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Abstract: Monoculture systems depend on high nitrogen (N) fertilisation. Incorporating
legumes into forage crops offers a sustainable alternative with agronomic and economic
benefits. This study assesses the impact of legumes in fodder systems, evaluating yield, N
use efficiency (NUE), and profitability while identifying the best cropping strategy under
semi-arid conditions. The experiment, conducted at Herdade da Comenda, Elvas, Portugal,
used a split–split-plot randomised block design to analyse N doses, forage species, and
irrigation. Economic metrics, including costs, net revenue, return on investment, and risk
analysis, were also assessed. Moderate N doses (120 kg ha−1) resulted in significantly higher
NUE (15.67 kg kg−1 N) than higher doses (200 kg ha−1), which yield only 1.40 kg kg−1 N
(p < 0.05), particularly in mixed fodder crops. Irrigation improved N absorption, crop nutri-
tion, and yield, leading to higher profitability despite increased initial costs. Agronomically,
irrigation and N doses influenced yield and nutrient uptake, while no significant differences
were observed between different forage crops in terms of yield or NUE. Economically, the
irrigated mixed crop showed the highest return on investment (ROI = 247.37 EUR ha−1),
whereas ryegrass presented lower financial risk (BE = 2213.24 kg ha−1) due to lower estab-
lishment costs. Yield was the strongest predictor of net profit (R2 = 0.89). Looking ahead,
optimising N management, irrigation strategies, and mixed grass–legume crops will be
crucial to maximising economic returns while minimising environmental impacts.

Keywords: management; environment; grass–legume; net revenue; yield; modelling;
profitability; data-analysis
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1. Introduction
Farmers usually resort to excessive nitrogen (N) fertilisation to ensure high productiv-

ity, contributing to the contamination of aquifers. The European Union has regulated this
issue through Directive 91/676/EEC [1], which sets limits on nitrogen doses to be applied
to crops in nitrate-vulnerable zones, obliging good agricultural practices to be adopted.
One way to mitigate the negative impacts of excessive N fertilisation is by adopting mixed
cropping systems, particularly those involving legumes, which enhance N fixation and soil
health. The use of legumes in forage mixed crops has emerged as a sustainable alternative,
bringing both agronomic and economic benefits. Intercropping systems generally show
higher overall productivity per unit land area compared to monocultures, due to better
resource utilisation in terms of space, light, and nutrients [2–4]. They benefit from biological
N fixation, which can lead to significant cost savings and environmental benefits [2,3,5].
Legumes in intercropping improve soil health by enhancing microbial activity and enzyme
functions, increasing soil organic carbon, total soil N, and microbial biomass, which are
beneficial for nutrient cycling, soil fertility, and long-term soil health [6,7].

Long-term sustainability is supported by the reduced need for chemical fertilisers and
improved soil structure [4,6]. Studies have shown that intercropping can improve N use
efficiency (NUE) and reduce N losses through volatilisation and runoff [2]. Mixed cropping
systems, such as grass–legume mixtures, enhance soil nitrogen levels and improve soil
physical properties, leading to better water infiltration and soil tilth [8,9]. Intercropping
systems have been shown to improve water use efficiency (WUE), which is crucial in arid
and semi-arid regions [10,11].

Mixed crop systems often result in higher net profits compared to monocultures [12].
Although intercropping has several economic implications, particularly in terms of labour
and resource management, it can offer economic advantages over monoculture systems.
Generally, the success of intercropping systems depends on the careful management of
crop combinations, seeding densities, and timing, which can be complex and require more
knowledge and planning [13,14]. While intercropping can increase overall productivity,
individual crop yields may be reduced due to competition for resources. For example,
groundnut yields were reduced when intercropped with cereal fodders like pearl millet
and sorghum [15]. However, intercropping systems often offer economic advantages by
allowing multiple crop harvests and more efficient use of land. This is often quantified
using the land equivalent ratio (LER), which compares the productivity of intercropping to
sole cropping. An LER greater than 1 indicates that intercropping is more efficient and can
help offset production costs, even when individual crop yields decline [16]. Some authors
affirm that despite the increased labour requirements, the overall economic benefits often
outweigh these additional costs [17].

To determine the best strategy for crop selection, irrigation, and N dose in challenging
Mediterranean edaphoclimatic conditions, several factors need to be considered, including
water availability, crop type, and the efficient use of N. In Mediterranean regions, selecting
crop types must consider climatic challenges such as droughts and high evapotranspiration.
Local landraces and cultivars adapted to these conditions often perform better [18,19]. High
temperatures can significantly impact crop yields. Crops like oats and barley have shown
varying degrees of adaptation to high temperatures and drought conditions [18,19]. Early
flowering and maturity can help crops avoid the most severe heat and drought periods. For
example, certain oat landraces and durum wheat cultivars have been selected for their early
flowering traits [18,20]. In terms of water management, supplemental and deficit irrigation
can help mitigate the effects of low rainfall. Efficient irrigation practices are essential
for crops like wheat and barley to maintain yields under water-limited conditions [21,22].
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Ref. [23], for example, integrating early sowing, minimum tillage, and efficient weed control
can optimise crop productivity under changing climatic conditions [21,22].

Considering these challenges, this study adopts an integrated approach to assess the
agronomic and economic impact of incorporating legumes into fodder crops. Specifically, it
aims to (1) analyse the influence of these systems on productivity, forage quality, and NUE;
(2) investigate their economic feasibility by comparing costs and benefits with conventional
annual ryegrass monocultures; and (3) identify optimal cropping strategies by evaluating
the complex interactions among crop selection, irrigation regime, and N dose, particularly
within the challenging edaphoclimatic conditions of the Mediterranean region. Further-
more, this research aims to elucidate the synergistic relationships between key agronomic
and economic variables, providing foundational insights for the development of more
sustainable and profitable forage production systems and informing the design of future
predictive models for N fertilisation management.

2. Materials and Methods
The methodology of this study had three main components. The first was the imple-

mentation of the crop response plot experiments as described in [24]. This implementation
considered three main factors to be varied: crop (monoculture of annual ryegrass vs. grass–
legume mixed fodder crop), irrigation (irrigated vs. rainfed) and three N levels to be
tested (N0, N1, N2), applied as ammonium nitrate (27% N). In this way, several possible
combinations were analysed.

The second component was the manual collection of samples to assess the plant fresh
matter, which were then oven-dried at 65 ◦C for 72 h until showing a constant weight
to assess the plant dry matter (PDM) in kilograms per hectare (kg ha−1). The samples
were ground and sieved using a 1 mm mesh sieve, and plant N content (PNC; %) was
analysed by the Kjeldahl method [25]. With these parameters, we calculated key agronomic
variables, including yield per hectare plant N content (PNC), plant N content per unit area
(PNCy), crude protein (CP), crude protein per unit area (CPy), N uptake (NUp), N uptake
efficiency (NUpE), N use efficiency (NUE), and N nutrition index (NNI), which reflect crop
productivity, N utilisation efficiency, and the N nutritional status of the crops (described in
more detail in Section 2.2 Agronomic Variables).

The third component of this study analysed the economic and profitability indicators
of the crop response plots experiments (described in more detail in Section 2.3 Economic
Variables and 2.4 Profitability Metrics).

2.1. Installation of Field Experiments

The experimental trials [24] were conducted at Herdade da Comenda—Innovation
Centre of the National Institute for Agricultural and Veterinary Research (INIAV), located
in Caia, Elvas, Portugal (38◦53′38.52′ N and 7◦3′19.01′ W), between 7 November 2022 and
14 April 2023 (158 days). The experimental field is situated within the Caia irrigation
perimeter. According to the FAO classification, the predominant soil of the field is a Luvisol
that corresponds to Pag and Sr Mediterranean soil categories [26].

The experimental site is characterised by a Csa climate, according to the Köppen–
Geiger classification [27]. The average monthly temperature (Tm; ◦C) and rainfall (P; mm)
for the climatological normal (1971–2000) [28] and for the specific test period of the study
are presented in Table 1. During the test period, the total seasonal precipitation amounted
to 378.5 mm, calculated from the sum of monthly rainfall shown in Table 1.
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Table 1. Average monthly temperature (Tm; ◦C) and rainfall (P; mm) for the climatological normal
(1971–2000) and the test period.

Month Tm Normal (◦C) Tm (◦C) P Normal (mm) P (mm)

November 12.5 14.1 75.1 37.4
December 9.7 12.8 92.6 277.7

January 8.6 8.9 63.1 40.0
February 10.2 10.1 54.6 4.9

March 12.3 13.7 39.6 18.5
April 14.1 16.2 1 51.2 0.0 1

1 only the first fourteen days of the month. Tm—average daily temperature (◦C); P—precipitation (mm).

The experiment followed a split–split-plot randomised block design [29,30]. The main
block received three N topdressing levels using ammonium nitrate (27% N), which were ap-
plied in addition to a uniform basal application of 27.6 kg N ha−1 from a compound fertiliser:

• N0—0 kg fertiliser ha−1 (0 kg N ha−1);
• N1—120 kg fertiliser ha−1 (32.4 kg N ha−1);
• N2—200 kg fertiliser ha−1 (54 kg N ha−1).

These top dressings were applied 84 days after seeding (DAS). The sub-blocks had
two different forage crop types:

• Annual ryegrass monoculture;
• Mixed crop of annual ryegrass and clovers.

The sub-sub-blocks included two irrigation management scenarios:

• Rainfed;
• Irrigated.

Under irrigated management, water was applied at key phenological stages (sowing,
ryegrass tillering, and ryegrass stem elongation) until the soil reached field capacity. Each
plot measured 2 × 8 m (Figure 1), and each treatment combination was replicated 4 times,
totalling 48 plots.

 

Figure 1. Location and design of the experiments field [24].

