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Abstract. Soil fertility management is a critical factor for ensuring the persistence of the legume
component in improved pastures in Mediterranean regions. To promote legume growth, the most
common practices include the application of lime to correct Soil acidity and phosphate fertilizers
to address phosphorus (P) deficiencies. This study examined two acidic soils and evaluated the
need for P and boron (B) supplementation following liming. A factorial pot experiment (Soil type
x vegetation type x fertilizer treatment) was conducted using subterranean clover (7rifolium
subterraneum L.), annual ryegrass (Lolium multiflorum Lam.), and their mixture. Results
revealed significantly higher dry matter yield (DMY) for the legume (18.1 g pot™) compared to
the grass (5.9 g pot™), due to the legume's ability to access atmospheric nitrogen (N). Soil 2,
which had higher initial P availability than Soil 1, and P fertilization both enhanced N
accumulation in legume tissues, the percentage of N derived from the atmosphere (%Ndfa), and
DMY. These outcomes indicate that liming alone was insufficient to increase P availability and
eliminate the need for P fertilization. For instance, DMY increased from 15.0 g pot™ with liming
alone to 19.4 g pot™! when P was supplemented. Additionally, B application increased N uptake
and %Ndfa in the legume, with the latter rising from 48.9% in the liming-only control to 77.5%
with B supplementation. These results suggest that liming, by increasing Soil pH, may reduce B
bioavailability, highlighting the need for B supplementation following lime application.

Key words: annual ryegrass, biological nitrogen fixation, dry matter yield, Mediterranean pastures,
subterranean clover, %Ndfa.
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INTRODUCTION

Grasslands play a central role in animal nutrition and form the foundation of
livestock production systems across vast regions of the world. In recent decades,
improved pastures have been expanding globally as a response to the growing need for
more productive agricultural systems, both in intensive and extensive forms of
pasture-based livestock farming (Hayes et al., 2017; Badgery et al., 2024). The concept
of improved pastures is primarily based on the introduction of high-yielding species,
with particular emphasis on legumes, due to their capacity to access atmospheric N,
thereby reducing reliance on synthetic fertilizers (Ovalle et al., 2006; Teixeira et al.,
2015; Monjardino et al., 2022).

The N introduced into the system by legumes can also benefit associated
non-leguminous species, thus enhancing the overall productivity of the pasture
(Riday & Albrecht, 2012; Monjardino et al., 2022). However, ensuring the persistence
of legume species remains a challenge, requiring grazing management strategies that
support successful seed production and natural reseeding (Nyfeler et al., 2009; Hayes et
al., 2017). In addition to grazing strategies, several Soil management practices have also
been recommended to enhance legume persistence, with liming and P application being
the most prominent (Moir et al., 2016; Morton, 2020; McLachlan et al., 2024).
Nonetheless, under specific conditions, the role of other nutrients should not be
underestimated (Bellaloui et al., 2014; Hamilton et al., 2015; Zhou et al., 2023).

Soil acidity represents a major constraint on plant productivity, given the
widespread prevalence of acidic soils globally, with liming being a widely adopted
corrective practice (Upjohn et al., 2005; Holland et al., 2018; Hackney et al., 2019).
Soil acidity impairs plant growth primarily due to the toxicity of aluminum (AI**), and
in some cases, manganese (Mn?*), which are present in high concentrations in the
Soil solution. Additionally, deficiencies in essential cations such as calcium (Ca*"), and
in some cases magnesium (Mg?"), also contribute to reduced plant performance under
acidic conditions (Kochian et al., 2004; Weil & Brady, 2017). Once applied, agricultural
lime reacts with carbon (C) dioxide in the Soil atmosphere and with water, forming
calcium (Ca) and magnesium (Mg) bicarbonates. These compounds neutralize both
exchangeable and residual acidity. Acidic ions in the Soil solution and adsorbed onto
Soil colloids, namely H*, Al**, and Mn?", are displaced by basic cations (Ca** and Mg?"),
leading to the precipitation of aluminum (Al) and manganese (Mn) as their respective
hydroxides [AlI(OH)s and Mn(OH):], thereby increasing Soil pH (Weil & Brady, 2017).
In improved pastures enriched with legumes, liming, in conjunction with appropriate
grazing management, is a key strategy to enhance both productivity and the persistence
of the legume component (Moir et al., 2016; Morton, 2020; McLachlan et al., 2024).
Legumes are particularly sensitive to Soil acidity, as they tend to have higher Ca
requirements than grasses, and nodulation is highly susceptible to Al toxicity and Ca
deficiency (Morton, 2020; Yang et al., 2021; Hungria & Nogueira, 2023).

