.6 16.8 17.5

2" summer crop succeeds to a winter crop in the same year.
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Figure S1. Crude protein contents (CP, % DM) and Net Energy for Lactation (NEL, MJ/kg DM) of home-
grown feeds utilized to formulate diets for lactating cows in the PRE and POST periods in the two farms. The

last two columns show average value of CP and NEL relative to 1 kg of DM produced on farm.
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