All plots were set up in a flat location to avoid the potential influence of the runoff
of water or nutrients. Regarding the plot allocation and randomisation process, the main
plots (forage crop types) were systematically arranged adjacent to each other across the
experimental field. Full randomisation at this level was not performed due to the significant
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logistical requirements associated with seeding operations for distinct crop types. Within
each main plot, the subplots (irrigation treatments) were also systematically arranged
adjacent to each other. These subplots were consistently laid out within each of the four
physical replicates per crop type, which was necessary due to the substantial logistical
demands of managing the large-scale irrigation systems. The sub-sub-plots (N fertiliser
doses: N0, N1, N2) were randomised within each experimental block. Each block was
defined by a unique combination of crop type and irrigation treatment, and a complete set
of these randomised N fertiliser doses was replicated four times across the study area.

The crops of (i) annual ryegrass and (ii) mixed crop forage based on annual ryegrass
and clovers (Table 2), were sown separately with an inter-row distance of 0.18 m and
a depth of 0.01 m. The sowing doses were 1400 seeds m−2 for annual ryegrass and
4070 seeds m−2 for mixed crop [31], seeded on 7 November 2022. This corresponds to
approximately 50 kg ha−1 and 80 kg ha−1, respectively. For each 16.2 m−2 experimental
plot, approximately 81 g and 129.6 g of seed were applied. Before sowing, on 28 October
2022, phosphorus (16.1 kg P2O5 ha−1) and potassium (13.8 kg K2O ha−1) were applied as
a granular NPK 12-7-6 fertiliser, along with 27.6 kg ha−1 of N, evenly distributed across
all plots to ensure uniform crop emergence. Irrigation was also applied evenly at this
time, using a sprinkler system. This irrigation was carried out until the soil reached field
capacity and allowed the crop to emerge. Weeds and diseases were controlled following
good experimental practices.

Table 2. Species, cultivars, and seed doses for seeding.

Crop Species and Cultivars Percent in the
Crop (%) Seeds m−2

Annual ryegrass
(RG)

Lolium multiflorum L. cv
Diamond T 100 1400

Grass–legume
mixed crop (MIX)

Lolium multiflorum L. cv.
Hellen 67 1531

Trifolium vesiculosum cv.
Comm 10

2539 1
Trifolium resupinatum cv.

Lightning 17

Trifolium michellanium cv.
Balansa Paradana 6

1 The value present represents the sum of the number of seeds of the three clover varieties.

For irrigation treatments, the effective plant rooting depth was 0.40 m. Soil field
capacity (FC) was determined to be 0.18 cm3 cm−3, based on the direct field drainage
method. This information guided the irrigation scheduling to ensure the soil reached field
capacity at key phenological stages. Irrigation requirements were determined based on
soil moisture deficits monitored via soil humidity sensors. A total of 100 mm of water
was supplied to the irrigated plots throughout the growing season. Consequently, the
total season moisture (gross) received by the irrigated plots was approximately 492.8 mm,
comprising 100 mm of applied irrigation and 392.8 mm of seasonal precipitation.

2.2. Agronomic Variables

Plants were cut 5 cm above the ground in a sub-sampling area (1 m × 1 m) at the
northernmost point of each plot, next to stem elongation, when the ryegrass is ready to
be cut for hay. In total, 48 samples were collected. These samples included all vegetation
above the cutting height within the area, allowing for the estimation of yield (kg ha−1).
The samples were dried in an oven at 60 ◦C until they reached a constant dry weight
(approximately 24–48 h). After drying, the samples were weighed to determine the PDM.
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They were then ground and analysed using the Kjeldahl method [25] to estimate the PNC
(%). This process collected the PDM-PNC data pair for each plot. In this way, it was possible
to calculate the yield amount of N per unit area (PNCy; kg N ha−1).

Once the N content of the plants was known, their crude protein (CP; %) content was
calculated using Equation (1):

CP (%) = PNC × 6.25, (1)

where CP is the crude protein content in the plants and PNC is the N content estimated by
the Kjeldhal method. This calculation also makes it possible to calculate the yield amount
of CP per unit area (CPy; kg CP ha−1).

Ref. [24], in this study, N uptake (NUp), use efficiency of fertilised N (NUpE), and
NUE were considered. Finally, the N nutrition index (NNI) was also used as an indicator
of the crop’s N nutritional status. In summary, all the agronomic variables analysed are
shown in Table 3.

Table 3. Summary of agronomic variables considered.

Agronomic Variables Abbreviations Formula Unit of Measurement

Yield per hectare Yield – kg ha−1

Plant N Content PNC – %
Plant N Content per unit

area PNCy – kg N ha−1

Crude Protein CP – %
Crude Protein per unit area CPy – kg CP ha−1

N Uptake NUp NUp = PDM × PNC kg N ha−1

N Uptake Efficiency NUpE
NUpE =

NUp fertilised plot − NUp control plot
N applied × 100

%

N Use Efficiency NUE NUE =
PDM of N − fertilised plot−PDM of control plot

N applied
kg kg−1 N

N Nutrition Index NNI NNI = PNC
%Nc –

2.3. Economic Variables

To produce fodder crops, fixed costs (FC) and variable costs (VC) were necessary.
Within the fixed costs, land costs were considered. The cost assumed was 173 EUR ha−1,
according to [32], which is the average value used in the European Union—27 countries
(from 2020).

Variable costs include input costs and operating costs. Note that neither basal fertiliser
costs nor forage harvesting costs were considered. To isolate the effect of the variables
under study (crop, irrigation and N dose), only the variable costs adjacent to the operations
of interest were considered. In addition, in the case of basal fertiliser, it was applied equally
to all the plots and therefore influenced them all equally. And in the case of harvesting,
this is a process applied to crops that can vary greatly from situation to situation, and very
different strategies or operations can be chosen at very different costs, depending on the
purpose of the production, the animal species for which it is intended, and the manager
and their knowledge/strategy, among others. For this reason, and because the harvesting
operation comes after all the operations under study in this paper, harvesting costs were
not considered. The summary of values considered for the assumed variable costs are
shown in Table 4.
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Table 4. Summary of the VCs considered (EUR ha−1).

Seeding RG MIX –

Seed 95.40 230.66 –
Operational

costs/mechanisation 50.00 50.00 –

Total (seeding) 145.40 280.66 –

Irrigation Irrigated Rainfed –

Water 30.00 0.00 –
Total (irrigation) 30.00 0.00 –

Fertilisation N0 N1 N2

Fertiliser 0.00 52.80 88.00
Operational

costs/mechanisation 0.00 25.00 25.00

Total (fertilisation) 0.00 77.80 113.00

The VC assumed includes the sum of the costs of seeding, water, and top-dressing
fertilisation, including the respective inputs. The FC includes the VC plus the price of the
land. So, these are the first two economic indicators considered: VC and FC.

By dividing the total cost per ha by yield, we get the value of the production cost per
unit of forage (UNIyield). And by applying the same concept but dividing the production
cost per unit of CP produced per ha, we get the production cost of each unit of CP (UNICP).
These four indices allow us to frame the scenarios analysed in terms of production costs.

As for income, the forage value was given according to the current market that pays
for the product based on quantity. In this case, the value assumed for the fodder was
0.20 EUR kg−1 [33]. Multiplying the yield by the sale value of the fodder gave the revenue
per ha (REV; EUR ha−1) (Equation (2)).

REV = Yield × Market price per unit, (2)

where REV is the revenue in euros per ha and yield is the productivity of fodder per ha, in
kg ha−1.

The summary of the economic variables considered is presented in Table 5.

Table 5. Summary of economic variables considered.

Economic Variables Abbreviations Unit of Measurement

Variable Cost VC EUR ha−1

Fixed Cost FC EUR ha−1

Production cost per unit of forage UNIyield EUR kg−1

Production cost per unit of CP UNICP EUR kg−1

Revenue REV EUR ha−1

2.4. Profitability Metrics

Profitability metrics were calculated for the different plots to economically analyse
the different G × E × M scenarios studied. Firstly, the net revenue margin (REVnet) was
calculated, according to Equation (3):

REVnet = REV − (FC + VC), (3)

where REVnet is the net revenue margin in EUR per ha, REV is the revenue in EUR per ha,
FC is the fixed costs in EUR per ha, and VC is the variable costs in EUR per ha.
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The return on investment (ROI) was then calculated as the return on capital invested,
using Equation (4).

ROI =
FC + VC
REVnet

× 100, (4)

where ROI is the return on investment in EUR per ha, FC is the fixed costs in EUR per ha,
VC is the variable cost in EUR per ha, and REVnet is the net revenue in EUR per ha.

Finally, the break-even point (BE) was calculated using Equation (5) to calculate the
yield needed to cover costs.

BE =
FC

Sales price per unit − VC per unit
(5)

In summary, the three profitability indicators are presented in Table 6.

Table 6. Summary of profitability metrics considered.

Profitability Metrics Abbreviations Unit of Measurement

Net revenue margin REVnet EUR ha−1

Return on investment ROI EUR ha−1

Break-even point BE kg ha−1

2.5. Model Economic Risks

To assess the interactions and synergies between the agronomic, economic, and prof-
itability variables under study, a correlation matrix was drawn up.

To quantify the degree and direction of associations between the variables, Spear-
man’s rank correlation coefficient (rs) was employed. This non-parametric method was
chosen because it does not assume normality in the data and is robust for analysing mono-
tonic non-linear relationships, common in biological and economic datasets, as well as
being less sensitive to outliers. The correlation matrix allowed for the identification of
interdependencies between the different productive and economic factors.

The statistical significance of the Spearman’s correlations was determined by calcu-
lating p-values. To control the family-wise error rate arising from multiple comparisons
within the correlation matrix, the Bonferroni correction was applied. Correlations were
considered statistically significant at an alpha level of p < 0.05.