In legume-rich pastures, P application is a key management practice, as liming may
correct Soil acidity for several years, while P typically needs to be applied annually
(Olson-Rutz & Jones, 2015; Teixeira et al., 2015; McLachlan et al., 2024). P availability
in the Soil is crucial not only for plant growth, but also for the development and
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functioning of root nodules, thereby facilitating biological N fixation and providing
legumes with a competitive advantage over grasses (Maxwell et al., 2013; Mitran et al.,
2018). Acidic soils are often associated with low levels of available P (Upjohn et al.,
2005; Arrobas et al., 2023a). P availability in highly acidic soils is reduced due to its
strong affinity for iron (Fe) and Al oxides, leading to its precipitation as insoluble
compounds such as AIPOs and FePO4 (Weil & Brady, 2017). Thus, alleviating Soil acidity
through liming may be sufficient to mobilize previously precipitated P, potentially
rendering additional P fertilization redundant in the years following lime application.

B has been reported as one of the most significant plant nutritional disorders in
inland regions of Portugal (Portela et al., 2015; Arrobas et al., 2024). This issue is most
prevalent in dicot species, which generally have higher B requirements than monocots.
B plays a critical role in cell wall biosynthesis, particularly through its binding with cis-
diol-containing compounds, which are more prevalent in dicots than in monocots
(Behera et al., 2023; Cakmak et al., 2023). Since pasture systems often aim to maintain
a balance between legumes (dicots) and grasses (monocots), B may represent a key
factor in effective pasture management. The importance of B in the growth and
development of legume root nodules, and thus in biological N fixation, has also been
well documented (Bellaloui et al., 2014; Hamilton et al., 2015; Hackney et al., 2019).
Conversely, lime application can induce B deficiency in plants (Arrobas et al., 2023b),
as at higher pH levels, B becomes more tightly bound to Soil particles, reducing its
availability. Furthermore, plants may exhibit an increased demand for B when Ca is
abundant (Weil & Brady, 2017), a situation that may compromise the persistence and
productivity of the legume component in pasture systems.

Since liming is generally regarded as a routine practice in acidic soils, this study
seeks to determine whether liming is sufficient to enhance P availability to the point of
eliminating the need for its direct application. Additionally, the study examines whether
liming interferes with the bioavailability of other nutrients, particularly B, as previous
research in other crops (Arrobas et al., 2023b) has shown that liming can induce severe
B deficiency. Thus, the experimental design included liming as the control treatment,
with three additional treatments: lime with P addition, lime with B addition, and lime
with both P and B additions. The experiment was conducted under controlled conditions
using pots and included three vegetation types: subterranean clover, annual ryegrass, and
a mixture of both species. Two acidic soils of different origins were tested.

The main working hypotheses were as follows: 1) the addition of P is not necessary
when Soil is limed, due to increased P availability; and ii) the supply of B is essential,
particularly for the legume component, due to the risk of B deficiency induced by liming.

MATERIALS AND METHODS

General experimental conditions

The pot experiment was conducted at the agricultural experimentation unit of the
Polytechnic Institute of Braganca, located at coordinates 41°47'49.96" N, 6°45'42.90" W,
at an altitude of 670 m above sea level. Sowing was done on September 19, 2023, and
harvest was on April 29, 2024. The region is characterized by a Mediterranean
climate with Atlantic influence. According to the K&ppen-Geiger climate classification,
the region is categorized as Csb, which denotes cold, rainy winters and hot, dry summers
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(IPMA, 2025). The mean annual temperature is 12.9 °C, and the average annual
precipitation amounts to 790.0 mm. The monthly average temperature and precipitation
values recorded during the experimental period are presented in Table 1.

