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Highlights

What are the main findings?
• Legumes produced greater biomass and N accumulation than non-legumes, with 

>96% of N derived from the atmosphere, as estimated by the difference method.
• Legume residues enhanced subsequent lettuce biomass, N status, and photosynthetic 

performance across the rotation.
What are the implications of the main findings?
• Legumes as cover crops improve nutrient cycling and subsequent crop productivity.
• Species selection is critical for sustainable management of cover crops.

Abstract

This study evaluates the performance of seven cover crop species, five legumes, one grass, 
and one brassica, and their residual effects on a lettuce–lettuce–oat rotation. A completely 
randomised design with eight treatments and three replicates was established in 12 L pots 
to assess biomass production, nutrient accumulation, and the effects of cover crops on 
subsequent crops and soil properties. Legumes produced significantly higher biomass 
(97.0–152.9 g pot−1 ) than non-legumes (7.5–11.1 g pot−1 ). Nitrogen (N) accumulation was 
also significantly higher in legumes (2.2–3.1 g pot−1 ) than in non-legumes (0.1 g pot−1 ). 
More than 96% of the N accumulated by legumes was derived from the atmosphere, as 
estimated using the difference method, highlighting the importance of atmospheric N 
fixation to legume N accumulation under the conditions of this experiment. Differences 
among legume species were also observed. Although legumes showed lower concentrations 
of phosphorus (P) and other nutrients in plant tissues, this was attributed to a dilution 
effect associated with greater biomass production rather than restricted nutrient uptake. 
Cover crops had marked effects on subsequent cash crops. Crops grown after legumes 
showed significantly higher biomass, N status, and photosynthetic performance than those 
following non-legumes or the control. These effects were strongest in the first crop but 
persisted throughout the rotation. In contrast, non-legumes did not differ from the control. 
N recovery proved to be a sensitive indicator of these differences, confirming the key role 
of legumes in supplying N through residue mineralisation. Legumes also influenced soil 
properties by increasing nitrate availability and promoting slight soil acidification, poten-
tially associated with enhanced nitrification. Overall, the results highlight the importance 
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of species selection in cover cropping, with legumes playing a central role in improving 
subsequent crop productivity.

Keywords: green manure; nitrogen fixation; nitrogen recovery; dry matter yield; nutrient 
cycling

1. Introduction
Agricultural intensification is widely recognised as one of the principal drivers of 

global biodiversity loss, soil degradation, and contamination of water bodies and the 
atmosphere [1,2]. Simultaneously, increasing soil productivity to feed a continuously grow-
ing human population while reducing the environmental footprint of agricultural activities 
constitutes a central challenge for twenty-first-century agriculture [3,4]. Addressing this 
dual challenge requires adopting more sustainable, resource-efficient agricultural practices. 
Among these, the integration of cover crops into cropping systems has been widely pro-
posed as a strategy to reduce nutrient losses, disrupt pest and disease cycles, and enhance 
soil fertility [5,6]. When specifically aimed at improving soil nutrient status, this practice is 
commonly referred to as green manuring [7,8].

Historically, fallow periods were incorporated into crop rotations to mitigate nutrient 
depletion and maintain soil fertility [9,10]. However, replacing bare fallows with cover 
crops has proven more effective in improving soil properties and reducing environmental 
externalities [9,11]. Depending on their functional traits and management objectives, cover 
crops may enhance the retention of mineral N within the soil–plant system, particularly 
when used as winter cover or catch crops [12,13], protect soil from erosion [14,15], or 
provide supplementary forage in mixed farming systems [16,17].

A major constraint to crop productivity worldwide is N availability. The industrial 
synthesis of N fertilisers through the Haber–Bosch process is highly energy-intensive and 
dependent on fossil fuels [18]. Rising fertiliser costs and the negative downstream im-
pacts of N losses on aquatic ecosystems and the atmosphere have intensified interest in 
biologically based alternatives. In this context, legumes are particularly relevant due to 
their capacity to fix atmospheric N through symbiosis with rhizobia, thereby reducing 
or potentially eliminating the need for mineral N fertilisation [3,19]. Following incorpo-
ration, the mineralisation of N-rich legume residues can supply substantial amounts of 
N to subsequent crops, increasing productivity and improving overall agroecosystem ef-
ficiency [11,20]. For this reason, legumes are frequently preferred over other botanical 
groups as green manures [8,21].