Sensitivity analysis was carried out to assess the impact of the different variables on
the net profits of the two crops analysed. With the main objective of knowing the influence
of changes in the main economic variables on REVnet (EUR ha−1), the factors that have the
greatest impact on profitability in the different scenarios studied were analysed. Variations
in REVnet (EUR ha−1) were analysed in response to different levels of change in the selected
variables (−20%, −10%, 10%, and 20%). These variations were applied proportionally to the
average values of the variables to simulate scenarios of reduction and increase in the factors
analysed. These percentages were chosen as they represent standard and widely accepted
ranges in agricultural economic analyses, reflecting typical, yet plausible, variability in
market conditions and operational costs. This approach allowed us to evaluate the stability
of our economic outcomes under different potential future scenarios.

2.6. Tools for Implementation

A statistical and inferential analysis was carried out to begin analysing the general
data, including the coefficient of variation (CV) and standard deviation (SD) to quantify
data variability and dispersion, and interquartile analysis to examine data distribution and
identify potential outliers. The raw agronomic and economic data collected from the field
underwent statistical and inferential analysis. Outliers were identified and removed using
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the interquartile range (IQR) method, specifically by excluding data points falling below
Q1—(1.5 × IQR) or above Q3 + (1.5 × IQR). This outlier exclusion process was applied
independently to each variable. This analysis was performed in RStudio©v.2023.4.3.2 with
the R©psych Package v. 2.4.3 CRAN Repository [34,35]. The data were then grouped by
crop, irrigation management, N dose, and the dependent variables (the parameters yield,
PNC, PNCy, CP, CPy, NUp, NUpE, NUE, NNI, VC, FC, UNIyield, UNICP, REV, REVnet, ROI,
and BE).

The Shapiro–Wilk test was applied to each dependent variable as a normality test.
Variables with a non-normal distribution were analysed using the Kruskal–Wallis test, and
those with a normal distribution were analysed using ANOVA. The post hoc analyses
that followed the Kruskal–Wallis test used Dunn’s test in RStudio©v.2023.4.3.2 with the
R©dunn.test Package v. 1.3.6 CRAN Repository [34,36].

The correlation coefficients were classified according to their intensity and statistical
significance. The sensitivity analysis was carried out using appropriate mathematical
models to simulate the responses of the economic variables. The results were presented
graphically to facilitate the interpretation and comparison of the impacts between the
different scenarios evaluated.

3. Results
3.1. Variations in Agronomic, Economic, and Profitability Variables

The statistical and inferential analysis of the raw data from the field agronomic data
collected and the crop account led to the identification and removal of outliers using the
IQR method, resulting in Table 7, presenting the data after this outlier management process.
The number of samples considered for each variable varied, ranging from 29 to 45, as a
direct result of the variable-specific outlier exclusion. This table summarises the descriptive
statistics of the variables analysed, including the number of samples considered, minimum,
median, average, and maximum values, as well as the SD and CV.

Table 7 shows considerable variation in the agronomic variables analysed, suggesting
that different management strategies have a significant impact on yield and nutrient use
efficiency. Yield shows a median of 3133.8 kg ha−1 and a CV of 30.0%, which indicates
moderate variability. The N content in the plant, represented by PNC and PNCy, shows less
variation in the percentage N content (CV = 15.3%) compared to the amount of N expressed
per unit area (CV = 33.3%), indicating that the way of expressing the N content in plants is
more sensitive to management practices according to the amount of N per unit area.

The variables related to N utilisation efficiency (NUp, NUpE, and NUE) showed
extremely high variations, especially NUE, with a CV of 295.1%. This indicates that N
utilisation efficiency varied drastically between the different treatments. NUp also showed
high variability (CV = 33.3%), while NUpE had an average value of 190.6%.

Finally, the NNI had a median of 1.0, which indicates that, on average, the plants
were within the optimum nitrogen nutrition range. However, with a CV of 24.1%, there
are indications that nutrition varied between treatments. This information is corroborated
by the minimum NNI value of 0.5 and the maximum value of 1.4, demonstrating the
occurrence of undernourished and overnourished plants.

The results shown in Table 7 indicate that VC has an average value of 275.0 EUR ha−1,
with a minimum of 145.4 EUR ha−1 and a maximum of 401.2 EUR ha−1, while FC has an av-
erage of 444.0 EUR ha−1, with values varying between 314.4 EUR ha−1 and 570.2 EUR ha−1.
The dispersion of FC is relatively low, with a CV of 18.2 per cent, indicating less variability
between treatments, especially when compared to VC. VC has a CV of 29.4%, which means
that the main variations in the crop account are mainly in VC, i.e., in the production factors
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analysed, such as seed, irrigation water, and nitrogen fertiliser. Of all the agronomic and
economic variables studied, only VC and FC showed a normal distribution of data.

Table 7. Inferential and descriptive statistics of the agronomic and economic variables of the crop
management strategies tested.

No. Samples Minimum Median Mean Maximum SD CV

Yield 45 1147.1 3133.8 3014 4813 905.2 30
PNC 45 1.1 1.7 1.7 2.3 0.3 15.3
PNCy 45 17.9 44.6 44 73.3 14.6 33.3

CP 45 7.2 10.5 10.8 14.3 1.6 15.3
CPy 45 112 278.8 274.7 458.1 91.4 33.3
NUp 45 17.9 44.6 44 73.3 14.6 33.3

NUpE 29 −62.1 26.4 23.9 131.1 45.6 190.6
NUE 29 −45.7 9.3 8.8 67.5 25.9 295.1
NNI 44 0.5 1 1 1.4 0.2 24.7
VC 45 145.4 280.7 275 401.2 81 29.4
FC 45 314.4 449.7 444 570.2 81 18.2

UNIyield 41 0.1 0.1 0.1 0.2 0 25.9
UNICP 44 0.8 1.7 1.7 3.1 0.6 32.9
REV 45 229.4 626.8 602.8 962.6 181 30

REVnet 44 −223.6 155.3 148.3 471.7 171.6 115.7
ROI 38 −167.9 121.3 126.8 424.6 141.7 111.7
BE 38 −1590.7 2610 2600 7003.4 1887.6 72.6

PNC—plant nitrogen content (%); PNCy—plant nitrogen content per unit area (kg N ha−1); CP—crude protein (%);
CPy—crude protein per unit area (kg ha−1); NUp—nitrogen uptake (kg ha−1); NUpE—nitrogen uptake efficiency
(%); NUE—nitrogen use efficiency (kg N ha−1); NNI—nitrogen nutrition index; VC—variable costs (EUR ha−1);
FC—fixed costs (EUR ha−1); UNIyield—production cost per unit of forage (EUR kg−1); UNICP—production cost
per unit of CP (EUR kg−1); REV—revenue (EUR ha−1); REVnet—net revenue margin (EUR ha−1); ROI—return on
investment (EUR ha−1); BE—break-even (EUR ha−1); SD—standard deviation; CV—coefficient variation.

UNIyield has an average of 0.1 EUR kg−1 yield, with a standard deviation of 0.1,
indicating low variation. UNICP, on the other hand, has an average of 1.7 EUR kg−1 CP,
ranging from 0.8 EUR kg−1 CP to 3.1 EUR kg−1 CP, with a CV of 32.9 per cent, suggesting
greater variation between treatments.

REV shows an average of 602.8 EUR ha−1, with a minimum of 229.4 EUR ha−1 and a
maximum of 962.6 EUR ha−1, with a SD of 181.0 EUR ha−1 and a CV of 30.0%.

3.2. Normality Test and Significance Tests

Table 8 shows the results of the normality test Shapiro–Wilk applied to each variable,
allowing the most appropriate significance test to be chosen to assess the effects of the
factors studied. Variables that did not follow a normal distribution were analysed using
the non–parametric Kruskal–Wallis test, while those that met the normality criterion were
subjected to an analysis of variance (ANOVA). Significance tests were carried out for
the factors crop (crop), irrigation (irrigation), and N treatment (Nt), as well as for the
interactions between these factors. Statistical significance values are indicated with the
codes ***p < 0.001, **p < 0.05, and *p < 0.1.

According to Table 7, the crop factor was not significant for any of the agronomic
variables. Irrigation, on the other hand, proved to have a highly significant effect (p < 0.01)
on crop productivity, as well as on PNCy, CPy, NUp, and NNI. This indicates that the
availability of water directly influenced productivity, N absorption by the plants, and,
consequently, the amount of N produced per unit, as well as the N nutritional status of
the crops.
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Table 8. Results of the normality test and significance test for the agronomic and economic variables
under study.

Variable Shapiro–
Wilk Result Significance Test Crop Irrigation Nt Crop_Irrigation Crop_Nt Irrigation_Nt Crop_Irrigation_Nt

Yield 0.313 Kruskal–Wallis 0.540 ** * * 0.168 ** 0.116
PNC 0.352 Kruskal–Wallis 0.964 0.964 ** 0.896 ** * 0.256
PNCy 0.355 Kruskal–Wallis 0.525 ** * * * ** *

CP 0.352 Kruskal–Wallis 0.964 0.964 ** 0.896 ** * 0.256
CPy 0.355 Kruskal–Wallis 0.525 ** * * * ** *
NUp 0.355 Kruskal–Wallis 0.525 ** * * * ** *

NUpE 0.921 Kruskal–Wallis 0.793 0.405 0.359 0.564 0.464 0.571 0.664
NUE 0.599 Kruskal–Wallis 0.760 0.861 * 0.450 0.362 0.298 0.442
NNI 0.539 Kruskal–Wallis 0.503 ** * 0.124 * ** 0.128
VC 0.018 ANOVA *** *** *** 0.157 0.939 0.148 0.236
FC 0.018 ANOVA *** *** *** 0.138 ** 0.681 0.704

UNIyield 0.809 Kruskal–Wallis ** 0.531 * ** ** 0.265 0.114
UNICP 0.071 Kruskal–Wallis * * ** * ** * *
REV 0.313 Kruskal–Wallis 0.540 ** * * 0.168 ** 0.116

REVnet 0.68 Kruskal–Wallis 0.142 * ** 0.140 * ** 0.125
ROI 0.048 ANOVA * * 0.659 * 0.918 0.867 0.842
BE 0.079 Kruskal–Wallis ** 0.175 0.297 ** 0.170 0.396 0.214

Significance codes: *** p < 0.001; ** p < 0.05; * p < 0.1. PNC—plant nitrogen content (%); PNCy—plant nitrogen con-
tent per unit area (kg N ha−1); CP—crude protein (%); CPy—crude protein per unit area (kg ha−1); NUp—nitrogen
uptake (kg ha−1); NUpE—nitrogen uptake efficiency (%); NUE—nitrogen use efficiency (kg N ha−1); NNI—
nitrogen nutrition index; VC—variable costs (EUR ha−1); FC—fixed costs (EUR ha−1); UNIyield—production cost
per unit of forage (EUR kg−1); UNICP—production cost per unit of CP (EUR kg−1); REV—revenue (EUR ha−1);
REVnet—net revenue margin (EUR ha−1); ROI—return on investment (EUR ha−1); BE—break even (EUR ha−1);
Nt—N treatment.