Table 1. Monthly mean air temperature and precipitation values during the experimental period,
alongside the regional climatological normal (1991-2020) (IPMA, 2025)

Temperature (°C) Precipitation (mm)
Normal 2023/2024 Normal 2023/2024
2023 September  18.3 17.0 43.9 87.6
October 13.4 14.7 106.9 212.8
November 8.2 10.2 91.8 126.8
December 54 4.5 112.3 70.0
2024 January 4.8 6.3 106.6 107.0
February 6.3 8.1 62.4 86.2
March 9.3 8.6 68.6 122.2
April 11.3 11.8 68.0 57.4
May 14.8 13.4 63.4 35.6
June 19.0 18.4 323 85.8

Experimental design, description, and trial management

The experiment was arranged as a factorial design comprising three factors:
Soil type, vegetation type, and fertilisation treatments. Each combination of factors was
replicated three times. Two Soil types were used: Soil 1, collected from a seminatural
lowland pasture in central Portugal, and Soil 2, sourced from a seminatural mountain
pasture in northern Portugal. The plant species selected for this study were subterranean
clover (Trifolium subterraneum ssp. subterraneum, cv. Denmark), annual ryegrass
(Lolium multiflorum Lam., cv. Falladino), and a mixture of the two species. Calcium
carbonate was applied as a liming treatment (Lime) to address the high Soil acidity, and
in this experiment, it was considered the control treatment. The additional treatments
included: Lime plus P (Lime + P), Lime plus B (Lime + B), and Lime combined with
both P and B (Lime + P + B). In total, the experiment comprised 72 pots, resulting from
the combination of two soils, three vegetation types, four treatments, and three replicates.

Soil 1 is classified as a Dystric Leptosol, while Soil 2 corresponds to an Umbric
Dystric Leptosol (WRB, 2022). Selected physical and chemical properties of the soils,
determined from samples collected at a depth of 0—15 cm shortly before the onset of the
trial, are presented in Table 2.

Laboratory-grade calcium carbonate (neutralizing value 100% as CaCOs = 56% as
CaO) was applied to each Soil at rates adjusted according to initial pH to reach pH 6.5.
This value is considered optimal for maximizing the bioavailability of key Soil nutrients,
including P (Weil & Brady, 2017). The estimation of the required calcium carbonate
dose was based on Soil pH, texture, and organic matter content, following the
standardized procedures outlined by Veloso et al. (2022). For Soil 1, the application rate
was estimated at 4,000 kg ha™', whereas for Soil 2 it was 7,000 kg ha™. To translate these
hectare-based values into the amounts required for pot experiments, it was considered
that each pot contained 3 kg of oven-dried fine soil, while one hectare corresponds to
2,000 t of soil. Accordingly, the final application rates per pot were determined as 7 g for
Soil 1 and 12 g for Soil 2, respectively. P was applied at a rate equivalent to 80 kg P-Os ha™
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(37.4 kg P ha™"). Considering the surface area of each pot (0.022 m?), this corresponded
to 0.076 g of P (0.174 g P-Os) per pot, supplied as 1 g pot™ of single superphosphate
(18% P20s). Using a similar calculation, B was applied at a rate of 1.5 kgha™,
corresponding to 0.02 g pot™! of Neobor (14.9% B as disodium tetraborate pentahydrate).

Table 2. Selected physical and chemical Soil properties (mean =+ standard deviation, n =3) of
Soil samples collected at a depth of 0—15 cm shortly before the onset of the trial, from the lowland

pasture (Soil 1) and the mountain pasture (Soil 2)

Soil 1 Soil 2
IClay (g kg ™) 12.4+0.08 14.8+0.27
1Silt (g kg ) 12.4+023 10.7 +2.07
Sand (g kg ™) 75.3+0.31 74.5+1.89
Texture (USDA) Sandy loam Sandy loam
2pH (120, 5.4 £0.06 5.0£0.10
3Organic carbon (g kg™") 17.7+0.29 50.8 £3.32
“Total nitrogen (g kg™") 1.4+0.13 3.04+0.25
SExtractabe phosphorus (mg kg™) 33.4+1.54 106.4 +£9.32
SExtractable potassium (mg kg™') 108.4 +2.94 312.5+78.59
®Exchangeable calcium (cmol. kg™!) 1.87+0.14 4.40 +0.49
®Exchangeable magnesium (cmol. kg™) 0.61+0.03 1.25+£0.12
SExchangeable potassium (cmol. kg™) 0.45+0.02 1.20+0.24
SExchangeable sodium (cmol; kg™") 0.13+£0.01 0.25+0.11
SExchangeable acidity (cmol kg™") 0.70 £0.00 0.43+£0.12
"CEC (cmol. kg™) 3.76 £0.15 7.54 +£0.79
8Extractable boron (mg kg™) 0.72 £ 0.47 1.05+0.22

'Robinson  pipette method; ?Potentiometry; 3Walkley-Black; “Kjeldahl; 3SAmmonium lactate
(Egner- Riehm); *Ammonium acetate; 'Cation exchange capacity; Hot water, azomethine-H.