Beyond N fixation, certain legume species also contribute to the mobilisation of other 
essential nutrients, particularly P [22,23]. Some species have evolved specialised mecha-
nisms to access sparingly soluble P forms. The development of cluster (proteoid) roots and 
the exudation of organic acids and phenolic compounds into the rhizosphere play a critical 
role in solubilising P that would otherwise remain unavailable to many crops [24,25]. Once 
taken up, P is returned to the soil through plant residues and subsequently mineralised, 
thereby increasing nutrient availability for subsequent crops [22,24]. Concurrently, cover 
crops from other botanical groups, such as grasses and brassicas, provide complementary 
ecosystem functions, including high biomass production, increased C inputs to the soil, 
and suppression of soil-borne pathogens, thereby creating favourable conditions for the 
growth of subsequent crops [26,27]. These contrasting functions highlight the importance 
of considering the botanical group when assessing the nutrient-related and residual effects 
of cover crops on subsequent crops and soil properties.
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Despite the growing adoption of cover crops and the expanding scientific literature 
on their benefits, comparative evaluations among species, particularly those aimed at opti-
mising their effects on subsequent cash crops, remain relatively scarce. Previous studies 
have demonstrated substantial interspecific variability among legumes in terms of biomass 
production and biological N fixation [7,28]. However, although previous studies have 
provided evidence of differences between legume and non-legume cover crops in nitrogen 
accumulation, nitrogen availability, and their effects on subsequent crop performance and 
soil properties [7,29], further comparative assessment is needed to clarify these differences 
across species and growing conditions. Moreover, the effects of cover crops on subsequent 
crop performance and soil N availability may vary depending on species characteristics, 
environmental conditions, and management practices, highlighting the need to consider po-
tentially contrasting findings across studies [7–9,20]. Although commercial seed mixtures 
often combine legumes, grasses, and brassicas, direct experimental comparisons among 
species under the same environmental and management conditions remain scarce, con-
straining evidence-based species selection and the optimisation of cover crop benefits at the 
farm level.

The present study addresses this gap by evaluating the biomass production of five 
legume species with potential use as green manures, along with one grass and one bras-
sica species included for comparison. In addition to quantifying biomass and nutrient 
accumulation, particularly N, the residual effects of the cover crops were assessed within 
a lettuce–lettuce–oat rotation. Thus, the following hypotheses were tested: (i) legumes, 
owing to their access to atmospheric N, produce greater biomass than non-legume species; 
(ii) legumes promote greater growth of cash crops compared with non-legume species and 
an uncultivated control; (iii) different cover crop species differentially influence nutrient 
cycling, with legumes expected to enhance N availability; and (iv) non-legume species, 
characterised by higher C-to-N ratios in their tissues, contribute more substantially to soil 
organic matter accumulation than legumes. These hypotheses were evaluated based on 
cover crop biomass production and nutrient accumulation, the residual effects on lettuce 
and oat growth, and soil properties, including soil organic matter.

2. Materials and Methods
2.1. Experimental Conditions

This study comprised four cropping cycles and was conducted in Bragança (41°47′50″ N, 
6°45′42″ W; 686 m a.s.l.), located in northeastern Portugal, between September 2023 and May 
2025. The region has a Mediterranean climate (Csb, according to the Köppen classification) 
and is characterised by cold, rainy winters and warm, dry summers. The mean annual air 
temperature is 12.9 °C, and the mean annual precipitation is 783.9 mm [30]. The monthly 
mean air temperature and cumulative monthly precipitation for the climatological normal 
of Bragança, as well as the values recorded during the experimental period, are presented 
in Figure 1.