To summarise, Table 7 shows that some of the interactions between the factors eval-
uated were statistically significant. The interaction between crop and irrigation showed
moderate effects on productivity, PNCy, CPy, and NUp. The interaction between crop
and N dose revealed significant differences for PNC and CP, suggesting that different
crops respond differently to the N doses applied. The interaction between irrigation and
N fertilisation proved to be relevant for most of the variables, except for NUpE and NUE,
highlighting the importance of water availability in the N use by plants. Finally, the triple
interaction (crop × irrigation × Nt) had a more limited effect, with only a one-off influence
on PNCy, CPy, and NUp.

3.3. Post Hoc Tests
3.3.1. Agronomic Variables

The main results of the post hoc analysis, focusing on the agronomic variables that
exhibited statistically significant effects of the Nt’s or their interaction with crop type, are
presented in Table 9.

Table 9. Results of the post hoc test with more significance for the agronomic variables under study.

Variable Comparison p–Adjusted

PNC N0–N2 0.004
PNC N0.MIX–N2.MIX 0.022
CP N0–N2 0.004
CP N0.MIX–N2.MIX 0.022

NUE N1–N2 0.081
Yield Irrigated.N1–Rainfed.N2 0.124
PNCy Irrigated.N1–Rainfed.N0 0.141
CPy Irrigated.N1–Rainfed.N0 0.141
NUp Irrigated.N1–Rainfed.N0 0.141
NNI Irrigated.N2–Rainfed.N0 0.101

PNC—plant nitrogen content (%); CP—crude protein (%); NUE—nitrogen use efficiency (kg N ha−1); MIX—
mixed crop.
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The Nt factor had a highly significant influence (p < 0.01) on the variables related to CP
and PNC, demonstrating that the different N fertilisation treatments have a direct impact
on the N content in the plants. In addition, the different nitrogen fertiliser treatments also
affected all the other variables with some significance, apart from NUpE. In other words,
the absorption efficiency of the fertilised N was not significantly influenced by the different
doses of N applied. According to the results of the post hoc test shown in Table 8, there is a
very high significance (p = 0.004) for the PNC and CP variables between the null dose of N
application (N0) and the 200 kg ha−1 dose (N2). This significance is also very high when
we specify these two doses in the forage-mixed crop. In the case of NUE, the significance is
high (p = 0.081) only between treatments N1 and N2.

Table 10 presents the descriptive statistics of the agronomic and economic variables,
categorised by Nt, crop type, and crop type and Nt interaction following the results
presented in Table 8.

Table 10. Descriptive statistics of key agronomic variables categorised by Nt and by crop type and
Nt interaction.

Variable Nt Count Mean Median SD Min Max

CP
N0 16 9.93 10.15 1.39 7.17 12.46
N2 14 11.90 12.42 1.62 8.88 14.33

NUE
N1 15 15.67 19.55 31.00 −45.69 67.53
N2 14 1.40 4.03 17.29 −25.95 26.44

– Crop_Nt Count Mean Median SD Min Max

CPy
MIX.N0 8 9.72 9.71 1.54 7.17 12.46
MIX.N2 8 12.19 12.45 1.20 10.38 13.64

Yield
Irrigated.N1 7 3047.70 3112.96 295.03 2663.71 3496.05
Rainfed.N2 8 1959.12 1968.58 783.87 975.01 3134.10

PNCy
Rainfed.N0 8 34.28 31.02 11.90 17.92 55.63
Irrigated.N1 7 53.05 50.91 6.65 43.62 64.23

NUp Rainfed.N0 8 34.28 31.02 11.90 17.92 55.63
Irrigated.N1 7 53.05 50.91 6.65 43.62 64.23

NNI
Rainfed.N0 8 0.79 0.74 0.22 0.48 1.18
Irrigated.N2 6 1.17 1.22 0.30 0.67 1.45

Nt—nitrogen treatment; SD—standard deviation; Min—minimum; Max—maximum; CP—crude protein (%);
NUE—nitrogen use efficiency (kg N ha−1); CPy—crude protein per unit area (kg ha−1); PNCy—plant nitrogen
content per unit area (kg N ha−1); (NUp—nitrogen uptake (kg ha−1); NNI—nitrogen nutrition index.

Regarding CP, the analysis of Table 10 reveals that increasing N fertilisation generally
led to higher CP percentages. For instance, the mean CP for N2 (11.90%) was higher than N0
(9.93%), and the mean CPy for MIX.N2 (12.19%) was higher than MIX.N0 (9.72%). This trend
in CP content directly reflects the CPy, with similar patterns observed across treatments.

For NUE, Table 10 shows a wide range of values, including negative observations
(minimum = −45.69 kg kg−1 N), particularly highlighting variability across N treatments.
The intermediate N1 treatment exhibited the highest mean NUE (15.67 kg kg−1 N), while
the higher N2 treatment showed a considerably lower mean NUE (1.40 kg kg−1 N).

In terms of yield, Table 10 indicates clear differences between irrigation and Nt interac-
tions. The Irrigated.N1 scenario demonstrated greater mean production (3047.70 kg ha−1)
compared to the Rainfed.N2 scenario (1959.12 kg ha−1), indicating a positive effect of
irrigation combined with an intermediate N level on forage yield.

The patterns observed for PNCy and NUp generally mirrored each other, suggest-
ing that N absorption closely aligns with the concentration of N within the plant. For
instance, the mean PNCy for Irrigated.N1 was 53.05 kg N ha−1 while for Rainfed.N0 it
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was 34.28 kg N ha−1. Similarly, mean NUp for Irrigated.N1 was 53.05 kg N ha−1 and for
Rainfed.N0 it was 34.28 kg N ha−1.

Analysis of the NNI showed variation across treatments. The irrigated scenario with
the highest dose of N (Irrigated.N2) had a mean NNI of 1.17, indicating N sufficiency or
slight excess, while the rainfed scenario with zero dose (Rainfed.N0) showed a lower mean
NNI of 0.79, consistent with N deficiency. This indicates that watering and N fertilisation
directly influenced the nitrogen status of the plants. Overall, the irrigated scenario with
the intermediate dose of N (Irrigated.N1) consistently showed favorable means for most
agronomic variables analysed, often outperforming rainfed scenarios with both minimum
and maximum nitrogen doses, as comprehensively detailed in Table 9.

3.3.2. Economic Variables

Analysing the economic variables related to the different irrigation treatments and N
doses made it possible to identify significant interactions between these factors. Table 11
shows the main results of the post hoc test for the economic variables under study, high-
lighting the most relevant comparisons and their respective statistical significance values.

Table 11. Results of the post hoc test with some significance for the economic variables under study.

Variable Comparison p–Adjusted

VC N2—N0 0.002
FC N2—N0 0.002
FC Crop—Nt 0.000

UNIyield
MIX.Irrigated—

RG.Irrigated 0.082

UNIyield
MIX.Rainfed—
RG.Irrigated 0.082

UNIyield MIX.N0—RG.N1 0.068
UNIyield MIX.N2—RG.N1 0.032
UNICP N1—N2 0.065
UNICP N0.MIX—N1.RG 0.026
UNICP N1.RG—N2.RG 0.059

VC—variable costs (EUR ha−1); FC—fixed costs (EUR ha−1); UNIyield—production cost per unit of forage
(EUR kg−1); UNICP—production cost per unit of CP (EUR kg−1); MIX—mixed crop; RG—ryegrass.

Table 12 presents the descriptive statistics for key economic variables, categorised by
Nt and the interactions between crop type and irrigation scenario and, also, crop type and
N treatment.

Regarding FC, the data indicates that FC generally increased with higher nitrogen
fertilisation levels. For instance, the mean FC for the N2 treatment was 495.05, higher
than that for N0 at 397.03. When considering the interaction of crop type and nitrogen,
the mixed crop with N2 (MIX.N2) showed the highest mean FC at 555.16, while ryegrass
monoculture with no nitrogen (RG.N0) had the lowest at 329.4.

In terms of UNICP, the N1 treatment showed a lower mean cost of 1.43 per kg of
CP, compared to 1.99 for the N2 treatment. Further analysis across specific crop–nitrogen
interactions indicates that ryegrass monoculture with the intermediate N1 dose (RG.N1) had
the lowest mean UNICP (1.22 EUR kg−1 of CP) when compared to MIX.N0 (1.97 EUR kg−1)
and RG.N2 (2.19 EUR kg−1). This suggests a more cost-effective protein production at the
intermediate N level, particularly for the ryegrass monoculture.

For the UNIyield, the ryegrass monoculture with the intermediate N1 dose (RG.N1)
demonstrated the lowest mean cost at 0.11 EUR kg−1 of forage. This compares favorably
to MIX.N0 at 0.16 EUR kg−1 and MIX.N2 at 0.17 EUR kg−1, highlighting the economic
efficiency of the RG.N1 management strategy in terms of forage biomass production.
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These detailed economic metrics provide a quantitative basis for evaluating the finan-
cial implications of different management strategies on forage production.