The fertilizers corresponding to each treatment were thoroughly mixed with 3 kg of
air-dried fine Soil (<2 mm) per pot. The seeding rate for each pot was based on the
recommended field application rates for the selected species, namely 20 kg ha™' for
subterranean clover and 40 kg ha™' for annual ryegrass. The seed quantities per pot were
estimated based on the surface area of the pots, resulting in the application of 44 mg
and 88 mg of subterranean clover and annual ryegrass seeds, respectively. In the mixed-
species treatment, half of each seed dose was used. Seeds were sown at a depth of 1 cm.

Irrigation was provided whenever rainfall was insufficient to support regular plant
growth. During the initial weeks, weeds were manually removed whenever
distinguishable from the sown species, to maintain uniformity across the vegetation
samples to be analysed. Pots were surrounded by wooden stakes to shield their sides
from direct sunlight and prevent overheating. To ensure uniform exposure to solar
radiation, pot positions were rotated weekly.

Sampling and laboratory analyses

Plants were harvested near ground level at the advanced flowering stage of the
legume and the early heading stage of the grass, 212 days after sowing. After harvesting,
the samples were briefly washed in clean water to remove any Soil or mineral debris
attached to the plants. Subsequently, the samples were dried in a forced-air oven set to
70 °C, weighed, and ground using a 1 mm mesh sieve.
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The samples were subjected to elemental analysis. N was determined by the Kjeldahl
method, while B and P were determined by colorimetry. Potassium (K), Ca, Mg, Mn,
Fe, copper (Cu), and zinc (Zn) were determined by atomic absorption spectrophotometry
following digestion of the samples with nitric acid in a microwave oven (Temminghoff
& Houba, 2004).

Initial Soil samples were air-dried and passed through a 2 mm sieve. Soil texture
was analysed using the Robinson pipette method. SoilpH was determined
potentiometrically in a 1:2.5 soil-to-solution ratio. Organic C content was assessed by
wet oxidation following the Walkley-Black method. Soil N was determined using the
Kjeldahl method. Extractable P and K were determined using the ammonium lactate
method (Egner-Riehm), while exchangeable bases were accessed with the ammonium
acetate method. B was determined using the hot-water extraction method followed by
azomethine-H colorimetry. All these analytical procedures are fully described in van
Reeuwijk (2002).

Data analysis

The data analysis was conducted using the statistical software SPSS Statistics
(version 25, IBM SPSS, Armonk, NY, USA). Normality and homogeneity of variances
were initially assessed using the Shapiro-Wilk test and Levene’s test, respectively. The
effects of the treatments were compared using a three-way analysis of variance
(ANOVA), with factors Soil type, vegetation type, and fertilisation treatment. When
significant interactions were observed for relevant results, a two-way ANOVA was
applied separately for each vegetation type, considering only the factorial combination
of Soil type X fertiliser treatment. When significant differences between treatments were
found (P < 0.05), means were separated using the Tukey HSD test (a = 0.05).

The %Ndfa was estimated using the difference method, which compares the N
content in legume tissues to that found in the non-legume species (Unkovich et al.,
2008):

Nlegume - Nnon—legume

%Ndfa =

-100 (1)

N legume

RESULTS

Dry matter yield

The results showed a significant interaction among most of the factors under study,
although within each factor, significant differences were also observed (Fig. 1). DMY
was significantly higher in Soil 2 (14.8 g pot™') compared to Soil 1 (10.7 g pot™).
Regarding vegetation types, the legume exhibited the highest DMY (18.1 g pot™),
significantly surpassing that of the mixture (14.3 g pot™"), which in turn was significantly
greater than that of the grass (5.9 g pot™). Among treatments, those that received P
showed significantly higher values compared to the control (11.2 g pot™), particularly
the Lime + P (13.2 g pot™) and Lime + P + B (14.2 g pot™) treatments.
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Figure 1. Dry matter yield (DMY) as a function of Soil type, vegetation type, and fertilisation
[lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability (P) values
from a three-way ANOVA and interactions between all factors are reported. Within each factor,
means followed by the same letter are not significantly different according to the Tukey HSD test
(a = 0.05). Error bars represent standard errors.
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Figure 2. Dry matter yield (DMY) of legume and grass as a function of Soil type, and fertilisation
[lime, lime + phosphorus (P), lime + boron (B), and lime + P+B]. The probability (P) values from
a two-way ANOVA and interactions between factors are reported. Within each factor, means
followed by the same letter are not significantly different according to the Tukey HSD test
(a0 = 0.05). Error bars represent standard errors.
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Nitrogen concentration and uptake in plant tissues