In this study, an agricultural soil was collected from a field that had been left fallow 
for two years. Soil samples were taken from the arable layer (0–0.20 m depth). The soil was 
sieved fresh through a 4 mm mesh and subsequently air-dried. Each pot was filled with 
16 kg of dry soil. Three subsamples were further sieved through a 2 mm mesh, oven-dried at 
40 °C, and used to determine relevant physicochemical properties. According to the World 
Reference Base for Soil Resources [31], the soil is classified as a Regosol of colluvial origin. 
It has a sandy clay loam texture, with particle-size distribution of 229, 241, and 530 g kg−1  of 
clay, silt, and sand, respectively. Additional relevant soil properties are presented in Table 1.
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Figure 1. Monthly mean air temperature and cumulative monthly precipitation for the climatological 
normal of Bragança and values recorded during the experimental period [30].

Table 1. Soil properties (mean ± standard deviation, = 3) determined prior to the establishment of 
the experiment at 0–0.20 m depth.

Soil Properties Soil Properties (Cont.)
1  Organic C (g kg−1 ) 11.0 ± 1.15 2  pH (H2 O) 6.5 ± 0.08
3  Extract. P (mg kg−1 , P2 O5 ) 133.5 ± 16.57 3  Extract. K (mg kg−1 , K2 O) 191.7 ± 28.22
4  Extract. B (mg kg−1 ) 0.5 ± 0.17 6  Exchang. Ca (cmolc kg−1 ) 9.6 ± 0.37
5  Extract. Fe (mg kg−1 ) 134.2 ± 14.63 6  Exchang. Mg (cmolc kg−1 ) 4.7 ± 0.44
5  Extract. Mn (mg kg−1 ) 176.4 ± 10.16 6  Exchang. K (cmolc  kg−1 ) 0.7 ± 0.17
5  Extract. Zn (mg kg−1 ) 5.2 ± 0.41 6  Exchang. Na (cmolc  kg−1 ) 0.2 ± 0.06
5  Extract. Cu (mg kg−1 ) 85.0 ± 10.63 7  CEC (cmolc  kg−1 ) 15.3 ± 0.70

1  Walkley-Black. 2  Potentiometry. 3  Ammonium lactate. 4  Hot water, azomethine-H. 5  ammonium 
acetate and EDTA. 6  Ammonium acetate. 7  Cation exchange capacity.

2.2. Experimental Design
The experiment was arranged in a completely randomised design with eight treatments 

and three replicates per treatment (three pots). The treatments consisted of seven cover crop 
species and an uncultivated control. The species included in the study were oat (Avena sativa 
L., cv. Boa Fé), rapeseed (Brassica napus L., hybrid PT225), subterranean clover (Trifolium 
subterraneum L. var. subterraneum (Katz. & Morley) Zohary & Heller, cv. Denmark), crimson 
clover (Trifolium incarnatum L., cv. Diogene), broad bean (Vicia faba L., cv. Favel), white 
lupine (Lupinus albus L., cv. Estoril), and blue lupine (L. angustifolius L., cv. Karo).

2.3. Trial Establishment and Management
Sowing was carried out on 19 September 2023. Aboveground biomass of the cover 

crops was harvested on 22 April 2024. From each pot, a 30 g subsample of fresh biomass 
was collected, oven-dried at 70 °C until constant weight, weighed, and subsequently ground 
to pass through a 1 mm mesh for elemental analysis. An additional fourth pot per treatment 
was established to produce supplementary biomass to compensate for the biomass removed 
from the three experimental replicates for laboratory analysis. Although four replicates 
were established per treatment, only three were included in the ANOVA, as the biomass 
harvested from the fourth pot was used to compensate for the biomass removed from the 
three experimental replicates for laboratory analysis.