Table 12. Descriptive statistics of key economic variables categorised by Nt, interactions of crop type
with irrigation scenarios, and interaction of crop type with N treatment.

Variable Nt Count Mean Median SD Min Max

FC
N0 16 397.03 397.03 71.55 314.4 479.66
N2 14 495.05 540.16 73.62 404.9 570.16

UNICP
N1 14 1.43 1.34 0.33 0.98 1.96
N2 14 1.99 1.84 0.69 0.98 3.08

– Crop_Irrig Count Mean Median SD Min Max

UNIyield

MIX.N0 8 9.72 9.71 1.54 7.17 12.46
MIX.N2 8 12.19 12.45 1.20 10.38 13.64

Irrigated.N1 7 3047.70 3112.96 295.03 2663.71 3496.05

– Crop_Nt Count Mean Median SD Min Max

FC

MIX.N0 8 464.66 464.66 16.04 449.66 479.66
RG.N0 8 329.4 329.4 16.04 314.4 344.4

MIX.N1 7 517.54 504.68 16.04 504.68 534.68
RG.N1 8 384.42 384.42 16.04 369.42 399.42

MIX.N2 8 555.16 555.16 16.04 540.16 570.16
RG.N2 6 414.9 404.9 15.49 404.9 434.9

UNIyield

MIX.N0 8 0.16 0.15 0.02 0.14 0.2
RG.N1 8 0.11 0.11 0.02 0.09 0.15

MIX.N2 7 0.17 0.16 0.03 0.14 0.23

UNICP

MIX.N0 8 1.97 2.01 0.33 1.29 2.36
RG.N1 8 1.22 1.2 0.23 0.98 1.7
RG.N2 6 2.19 2.52 0.84 0.98 2.9

Nt—nitrogen treatment; SD—standard deviation; Min—minimum; Max—maximum; FC—fixed costs (EUR ha−1);
UNIyield—production cost per unit of forage (EUR kg−1); Crop_Irrig—crop type and irrigation scenario interaction;
Crop_Nt—crop type and N treatment interactions; MIX—mixed crop; RG—ryegrass crop.

3.3.3. Profitability Variables

To continue the financial analysis, Table 13 shows the results of the statistical compar-
isons for the profitability variables NETrev, ROI, and BE. These indicators make it possible
to assess the economic viability of the different experimental conditions, highlighting
significant differences between the treatments. The p-adjusted values indicate the level
of statistical significance of the comparisons made. Each line shows a comparison be-
tween different experimental conditions, with the p-adjusted value indicating the statistical
significance of the differences observed.

Table 14 presents the descriptive statistics for key profitability variables, categorised
by nitrogen treatment, irrigation scenario, and their interactions, providing insights into
the economic performance of different management strategies.

Regarding REVnet, the intermediate N dose (N1) yielded a substantially higher mean
REVnet of 233.92 EUR ha−1 compared to N2 (68.92 EUR ha−1). The interaction between
irrigation and N fertilisation also significantly influenced REVnet. The Irrigated.N1 scenario
showed a mean REVnet of 259.72 EUR ha−1, indicating strong profitability. In contrast, the
Rainfed.N2 scenario resulted in a negative mean REVnet of −11.56 EUR ha−1, suggesting
economic losses under these conditions.

For ROI, the highest mean ROI was observed in the mixed crop under irrigated
conditions (MIX.Irrigated), with a mean of 247.37 EUR ha−1. Ryegrass under irrigated
conditions (RG.Irrigated) also showed a positive mean ROI of 87.63 EUR ha−1. Both rainfed
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scenarios, MIX.Rainfed (78.21 EUR ha−1) and RG.Rainfed (84.57 EUR ha−1), exhibited lower
mean ROIs compared to their irrigated counterparts, highlighting the positive economic
impact of irrigation.

Table 13. Results of the post hoc test with some significance for the profitability variables under study.

Variable Comparison p–Adjusted

REVnet N1–N2 0.041
REVnet N1.Irrigated–N2.Rainfed 0.033

ROI RG.Irrigated–Int.Irrigated 0.045

ROI MIX.Rainfed–
MIX.Irrigated 0.038

ROI RG.Rainfed–MIX.Irrigated 0.028

BE MIX.Irrigated–
RG.Irrigated 0.019

BE MIX.Irrigated–RG.Rainfed 0.072
REVnet—net revenue margin (EUR ha−1); ROI—return on investment (EUR ha−1); BE—break even (EUR ha−1);
MIX—mixed crop; RG—ryegrass.

Table 14. Descriptive statistics of key profitability variables categorised by Nt, interactions of
irrigation scenario and N treatment, and interactions of crop type and irrigation scenario.

Variable Nt Count Mean Median SD Min Max

REVnet
N1 15 233.92 261.89 181.02 −206.72 471.74
N2 14 68.92 88.55 189.07 −223.65 358.32

– Irrig_Nt Count Mean Median SD Min Max

REVnet
Irrigated.N1 7 259.72 261.89 111.26 92.07 423.18
Rainfed.N2 8 −11.56 −31.25 182.66 −223.65 332.54

– Crop_Irrig Count Mean Median SD Min Max

ROI

MIX.Irrigated 10 247.37 212.37 93.03 152.33 397.16
RG.Irrigated 9 87.63 74.21 64.35 28.37 247.67
MIX.Rainfed 8 78.21 121.31 162.46 −165.96 305.4
RG.Rainfed 11 84.57 70.94 157.91 −167.93 424.61

BE
MIX.Irrigated 10 3924.35 3551.84 1184.9 2674.5 5867.96
RG.Irrigated 9 2213.24 1870.6 1089.33 1315.76 4954.33
RG.Rainfed 11 2237.99 2073.7 2362.59 −1590.66 7003.42

Nt—nitrogen treatment; SD—standard deviation; Min—minimum; Max—maximum; REVnet—net revenue
margin (EUR ha−1); ROI—return on investment (EUR ha−1); BE—break even (EUR ha−1); MIX—mixed crop;
RG—ryegrass.

Analysis of the BE point, which represents the yield required to cover costs, indi-
cates variability across crop and irrigation interactions. MIX.Irrigated had the highest
mean BE point (3924.35 EUR ha−1), while RG.Irrigated showed a lower mean BE point
(2213.24 EUR ha−1). This suggests that ryegrass under irrigation might require less pro-
duction to cover its costs compared to the mixed crop under irrigation.

3.4. Variables Synergies

The correlation matrix (Figure 2) shown uses Spearman’s coefficient to assess the
relationships between the different variables in the study. The intensity and direction of the
correlations are represented by a colour scale, where red tones indicate positive correlations
and blue tones indicate negative correlations.
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Figure 2. Correlation matrix of the relationships between different variables under study.

It should be emphasised that there are some very interesting correlations between
scientific agronomic variables. There is a very high exposure between PNCy in quantity per
unit area and yield (R2 = 0.9), but there is no exposure between PNC in plant content and
yield (R2 = 0.01). Productivity also finds very strong correlations with NUp (R2 = 0.9), NUE
(R2 = 0.78), and NNI (R2 = 0.8). These values demonstrate the relationship between the
productivity and nutritional quality of forages, their capacity and efficiency of N absorption,
and consequently their nutritional status. In the case of nutritional status in N, it is also
highly correlated with PNCy (R2 = 0.98) and NUp (R2 = 0.98).

Regarding the costs and production components, it is observed that VC and FC have
no relationship with the variables studied, while UNIyield and UNICP have a strong positive
correlation (0.87), demonstrating that the unit costs of forage follow the unit costs of CP.
This reveals the similarity between both in terms of relationships with the other study
parameters, although the correlations are always more emphasised in relation to UNICP.
For example, while UNIyield shows a weak correlation with NNI (−0.53), UNICP shows
a strong negative correlation (−0.82). UNICP still presents good correlations with yield
(−0.79), CPy (−0.87), and REVnet (−0.88). The only parameter with which UNIyield presents
a superior correlation is with REVnet, where it presents a correlation of −0.97, and with
ROI (0.98).

Overall, the splendor matrix reveals that REVnet is strongly influenced by gross rev-
enue per ha (0.89) and by UNIyield (−0.97) and UNICP (−0.88). Higher costs reduced profit,
while NUp (0.79) and NUE (0.79) moderately impacted economic performance.
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The ROI shows a very high demonstration with UNIyield (0.98) and BE (0.98), showing
that an increase in the unit production cost of forage is associated with an increase in the
return on investment and consequently an increase in the break-even point of the crop
account. BE also exhibits perfect transparency with UNIyield (R2 = 1).

3.5. Sensitivity Analysis

The sensitivity analysis presented in the graphs assesses the impact of the different
variables on net profits for the two crops analysed: ryegrass (Figure 3a) and mixed crop
(Figure 3b). The graphs show how variations in the variables affect net revenue (EUR),
considering different levels of change (−0.2, −0.1, 0.1 and 0.2).

(a) (b) 

Figure 3. (a) Sensitivity analysis of ryegrass; (b) Sensitivity analysis of mixed crop.

In the case of ryegrass, it is observed that yield is a variable that has the greatest
negative impact, especially for reductions of −0.2 and −0.1, resulting in drops of EUR
112.69 and EUR 56.34 ha−1, respectively. In contrast, increases of 0.1 and 0.2 in productivity
generate significant financial gains (56.34 and 112.69 EUR ha−1). The other variables, such
as the cost of land, seeds, fertilisers, and water, have smaller impacts, but follow a similar
trend: reductions lead to losses and increases result in gains, although to a lesser extent.

For the mixed crop, the pattern is similar, but with a slightly more pronounced impact
of the yield variable, where a reduction of −0.2 results in a loss of 124.62 EUR ha−1, while
an increase of 0.2 generates a gain of 124.62 EUR ha−1. The impact of the other variables
tends to be greater, and the cost of the seed takes on a greater proportion, to the extent that
it becomes the second largest influencer.