The analysis of N concentration in plant tissues also revealed significant
interactions among some of the factors studied, although not in the three-way
combination (Fig. 3). Soil type did not influence tissue N concentration. Legume
exhibited the highest N concentration (24.1 gkg™), followed by the mixture
(22.2 gkg™), and grass (19.0 g kg™'). This finding suggests that vegetation type had a
greater impact on N acquisition than Soil type, likely due to the legume’s ability to
access atmospheric N. Fertilizer treatments significantly affected tissue N concentration,
with the control showing the lowest values

32 1 PS=0.1844 PS x PV =0.0016 PS x PV x PF =0.1478
58 PV <0.0001 PS x PF =0.0221
7 . PE=0.0376 PV x PF =0.0006
24 a a b b ab ab a
—=— I —E —— )
T 20 4 ¢ =
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~
< 16 4
Z
Z 12 4
= 8 -
4 <
0
Soil 1 ‘ Soil 2 | Legume [ Grass | Mixture | Lime [ Lime+P | Lime+B |Lime+P+B
Soil (S) Vegetation (V) Fertilisation (F)

Figure 3. Tissue nitrogen (N) concentration as a function of Soil type, vegetation type, and
fertilisation [lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability
(P) values from a three-way ANOVA and interactions between all factors are reported. Within
each factor, means followed by the same letter are not significantly different according to the
Tukey HSD test (o = 0.05). Error bars represent standard errors.

Due to the significant interaction observed and to allow for a clearer discrimination
among factors and factor levels, a two-way ANOVA was conducted separately for each
vegetation type (Fig. 4). Soil type did not significantly influence N concentration in the
tissues of either species. In legume, fertilizer treatments that included P, B, or both
nutrients led to significantly higher tissue N concentrations compared to the control. In
grass, no significant effect of fertilizer treatments on N concentration was observed

The amount of N recovered in the aboveground plant biomass exhibited a response
pattern distinct from that observed for tissue N concentration (Fig. 5). Soil had a marked
effect on N uptake, with Soil 2 showing the highest mean value, possibly due to the
greater DMY observed under cultivation in this soil. Differences among vegetation
types were further accentuated, reflecting the combined and congruent effects of both
tissue N concentration and DMY. Regarding fertilizer treatments, the contrast with the
control became more pronounced, with treatments receiving P standing out as having
the highest N uptake.

1424



PS=0.1292  PSx PF =0.0067
PF =0.0018

a a a a a
b
50
g -
4_
O T T T T T

W
N

Legume

kgt)
=N NN
(o) e
1 1 1 1

Tissue N (g
—_
N

32 - Grass PS=0.8462  PSx PF=0.8435

78 - PF = 0.6067
- 24 A
%iz 20 a
z 16 A
212 -

Soil 1 Soil 2 | Lime+P | Lime+B | Lime+P+B
Soil (S) Fertilisation (F)

Figure 4. Tissue nitrogen (N) concentration in legume and grass as a function of Soil type and
fertilisation [lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability
(P) values from a two-way ANOVA and interactions between factors are reported. Within each
factor, means followed by the same letter are not significantly different according to the Tukey
HSD test (o = 0.05). Error bars represent standard errors.
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Figure 5. Nitrogen (N) uptake as a function of Soil type, vegetation type, and fertilisation [lime,
lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability (P) values from a
three-way ANOVA and interactions between all factors are reported. Within each factor, means
followed by the same letter are not significantly different according to the Tukey HSD test
(a=0.05). Error bars represent standard errors.
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The %Ndfa was higher in Table 3. Nitrogen derived from the atmosphere in
Soil 2 compared to Soil 1 when legume pots subjected to various fertiliser treatments
[Lime, Lime + Phosphorus (P), Lime + Boron (B),
and Lime + P + B], expressed in mg per pot (mg pot™!)
and as a percentage (%)

the results were expressed in
mg pot!' (Table 3). Treatments
that received P, B, or both . : :
nutrients also showed higher Lime LDime Lime Lime Average
values of the %Ndfa compared to = *P+B  +P+B

the control. Specifically, in the mg pot

Soil 1 109.0 2259 299.7 3088 2358
0
case of B, the %Ndfa values were g 0o 3005 5337 3711 4386 4169

particularly higher in Soil 1, %
which initially had lower levels of Soill 489 686 775 757 70.0
B and organic matter. Soil2 725 820 736 715 76.9