The fresh biomass produced in each pot was chopped into small pieces and subse-
quently incorporated into the soil within the upper 15 cm layer. After a short period to 
allow the cover crop residues to initiate mineralisation, lettuce was transplanted for the 
first cropping cycle. Two lettuce plants (Lactuca sativa L., cv. Summer Wonder) were trans-
planted per pot at phenological stage 13 (third true leaf unfolded), according to the BBCH 
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scale [32]. Transplanting was carried out on 4 May 2024. Harvest took place on 24 June 2024 
at phenological stage 49 (typical head size, form, and firmness reached). Lettuce heads 
were weighed fresh, oven-dried at 70 °C until constant weight, and ground. Plant tissues 
were analysed for elemental composition and nitrate concentration. A second lettuce cycle 
was established on 13 September 2024, with two plants transplanted per pot at the third 
true leaf unfolded stage. Harvest was performed on 15 November 2024, following the same 
procedures as in the first cropping cycle. On 18 November 2024, oats were sown to evaluate 
the longer-term nutrient release effect of the incorporated residues. A rate of 2 g of oat seed 
per pot was used. Oat was harvested on 9 May 2025 at phenological stage 33 (node 3 at 
least 2 cm above node 2), according to Meier [32]. The harvested biomass was oven-dried 
at 70 °C, ground, and subjected to elemental chemical analysis.

Following sowing and transplanting, pots were regularly monitored for weed emer-
gence, and any weeds were removed immediately to maintain uniform biomass composition 
across treatments. The cropping cycles of the different species occurred throughout the year, 
which, under a Mediterranean climate, implies cold, rainy periods in winter and warm, dry 
conditions in summer (Figure 1). Consequently, during lettuce cropping cycles conducted 
under warmer, drier conditions, supplementary irrigation was required. Irrigation was 
not applied at fixed volumes or predetermined intervals, as the rate of water loss varied 
considerably with lettuce plant size (influenced by the treatments) and with fluctuations 
in air temperature. To ensure that the lettuce plants were not subjected to water stress at 
any stage of growth, irrigation was adjusted daily, with small volumes of water applied 
incrementally as required, as is commonly recommended in pot experiments [32].

2.4. Field Measurements
During the two lettuce cropping cycles, physiological and nutritional performance 

was monitored using portable equipment. Leaf greenness and chlorophyll a fluorescence 
were assessed on fully expanded young leaves. Leaf greenness was measured using a 
portable SPAD-502 Plus chlorophyll meter (Spectrum Technologies, Inc., Aurora, IL, USA). 
The SPAD-502 provides dimensionless values proportional to leaf chlorophyll content 
by measuring light transmittance at 650 nm (red light, absorbed by chlorophyll) and 
940 nm (infrared light, not absorbed by chlorophyll). For each plant, mean SPAD values 
were calculated from 30 individual readings taken on the young, fully expanded leaves. 
Chlorophyll a fluorescence was determined using the dark-adaptation protocol with the OS-
30p+ fluorometer (Opti-Sciences, Inc., Hudson, NH, USA). Measurements were performed 
on the youngest fully expanded leaves after a dark-adaptation period of more than 35 min. 
Minimum (F0 ), maximum (Fm ), and variable fluorescence (Fv ) were obtained from dark-
adapted leaves, and the maximum quantum efficiency of photosystem II (Fv /Fm ) was 
calculated as (Fm − F0 )/Fm .

2.5. Soil Analyses
The initial soil samples, collected as described in Section 2.1, were analysed to char-

acterise the growing medium. At the end of the study, a homogeneous soil sample was 
collected from each pot to assess the effects of the treatments on soil properties. These 
samples were sieved again through a 2 mm mesh and oven-dried at 40 °C in a forced-air 
oven prior to analysis.

Thereafter, the soil samples were analysed for particle-size distribution (clay, silt, and 
sand fractions) using the Robinson pipette method following sedimentation-based sepa-
ration. Soil pH (H2 O) was measured potentiometrically with a calibrated pH meter at a 
soil-to-water ratio of 1:2.5. Organic C was determined by wet digestion using the Walkley–
Black method, based on dichromate oxidation. Extractable P and potassium (K) were 
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determined using the Egner–Riehm method (ammonium lactate extract), and exchangeable 
bases, as well as cation exchange capacity (CEC), were assessed by ammonium acetate 
extraction at pH 7.0. Soil boron (B) was quantified by hot-water extraction followed by 
colourimetric determination using azomethine-H. The availability of the micronutrients 
iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu) was determined after extraction 
with ammonium acetate–EDTA, and concentrations were measured by atomic absorp-
tion spectrometry. Detailed descriptions of the analytical procedures are available in Van 
Reeuwijk [33].