4. Discussion
4.1. Management’s Impact on Agronomic Variables

Our findings revealed that total CP production per unit area exhibited considerable
variation, strongly suggesting that growing conditions significantly influence this critical
forage quality parameter. This sensitivity is consistent with observations by other authors,
such as Fiorentini et al. [37] and Silva et al. [24], who corroborate the importance of the
method used to quantify N content in plants, indicating that expressions like amount
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per unit area are more reflective of management impacts on overall nutrient accumula-
tion [24,37].

The analysis of N utilisation efficiency parameters, including NUpE and NUE, is
critical given that some values even showed negative results, directly implying possible
N losses within the system. These losses could occur through various processes such as
volatilisation or leaching. Such observations critically reinforce one of the main challenges
in N management, consistent with Govindasamy et al. [38], who emphasised the low
efficiency of N use in agricultural systems due to significant environmental losses. The
substantial variability observed in NUp, NUpE, and especially NUE clearly indicates that
effective management strategies are crucial for optimising N assimilation by plants and
mitigating environmental impacts [38].

Furthermore, the analysis of the NNI revealed that while plants, on average, achieved
optimum N nutrition, the wide range observed across treatments, by the minimum NNI
value of 0.5 and the maximum value of 1.4, clearly demonstrated instances of both under-
and over-nourished plants. This range clearly demonstrated instances of severe N de-
ficiency (NNI = 0.5), where N supply critically limited growth, to states of N luxury
consumption or potential over-fertilisation (NNI = 1.4), where N was in excess of plant
demand. Even though plants, on average, achieved optimum N nutrition, the observed
variability highlights the significant challenge of achieving uniform and efficient N nu-
trition across diverse management strategies, particularly for forage crops, which have
dynamic N requirements throughout their growth cycle. The occurrence of both N-deficient
and N-excess states directly points to specific management regimes resulting in imbalanced
N uptake, impacting not only potential yield and forage quality but also resource use
efficiency and environmental sustainability through potential N losses. This highlights the
challenge of achieving uniform N nutrition and points to specific management regimes
leading to imbalanced N uptake. Our study firmly establishes the paramount importance
of irrigation as a management factor that significantly influences crop productivity and
key N-related agronomic variables. These findings are strongly corroborated by exten-
sive literature emphasising the fundamental role of water in enhancing N use efficiency
and overall crop agronomic performance [39–42]. For instance, Zhu et al. [42] observed
that precision irrigation positively impacted yield and N productivity by improving soil
moisture distribution and root development, thereby facilitating N absorption. Similarly,
Farhadi et al. [39] highlighted the synergistic effect of moderate irrigation and high N
doses in maximising biomass yield and irrigation water use efficiency (IWUE) in sorghum,
underscoring the vital interaction between these two factors. In water-scarce regions,
the impact of reliable water supply on increasing forage production and quality is well-
documented [41], reinforcing our observation that consistent water availability is crucial
for robust plant growth and efficient N utilisation. Consistent with Kamran et al. [40],
who found that intermediate irrigation combined with moderate N doses led to superior
yields and resource use in alfalfa, our results collectively confirm that integrated irrigation
and N fertilisation strategies, especially at moderate application rates, are fundamental for
optimising productivity and key agronomic efficiency indices, including NUp, CPy, and
NNI [39–42].

In practical terms, our findings on N fertilisation indicate a substantial crop response
in CP production per unit area when comparing no N application to a high N dose, a
response particularly pronounced within the intercropped forage system. This highlights a
critical threshold for N fertilisation to achieve the desired protein yields. However, when
evaluating NUE, applying the highest N dose was not the most efficient strategy. Instead,
the intermediate dose (120 kg ha−1) proved to be significantly more efficient than the
maximum dose tested (200 kg ha−1). This aligns with Kamran et al. [40], who also observed
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that moderate N application (150 kg N ha−1) in combination with moderate irrigation
optimised productivity, forage quality, and NUE, often outperforming higher N doses.
Therefore, our results strongly advocate for the selection of an intermediate N dose, such
as the 120 kg ha−1 used in this study, especially within intercropped systems, to achieve a
critical balance between maximising forage production and ensuring sustainable nitrogen
use [40].

The observed statistical significance of various interactions among the evaluated
factors further underscores the complexity of optimising forage production in semi-arid
environments. Specifically, interactions between crop type and N dose, and between
irrigation and N fertilisation, revealed important differential responses. For instance,
the significant interaction between crop type and N dose for PNC and CP suggests that
different forage crops possess distinct responses to varying N application rates, indicating
that a “one-size-fits-all” N fertilisation approach is not optimal. Similarly, the relevance
of the irrigation × N fertilisation interaction for most variables (except NUpE and NUE)
highlights the critical interdependency of water availability and N use by plants. While
the triple interaction (crop × irrigation × N) had a more limited, localised influence, these
findings collectively emphasise that both irrigation and nitrogen fertilisation, individually
and in combination, play a fundamental role in shaping crop productivity and N nutritional
status. Critically, these interactions reinforce that optimised management strategies must
jointly consider water availability and applied N levels to achieve superior agronomic
outcomes and resource efficiency. This is consistent with findings by Kamran et al. [40] and
Worqlul et al. [41], who also stressed the necessity of integrated management in similar
contexts. The detailed post hoc analysis, which revealed significant pairwise differences
(e.g., between N0.MIX and N2.MIX for PNC and CP), was crucial to precisely understand
how specific crop systems respond to varying N levels. The statistical significance of these
comparisons (e.g., p-adjusted = 0.022 for N0.MIX vs. N2.MIX for PNC and CP) highlights a
robust effect of N application within the mixed crop system, providing valuable insights
for targeted fertilisation recommendations [40,41].

Overall, our data strongly emphasise that the intricate interactions between crop
type, fertiliser dose, and irrigation method are pivotal determinants of forage productivity
and nutrient use efficiency in semi-arid regions. Recognising and understanding these
interactions is not merely academic; it is essential for developing optimised management
strategies that enhance production, minimise resource waste, and ultimately maximise
profitability. These findings underscore the imperative to integrate efficient agronomic
practices with monitoring and genetic improvement technologies to mitigate environmental
impacts associated with inefficient N use, as also advocated by Govindasamy et al. [38].

4.2. Management’s Impact on Economic Variables

The economic performance of forage crops is intrinsically linked to management
strategies, particularly fertilisation and irrigation, as evidenced by the detailed analysis of
cost and profitability metrics (Tables 11 and 12).

Our results demonstrate that increasing N fertilisation generally impacts production
costs. As shown in Table 11, FC tended to increase with higher nitrogen doses; for instance,
the mean FC for N2 (495.05) was higher than for N0 (397.03). This increase in cost with
higher N application is consistent with findings by other authors who also highlight
associated environmental costs [43,44]. Furthermore, the interaction between crop type and
N level also influenced FC, with mixed crops at higher N doses exhibiting higher FC (e.g.,
MIX.N2 at 555.16) compared to ryegrass monocultures at lower N (e.g., RG.N0 at 329.4).
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While forage yield is often valued by quantity per hectare, assessing quality introduces
greater price variation. This study reveals that although the unit cost of forage production
(UNIyield) showed relatively less variation across managements, the UNICP exhibited more
pronounced differences. This implies a fundamental distinction in cost drivers: the cost of
producing a kg of forage appears more dependent on the type of crop, whereas the cost of
producing a kg of CP is more closely tied to the applied N dose. Consistent with this, UNICP

was notably lower for the intermediate N1 treatment (1.43 EUR kg−1 of CP) compared to
N2 (1.99 EUR kg−1). Specifically, ryegrass monoculture with the intermediate N1 dose
(RG.N1) demonstrated the most cost-effective protein production (1.22 EUR kg−1 of CP)
among the Crop_Nt interactions, while the maximum N dose (RG.N2 at 2.19 EUR kg−1)
and MIX.N0 (1.97 EUR kg−1) showed higher UNICP.

The UNIyield variable showed notable differences, particularly in interactions involv-
ing crop type (Table 11). Irrigated mixed crops were among the most expensive to produce
per unit of forage, while irrigated ryegrass was among the cheapest. Dryland mixed
crops also had a higher unit forage production cost compared to irrigated ryegrass. This
suggests that irrigation and crop choice are strong determinants of forage production
efficiency. The ryegrass with the intermediate N dose (RG.N1) consistently emerged as a
highly efficient scenario, being relatively cheaper to manage per unit of forage (UNIyield)
and also achieving a lower cost per unit of CP. However, increasing the N dose to the
maximum (N2) in ryegrass led to a substantial increase in UNICP. This emphasises that
variations in N application and crops directly influence production costs, underscoring the
importance of optimised management for cost efficiency and profitability. This aligns with
findings by Leal et al. [45] that different forage crops inherently impact production systems
differently [45].

4.3. Management’s Impact on Profitability Variables

Analysing the profitability metrics (Table 13) further elucidates these management
impacts. REVnet exhibited strong responsiveness to irrigation and nitrogen fertilisation.
The Irrigated.N1 scenario consistently yielded the highest REVnet (mean 259.72), indicating
its superior economic viability. Conversely, the Rainfed.N2 scenario resulted in a negative
mean REVnet (−11.56), highlighting the economic risks associated with high N application
under rainfed conditions. Similarly, the ROI was highest for irrigated mixed crops (mean
247.37), further affirming the profitability benefits of irrigation. BE analysis also revealed
that while irrigated mixed crops had a higher BE point (3924.35), irrigated ryegrass had
a lower BE point (2213.24), implying it requires less yield to cover costs under irrigation.
These trends in REVnet, ROI, and BE closely follow those observed for the agronomic
variables, indicating that total revenue per hectare is primarily driven by efficient irrigation
and fertilisation management strategies.