Phosphorus concentration and uptake in plant tissues

No significant interaction among factors was observed for tissue P concentration
(Fig. 6). P concentration in plant tissues was higher in Soil 1 than in Soil 2. Among
vegetation types, the grass exhibited the highest P concentration, followed by the
mixture, and then the legume. Fertilizer treatments did not significantly influence tissue
P concentration.

5 q PS =0.0492 PS x PV =0.3774 PS x PV x PF = 0.4242
PV <0.0001 PS x PF = 0.7944
PF =0.4161 PV x PF =0.6236
4 A
a
T a a
5 - a a
vy 3 —F— b b = —1- a -
0 E3 B3]
Ny c
2 2 -
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0
Soil 1 | Soil 2 | Legume | Grass | Mixture [ Lime | Lime+P | Lime+B |Lime+P+B
Soil (S) Vegetation (V) Fertilisation (F)

Figure 6. Tissue phosphorus (P) concentration as a function of Soil type, vegetation type, and
fertilisation [lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability
(P) values from a three-way ANOVA and interactions between all factors are reported. Within
each factor, means followed by the same letter are not significantly different according to the
Tukey HSD test (a = 0.05). Error bars represent standard errors.

The amount of P recovered in the aboveground plant biomass was higher in Soil 2,
displaying an inverse trend relative to tissue P concentration (Fig. 7). This was attributed
to the greater DMY observed in Soil 2. P uptake was also higher in the legume than in
the grass, again contrasting with the pattern of tissue P concentration, due to the higher
DMY of the legume. Among fertilizer treatments, P application, with or without B, stood
out as having the most pronounced effect on P recovery in plant biomass.
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Figure 7. Phosphorus (P) uptake as a function of Soil type, vegetation type, and fertilisation
[lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability (P) values
from a three-way ANOVA and interactions between all factors are reported. Within each factor,
means followed by the same letter are not significantly different according to the Tukey HSD test
(a = 0.05). Error bars represent standard errors.

Boron concentration and uptake in plant tissues

Tissue B concentration was significantly higher in plants grown in Soil 1 compared
to those grown in Soil 2 (Fig. 8). The legume exhibited significantly higher tissue B
levels than the mixture, which in turn had higher levels than grass. Treatments that
included B resulted in higher tissue B concentrations than those that did not receive B.
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Figure 8. Tissue boron (B) concentration as a function of Soil type, vegetation type, and
fertilisation [lime, lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability
(P) values from a three-way ANOVA and interactions between all factors are reported. Within
each factor, means followed by the same letter are not significantly different according to the
Tukey HSD test (a = 0.05). Error bars represent standard errors.
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The total amount of B recovered by the vegetation was higher in Soil 2 compared to
Soil 1 (Fig. 9), contrary to the pattern observed for tissue B concentration. In contrast, the
patterns observed for vegetation type and fertilizer treatments were maintained; however,
the differences among factors were amplified due to their combined effect with DMY.
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Figure 9. Boron (B) uptake as a function of Soil type, vegetation type, and fertilisation [lime,
lime + phosphorus (P), lime + boron (B), and lime + P + B]. The probability (P) values from a
three-way ANOVA and interactions between all factors are reported. Within each factor, means
followed by the same letter are not significantly different according to the Tukey HSD test
(a = 0.05). Error bars represent standard errors.