REVnet’s mean and median show that the net profit margin per ha is around EUR
148.3, but it varies widely (CV = 115.7%), ranging from a negative income (expense) of
-EUR 223.6 ha−1 to a maximum of EUR 471.7 ha−1. These results show the impact of
management decisions on crop profitability. Similarly, the ROI shows very large variations
(CV = 111.7%), suggesting that some strategies were considerably more profitable than
others. Some even represented an ROI of 424.6 EUR ha−1, but others showed a negative ROI
of −167.9 EUR ha−1. To complement these indicators, BE indicates that the average break-
even point of the scenarios analysed is around 2600 kg ha−1 but can reach a maximum of
7003.4 kg ha−1. This large possible variation in the data is easily seen in the CV, which
shows a value of 72.6%.
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In the case of REVnet, the results presented in Table 2 show that although the net margin
of the crop account of the strategies analysed had the irrigation factor as significant, it was
the Nt factor that was the most significant in isolation. The irrigation x Nt interaction was
also highly significant. For example, there is a statistically significant difference between
the N1 and N2 treatments (P.adj = 0.041), as well as between an irrigated system with
N1 fertilisation and a rainfed system with N2 fertilisation (P.adj = 0.033). In other words,
the intermediate dose of fertilisation made it possible to achieve the highest net revenue,
especially in the case of irrigated crops.

In the case of ROI, the results suggest that both the crop and the irrigation regime
and the interactions between them significantly affect profitability. Comparisons between
irrigated systems of both crops show relevant differences (P.adj = 0.045), as well as the
distinctions between irrigated and rainfed intercropping systems (P.adj = 0.038) and be-
tween rainfed ryegrass, which presents the lowest ROI value, and irrigated intercropping
(P.adj = 0.028). Finally, in the case of breaking even (BE), there is a significant difference
between intercropping and ryegrass under irrigated conditions (P.adj = 0.019) but also
between irrigated intercropping and rainfed ryegrass (P.adj = 0.072).

In general, the median REVnet increases as the fertilisation level increases, with treat-
ment N1 (moderate fertilisation) presenting the best average results. However, data vari-
ability also increases, especially at level N2 (highest fertilisation), indicating that the ROI is
more uncertain in this scenario.

The interaction between fertilisation and the crop also suggests important differences.
In the mixed crop system, REVnet values are generally higher than in the ryegrass system.
In particular, the MIX_N1 treatment presents the highest median net revenue, suggesting
that this is a more economically viable management. On the other hand, treatments with
N2 present greater dispersion, indicating that although they result in higher revenues in
some cases, they also present greater economic risk. Additionally, the annotation “ns” (not
significant) in one of the graphs suggests that some differences between treatments are
not statistically relevant. This reinforces the need to consider not only the mean values,
but also the variability of results when making decisions about agricultural management.
These results are in line with what some authors claim. Considering that variability in
agricultural management decisions is essential for optimising crop yields and resource
use efficiency [46,47], technological advancements in precision agriculture and data-driven
decision-making support this approach by providing tools to manage spatial and temporal
variability effectively [48]. Adapting management practices to account for variability can
mitigate risks and enhance the sustainability of agricultural systems [49].

The results indicate that fertilisation has a positive effect on net revenue, especially
at moderate application levels (N1). Among the systems evaluated, irrigated mixed crop
presented the highest ROI, showing that, despite the higher costs associated with seed and
irrigation, the economic return justifies the investment, configuring it as the most advan-
tageous option from a financial point of view. On the other hand, ryegrass systems, both
irrigated and rainfed, presented lower ROIs and less variability, suggesting a more limited
profitability, although with greater stability. The rainfed intercropping demonstrated a
higher ROI than the ryegrass systems but still below the irrigated intercropping, indicating
that the absence of irrigation compromises part of the potential return. These data reinforce
the central role of irrigation in maximising economic returns, especially in the context of
intercropping systems. However, the decision on the production system to be adopted
must consider not only the ROI but also the sustainability of costs and the predictability of
results over time.
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BE analysis reinforces this complexity. The irrigated intercropping system has the
highest BE among treatments, reflecting the need for substantial revenue to cover total
costs, mainly due to investment in food security. In contrast, irrigated and rainfed ryegrass
systems record the lowest breakeven points, which indicates reduced costs, variations, and
therefore lower financial risk. Rainfed mixed crop occupies a position with lower total costs
compared to the irrigated version but is still relevant due to the cost of seeds.

In summary, ryegrass systems present lower financial risk, as they need lower revenues
to cover their costs, while the mixed crop irrigated system, despite having a higher break-
even point, can be more profitable if production meets or exceeds these limits.

4.4. Variables Synergies

Refs. [50–53], optimising agricultural management necessitates a comprehensive un-
derstanding of the complex interdependencies among agronomic, economic, and environ-
mental variables. Such synergistic relationships are pivotal for enhancing crop productivity
and ensuring sustainable profitability. It is widely acknowledged that escalating produc-
tion costs in agricultural systems can significantly diminish overall profitability [50]. This
challenge is frequently exacerbated by volatile input prices, including those for seeds and
fertilisers, which directly influence operational financial outcomes.

Furthermore, critical plant physiological indicators such as NUp and NUE are fundamen-
tal to achieving a balance between robust crop productivity, favourable economic returns, and
environmental sustainability [51]. Empirical evidence consistently demonstrates a strong posi-
tive correlation between heightened agricultural productivity and increased net revenue [52],
suggesting that advancements in productivity can concurrently boost profitability and con-
tribute to reduced environmental impact. The strategic adoption of advanced agricultural
technologies and practices, including precision agriculture and genetic interventions, has been
shown to further amplify both productivity and profitability [53].

To elucidate these intricate relationships and their implications within our forage
production system, we conducted a comprehensive correlation analysis, presented in
Figure 2, which quantifies the intensity and direction of these observed synergies using
Spearman’s coefficient.

Several key correlations were observed. A very strong positive relationship was
found between plant nitrogen content per unit area (PNCy) and yield (R2 = 0.9), indicating
that higher N accumulation in the biomass directly translates to increased forage produc-
tion. Conversely, PNC in total plant dry mass showed virtually no correlation with yield
(R2 = 0.01), emphasising that the quantity of N accumulated per unit area, rather than its
percentage concentration, primarily drives productivity. Furthermore, forage productivity
exhibited very strong correlations with NUp (R2 = 0.9), NUE (R2 = 0.78), and NNI (R2 = 0.8).
These findings underscore the critical role of the crop’s capacity and efficiency in N ab-
sorption and its nutritional status in determining overall productivity and the nutritional
quality of forages. The strong correlation of NNI with both PNCy (R2 = 0.98) and NUp
(R2 = 0.98) further reinforces NNI’s utility as a robust indicator of the plant’s N status,
directly impacting its ability to contribute to yield and nutrient cycling. The importance
of NUp and NUE for balancing crop productivity, economic return, and environmental
sustainability is thus corroborated [51].

Analysing the relationships between the cost and production components revealed
distinct patterns. Interestingly, VC and FC showed no notable correlation with the other
variables studied. However, the unit costs of production, UNIyield (cost per kg of forage)
and UNICP (cost per kg of crude protein) exhibited a strong positive correlation (0.87). This
suggests that an increase in the cost of producing a kg of forage is generally accompanied
by an increase in the cost of producing a kg of protein, highlighting the similarity in their
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underlying cost drivers. However, correlations were consistently more pronounced for
UNICP, implying a greater sensitivity to other parameters. For instance, while UNIyield

showed a weak negative correlation with NNI (−0.53), UNICP displayed a strong nega-
tive correlation (−0.82) with NNI. This indicates that better N nutritional status (higher
NNI) is more strongly associated with a reduction in the unit cost of protein. Moreover,
UNICP exhibited notable negative correlations with yield (−0.79), CPy (−0.87), and REVnet

(−0.88), reinforcing the principle that higher unit production costs negatively impact overall
profitability [50].

Overall, the synergy matrix clearly demonstrates that REVnet is profoundly influenced
by its strong positive correlation with gross revenue per hectare (0.89) and strong negative
correlations with unit costs, specifically UNIyield (−0.97) and UNICP (−0.88). This highlights
that controlling unit production costs is paramount for maximising net revenue. While NUp
and NUE moderately impacted economic performance (a 0.79 correlation with REVnet),
their fundamental link to productivity makes them indirectly vital for economic returns.
Consistent with this, the ROI exhibited a very high positive correlation with UNIyield

(0.98) and the BE point (0.98). This implies that in the context of forage production, an
increase in the unit production cost of forage (UNIyield) is associated with an increase in
both the return on investment and the break-even point. This positive relationship between
ROI and unit costs may suggest that higher investment in management practices, while
increasing unit costs, leads to a proportionally greater increase in revenue or product value,
thereby boosting ROI. The perfect correlation (R2 = 1) between BE and UNIyield further
solidifies this direct relationship, indicating that higher unit production costs necessitate
a higher yield to achieve profitability. These findings reinforce that higher agricultural
productivity is strongly correlated with higher REVnet [52] and that advanced agricultural
technologies and practices, including optimised nutrient management, can further amplify
both productivity and profitability.

4.5. Sensibility Analysis

The analysis unequivocally demonstrates that yield is the most sensitive and deter-
mining variable for net profit for both ryegrass and mixed crop systems. This indicates that
even minor variations in forage yield can substantially alter the financial performance of
these crops. This pronounced impact of yield on net profit is primarily attributable to the
prevailing market mechanism, where the final product is remunerated on a per-kilogram
basis (EUR kg−1). Conversely, other input variables such as land, seeds, fertilisers, and
water, while integral to the production system, exerted a comparatively smaller but still
relevant influence on the overall cost and revenue composition. It is pertinent to consider
that if the market valuation of forage were to shift towards quality-based pricing rather
than solely quantity, the relative sensitivities of these variables could significantly change.
Therefore, future studies should analyse the influence of market-driven quality-based
pricing on the economic sensitivities of forage production systems [54–59].