DISCUSSION

Effect of Soil type and plant species on dry matter yield

Soil type had a significant effect on the DMY of both grass and legume species,
with consistently higher yields recorded in Soil 2 (Fig. 2). At the start of the experiment,
Soil 2 exhibited superior fertility properties known to support plant productivity,
including higher levels of organic matter, P, K, Ca, and Mg. Although Soil 2 was more
acidic than Soil 1, the application of lime across all pots as a baseline (and control
treatment) likely minimized pH-related differences. Thus, nutrient availability, rather
than Soil pH, appears to have been the dominant factor influencing plant growth. Plants
grown in Soil 2 recovered more N than those in Soil 1, likely reflecting the higher total
N and organic matter contents, which may have enhanced N availability through
mineralization. The soils used in the experiment were sieved, a process that improves
aeration but also disrupts Soil aggregates, often increasing mineralization rates (Weil &
Brady, 2017). The increased N release from organic matter in Soil 2 likely explains the
greater DMY observed in the grass species, which typically depend more heavily on
soil-available N (Dordas et al., 2019; Dimande et al., 2024).
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For the legume species, a higher %Ndfa was observed when grown in Soil 2
(Table 3), which may indicate enhanced biological N fixation in this soil. Both species
produced more biomass in Soil 2 than in Soil 1; however, the legume substantially
outperformed the grass in terms of DMY. These findings highlight the importance of N
availability as a key limiting factor for plant productivity, an established constraint in
many agricultural soils (Weil & Brady, 2017; Hawkesford et al., 2023). Legumes,
through their symbiotic association with N-fixing microorganisms of the Rhizobiaceae
family, often produce greater biomass than non-legume species under comparable
growth conditions, as consistently demonstrated in intercropping systems (Dordas et al.,
2019; Dimande et al., 2024). Generally, the lower the availability of mineral N in the
soil, the greater the competitive advantage of legumes over grasses, provided that
essential conditions for nodulation and nodule activity are met (Aguiar et al., 2024;
Akshit et al., 2024). This ability to access atmospheric N enables legumes to grow and
achieve high productivity even in the absence of N fertilization (Rodrigues et al., 2015;
Enriquez-Hidalgo et al., 2018; Aguiar et al., 2024).

Plant response to Soil phosphorus and phosphorus fertilization

P application increased DMY exclusively in the legume species (Fig. 2).
Furthermore, P supplementation led to higher N concentrations in legume tissues,
whereas no such effect was observed in the grass. Notably, P application also enhanced
the %Ndfa in the legume across both Soil types when compared to the control (Table 3).
When comparing soils, legumes cultivated in Soil 2 exhibited a higher %Ndfa. Overall,
these results suggest that both native Soil P and P applied as fertilizer may have
influenced nodule formation and functionality, thereby enhancing biological N fixation.
This, in turn, indirectly contributed to the observed increase in DMY of the legume
component. The fact that grass DMY did not respond to P application reinforces this
interpretation. It is well-established that nodulated legumes have significantly higher P
requirements than non-symbiotic plants due to P’s critical role in various stages of the
symbiotic N fixation process (Chen et al., 2023).

P is essential for maintaining energy metabolism within root nodules, supporting
the energetically demanding reduction of atmospheric dinitrogen to ammonia and the
subsequent assimilation into amino acids and ureides (Hawkesford et al., 2023; Hungria
& Nogueira, 2023). Moreover, P is crucial for the biosynthesis of nucleic acids and
phospholipids (O’Hara, 2001; Hungria & Nogueira, 2023). As a result, nodules function
as strong P sinks and often contain P concentrations up to three times higher than those
found in roots or shoots, particularly under P-limited conditions (Chen et al., 2023).

In response to P deficiency, many legumes have evolved adaptive strategies to
access sparingly soluble P pools, including a range of morphological, biochemical, and
metabolic adaptations that collectively enhance P acquisition (Buoso et al., 2022; Lambers,
2022). Remarkably, rhizobia mirror their host plant's response by upregulating genes
involved in P uptake and metabolism (Sadowsky, 2005; Hungria & Nogueira, 2023).

Although Soil acidity was corrected in this study, a factor known to enhance P
bioavailability (Moir et al., 2016; Morton, 2020; Bouray et al., 2022), and both soils,
particularly Soil 2, were initially well-supplied with P, the legume still responded
positively to P fertilization in terms of increased DMY. This finding underscores the
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essential role of P fertilisation and corroborates previous studies that highlight its
importance in promoting legume growth, an effect typically attributed to enhanced
biological N fixation (Moir et al., 2016; Somavilla et al., 2021; McLachlan et al., 2024).