4.6. Practical Implications

The results of this study provide valuable information for decision-making in agricul-
tural management, especially about fertilisation, integrity, and choice of production system.
The joint analysis of agronomic and economic aspects demonstrated that the interaction
between these factors significantly influences productivity and profitability, highlighting
essential points for the optimisation of agricultural practices.
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4.6.1. Fertilisation Strategies to Maximise Profitability

The data suggest that N fertilisation has a positive effect on yield and economic returns,
especially at moderate levels (N1). However, high levels of fertilisation (N2) presented
greater variability in returns, reducing greater economic risk without guaranteeing higher
levels of productivity or net profit margin. Therefore, producers must consider strategies
that balance maximising productivity with financial stability, avoiding excessive nitrogen
applications that may compromise the ROI.

4.6.2. Importance of Irrigation in Profitability

The results showed that supervision has a significant impact on productivity and
ROI, becoming an essential factor for consolidated production systems. Although the
costs of supervision are high, the financial return justifies the investment, especially when
combined with optimised fertilisation practices and responsive crops. However, producers
operating in regions with water restrictions should carefully evaluate the cost–benefit of
monitoring and may consider efficient water management systems to reduce waste and
maximise the use of available resources.

4.6.3. Comparison Between Mixed and Individual Fodder Crops

Irrigated mixed crops presented the best financial indicators, while extreme systems
presented lower risk due to reduced costs. The choice between the two must consider not
only potential profit but also the stability of returns, environmental risks, and long-term
forecasts. Diversification, combined with knowledge of local soil and climate conditions,
can promote greater productivity and economic resilience.

4.6.4. Role of Yield as a Key Indicator

Yield stands out as the main variable determining profitability. In this context, preci-
sion agriculture emerges as a strategic tool to monitor the spatial variability of plots and
improve the management of a specific site. Through technologies such as sensors, GPS
mapping, and georeferenced analyses, it is possible to know, in detail, the productive, eco-
nomic, and profitability parameters at each point on the plot. This approach allows inputs
to be applied in a differentiated way, maximising economic returns in more productive
areas and reducing losses in less responsive areas.

4.6.5. Results Application to Optimise Agricultural Management

The results of this study can be used to develop predictive models that help farmers
make decisions. By considering variables such as total cost, fertilisation, guidance, and ROI,
it is possible to create guidelines to optimise investments and minimise risks. Furthermore,
the observation matrix highlights the importance of monitoring variables such as unit cost
and NUE, allowing more precise adjustments in management strategies.

4.7. Modelling N Fertilisation of Fodder Crops Based on Agronomic, Economic, and
Profitability Variables

Optimising N fertilisation in forage production systems is a complex challenge, con-
ventionally approached through agronomic models focused on maximising yield or NUE.
However, a holistic decision-making framework for sustainable agriculture necessitates
integrating economic and profitability considerations. Based on our study’s findings, the
critical variables to consider for developing comprehensive N fertilisation models in forage
systems emphasise the indispensable role of economic and profitability metrics alongside
agronomic parameters.

What are the best variables to consider for creating an N fertilisation model in forage
systems?
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Our correlation analysis (Figure 2) reveals that yield, PNCy, NUp, NUE, and NNI
are fundamental agronomic variables for predicting forage system response to N fertilisa-
tion. The strong positive correlations observed between yield and NUp (R2 = 0.9), NUE
(R2 = 0.78), and NNI (R2 = 0.8), as well as between NNI and PNCy (R2 = 0.98) and NUp
(R2 = 0.98), confirm their direct relevance to biomass accumulation and nutrient status.
Furthermore, the sensitivity analysis (Section 3.5) unequivocally identified yield as the most
critical variable impacting net profit, further emphasising the need to model its economic
outcome. Therefore, any robust N fertilisation model must accurately account for these
interactions to predict the agronomic benefits of N application.

Are economic and profitability variables important in modelling N fertilisation, rather
than solely agronomic variables?

Our results strongly argue that economic and profitability variables are not merely
important but indispensable for robust N fertilisation models. Agronomic models primarily
optimise for biological outcomes (e.g., maximising yield or NUE), but farmers’ decisions
are fundamentally driven by financial viability and sustainability. As highlighted in
Section 3.3.2., high N fertilisation levels (N2) can present greater economic risk despite
potential yield benefits, demonstrating that agronomic optima do not always align with
economic optima.

Crucially, our study highlights that purely agronomic models, while valuable, may
not fully capture the economic realities faced by farmers. The integration of economic and
profitability variables is paramount. Our findings demonstrate strong negative correlations
between unit production costs (UNIyield: −0.97 with REVnet; UNICP: −0.88 with REVnet)
and overall profitability. This underscores that decisions on N application, which directly
influence these unit costs, are ultimately economic decisions. For instance, the intermediate
N1 dose, while potentially not achieving absolute maximum yield in all scenarios, consis-
tently emerged as highly cost-effective in terms of UNICP and UNIyield (Table 12), leading
to superior REVnet (Table 14). This suggests that a model solely optimising for agronomic
maxima might overlook scenarios that are more financially optimal.

The significant positive correlations of ROI with UNIyield (0.98) and BE point (0.98),
and the perfect correlation of BE with UNIyield (R2 = 1) further reinforce the direct link
between unit production costs and profitability indicators. While the positive relationship
between ROI and unit costs may seem counter-intuitive, it implies that certain N manage-
ment strategies, while increasing the cost per unit of product, may lead to a proportionally
greater increase in product value or revenue, thereby enhancing overall return on invest-
ment. This complex interplay necessitates that models move beyond simple input–output
yield functions.

A model that does not incorporate costs, revenues, and profitability metrics (in this
case, REVnet, ROI, and BE) provides only a partial picture and risks generating recommen-
dations that are biologically sound but economically unviable or sub-optimal for the farmer.
By integrating these financial dimensions, N fertilisation models can provide more realistic
and sustainable decision-support tools for farmers, guiding them towards practices that
balance high productivity with optimised financial returns, ultimately contributing to the
resilience of agricultural systems.

What variables do we have to measure to create such models?
To develop effective and comprehensive N fertilisation models, key measurements

should extend beyond traditional agronomic parameters. Essential data inputs for such
models include the following variables presented in Table 15.
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Table 15. Key variables for integrated N fertilisation models in forage systems.

Variable Category Variable Description/Importance for Modelling

Agronomic Forage Yield
(kg ha−1) Essential for quantifying biomass production and primary output.

PNCy
Critical for understanding N accumulation in biomass and its

direct link to yield.

NUp Measures total N acquired by the crop; fundamental for
N balance.

NUE Indicates the efficiency of N conversion into biomass; vital for
sustainable N management.

NNI Reflects the plant’s actual N nutritional status, a direct indicator
of N adequacy.

Economic FC All costs independent of production volume. Necessary for
comprehensive cost analysis.

VC Costs that vary with production volume. Essential for calculating
unit costs.

Market Prices for Forage Price per unit of output. Crucial for revenue calculation.

UNIyield
Cost to produce one unit of forage biomass; directly linked

to profitability.

UNICP
Cost to produce one unit of protein; important for

quality-based valuation.

Profitability REVnet
Overall financial gain from the production system; ultimate

measure of economic success.

ROI Measures the efficiency of an investment in generating returns;
key for decision-making.

BE point The yield level required to cover all costs; crucial for
risk assessment.

PNCy—plant nitrogen content per unit area (kg N ha−1); NUp—nitrogen uptake (kg ha−1); NUE—nitrogen
use efficiency (kg N ha−1); NNI—nitrogen nutrition Index; VC—variable costs (EUR ha−1); FC—fixed costs
(EUR ha−1); UNIyield—production cost per unit of forage (EUR kg−1); UNICP—production cost per unit of CP
(EUR kg−1); REVnet—net revenue margin (EUR ha−1); ROI—return on investment (EUR ha−1); BE—break even
(EUR ha−1).

5. Conclusions
This study successfully integrated agronomic and economic analyses to provide a com-

prehensive framework for optimising forage production strategies. Our findings unequivo-
cally demonstrate that mixed fodder crops with legumes, particularly when implemented
in irrigated systems and with moderate N fertilisation doses (N1), represent a highly effi-
cient approach. These strategies consistently promoted significant gains in productivity
(e.g., yielding over 3980 kg ha−1 forage and 690 kg ha−1 crude protein for irrigated mixed
crops at N1), enhanced forage quality, and improved NUE (e.g., achieving NUE around
0.54), confirming the substantial potential of legumes to enhance the performance of forage
systems, especially within challenging Mediterranean edaphoclimatic environments.

From an economic perspective, the analysis clearly established yield as the most
decisive factor for profitability, with a strong positive correlation (R2 = 0.89) between
productivity and net revenue. Irrigated mixed crop systems, particularly with moderate
N, exhibited the best financial performance, evidenced by the highest mean net revenue
margin (REVnet) of approximately 260 EUR ha−1 and ROI of over 247. In contrast, scenarios
like rainfed crops with high N fertilisation resulted in significantly lower, or even negative,
REVnet (around −12 EUR ha−1). The study also highlighted the importance of balancing
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potential returns with stability and risk; while ryegrass monoculture systems might offer
less overall profitability, they provided greater predictability of results and often achieved
lower unit costs (e.g., UNIyield as low as 0.11 EUR kg−1 forage for ryegrass at N1). This
emphasises that defining the most appropriate management practices requires a careful
equilibrium between investment, expected return, and inherent variability within each
specific production context.

Crucially, this research identifies key agronomic, economic, and profitability variables
essential for developing more sophisticated integrated N fertilisation models for forage
systems. By moving beyond traditional agronomic optima to incorporate unit costs, net
revenue, return on investment, and break-even points, future models can offer more realistic
and economically viable decision-support tools.

In summary, the data obtained from this study are instrumental in informing on-
the-ground decision-making, charting a course towards more sustainable, profitable, and
resilient agricultural practices. Aligning crop choice, irrigation regime, and optimal fer-
tilisation doses with local environmental conditions and specific production objectives
will maximise not only economic results but also the overall efficiency and long-term
sustainability of agricultural systems.
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