Plant response to boron application

B application had a modest effect on DMY, although in the case of the legume, the
increase was consistent (Fig. 2). Supporting this observation, B supplementation
significantly increased N concentration in legume tissues, but not in the grass.
Furthermore, B application clearly enhanced the %Ndfa compared to the control, with
this effect being particularly pronounced in Soil 1, which had lower initial B content and
lower organic matter levels. Although nodule counts were not performed and nodule
activity was not assessed, this sequence of results provides strong evidence that B
favored nodule formation and/or functionality, thereby enhancing the plant’s access to
atmospheric N and subsequently promoting vegetative growth, a relationship that has
been well documented (Cakmak et al., 2023; Hungria & Nogueira, 2023).

B plays a critical role in the establishment and functionality of legume-rhizobia
symbiosis. It is essential for the formation of infection threads and the successful
invasion of root cortical cells by rhizobia. Under B-deficient conditions, the adhesion of
rhizobial cells to the infection thread wall is impaired, hindering bacterial progression
through the thread and ultimately preventing colonization of the host plant (Cakmak et
al., 2023; Hungria & Nogueira, 2023). B is also vital for maintaining proper nodule
architecture. Legumes require B concentrations that are four to five times higher for
nodule development than for root elongation (Carpena et al., 2000). Furthermore, studies
have shown that nitrogenase activity is significantly greater in B-fertilized plants
compared to unfertilized controls (Santachiara et al., 2019). Consequently, B deficiency
leads to reduced nodulation and compromised nodule function (Reguera et al., 2010;
Cakmak et al., 2023; Hungria & Nogueira, 2023).

Given that initial B levels in the soils ranged from medium (Soil 1) to high (Soil 2),
according to the classification by Veloso et al. (2022), a significant response to B
fertilization was not expected, despite the observed increases in B concentration in plant
tissues following its application. Indeed, several studies have reported that in soils with
B concentrations exceeding 0.5 mg kg™, DMY responses to B fertilization are typically
negligible (Castagnara et al., 2012; Das et al., 2020). Furthermore, the relatively high
levels of organic matter in both soils, known to enhance B availability (Weil & Brady,
2017), further complicate the interpretation of the positive effects observed in this study
on both DMY and biological N fixation.

However, when these findings are considered alongside the significant differences
in tissue B concentrations between the non-supplemented treatments (Lime and Lime + P)
and the B-supplemented ones (Lime + B and Lime + B + P), a plausible explanation
emerges. It is likely that liming reduced B bioavailability, thereby inducing a functional
B deficiency in treatments without B supplementation. This effect would be particularly
pronounced in legumes, which have a substantially higher B requirement (Cakmak et
al., 2023; Hungria & Nogueira, 2023). A similar phenomenon was reported by Arrobas
et al., (2023b) in olive. At elevated Soil pH, B tends to become less available due to
increased adsorption onto inorganic and organic colloids (Weil & Brady, 2017).
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Moreover, B demand in plants tends to increase in Ca-rich environments (Weil & Brady,
2017). Therefore, joined together, these results suggest that liming may reduce B
bioavailability, underscoring the necessity of B supplementation following lime
application

CONCLUSIONS

The combined results for dry matter yield (DMY), total nitrogen (N) uptake, and
the percentage of N derived from the atmosphere (%Ndfa) across different soils and
treatments demonstrated that the legume accessed atmospheric N, which resulted in
substantially higher DMY compared to the grass. This combination of findings,
particularly the differences between treatments with and without phosphorus (P), also
indicated that both the initial Soil P and the P applied as fertilizer enhanced biological N
fixation. These results support the hypothesis that, even when lime is applied, an
amendment known to increase P availability, P fertilization remains necessary to
increase N fixation and DMY in legumes. Moreover, the data suggest that liming
increases the need for boron (B) supplementation. Even in soils with initially adequate
B levels and organic matter content, B application led to increased N uptake, higher
%Ndfa, and a slight increase in DMY, underscoring its importance following liming.

These findings have important implications for pasture management in acid soils.
They highlight the agronomic advantage of including legumes in mixed swards to
enhance N availability and reduce reliance on synthetic N fertilizers. Fertilizer strategies
should be tailored to meet the specific nutritional demands of legumes, particularly
following lime application, with attention to potential B limitation. To build on these
findings, future studies should quantify nodulation and assess nodule function directly,
as well as investigate Soil N dynamics over time. Such data would improve
understanding of how P and B availability, in interaction with liming, influence N
fixation and long-term pasture productivity under field conditions.
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