Approximately halfway through and near the end of the two lettuce cropping cycles, 
soil nitrate content was determined using anion-exchange membranes (AEMs) inserted 
directly into the soil. Briefly, 1 × 2 cm strips of AEM were pre-saturated with 0.5 M NaHCO3 
prior to deployment. The membranes were then gently inserted into the soil using a spatula 
and left in situ for four days. At the end of the incubation period, the membranes were 
carefully retrieved with forceps, rinsed with distilled water, and placed in 20 mL of 0.5 N 
hydrochloric acid, where they were agitated at 180 rpm for 4 h. Nitrate concentrations in 
the resulting extracts were subsequently determined by UV-Vis spectrophotometry.

2.6. Plant Tissue Analyses
The cover crops were cut at ground level, and a sample of the harvested biomass was 

collected for analysis. The subsequent crops were also cut at ground level, and the entire 
above-ground biomass was collected for analysis. Plant tissue samples from cover crops, 
lettuce, and oat were dried to constant weight, ground to a fine powder, and analysed for 
their elemental composition. Total N concentration was determined using the Kjeldahl 
method. B and P were quantified by colourimetric analysis, and K was measured by 
flame emission spectrometry. Calcium (Ca), magnesium (Mg), Mn, Fe, Cu, and Zn were 
determined by atomic absorption spectrophotometry following nitric acid digestion of the 
samples in a microwave oven. For a detailed description of these methodologies, the reader 
is referred to Temminghoff and Houba [34]. Nitrate concentration in lettuce samples was 
determined using 1 g of dry tissue, which was shaken in 50 mL of water, then filtered 
through Whatman No. 42 filter paper; the nitrate concentration in the filtrate was measured 
using a UV–Vis spectrophotometer.

2.7. Statistical Analysis
The data analysis was conducted using SPSS Statistics software (v. 25, IBM SPSS, 

Armonk, NY, USA). Normality assumptions were checked using the Shapiro–Wilk test 
and homogeneity of variances was assessed using the Levene test. Subsequently, a one-
way ANOVA was performed to identify differences among treatments. When significant 
differences were found, mean separation was performed using the Tukey HSD post hoc test 
(𝛼 = 0.05).

2.8. Atmospheric Nitrogen Contribution to Legumes
The percentage of N derived from the atmosphere (%Ndfa) was estimated using the 

difference method, which compares the N content in legume tissues to that found in the 
non-legume species [35]:

%𝑁𝑑𝑓 𝑎 =
𝑁𝑙𝑒𝑔𝑢𝑚𝑒 − 𝑁𝑛𝑜𝑛−𝑙𝑒𝑔𝑢𝑚𝑒

𝑁𝑙𝑒𝑔𝑢𝑚𝑒
× 100

The difference method assumes that legumes and non-legumes access similar amounts 
of soil-derived N, with differences in tissue N content attributed to atmospheric N fixation, 
although differences in rooting depth and N uptake may introduce uncertainty into the 
estimates [35].
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3. Results
3.1. Cover Crops

Cover crop dry matter yield (DMY) differed significantly among species (p < 0.0001), 
reflecting the effect of botanical group on biomass accumulation (Figure 2). Legumes 
exhibited markedly higher values than non-legume species. Among the legumes, white 
lupin recorded the highest DMY (152.9 g pot−1 ), a value significantly greater than that of 
subterranean clover (97.0 g pot−1 ).

Figure 2. Dry matter yield (DMY) of species grown as cover crops. Means followed by the same 
letter are not significantly different according to the Tukey HSD test (α = 0.05).

N concentration in plant tissues and total N accumulated in the aboveground biomass 
varied significantly among cover crops (Table 2). Regarding tissue N concentration, oat 
exhibited the lowest mean value, followed by rapeseed. Among the legumes, subterranean 
clover showed the highest mean concentration, whereas white lupin presented the lowest. 
In terms of N recovery, legumes showed significantly higher values than non-legume cover 
crops, whereas no significant differences were observed among species within either group. 
N derived from the atmosphere was estimated to exceed 230 kg ha−1  for both legume species, 
accounting for more than 96% of the total N contained in the aboveground biomass. 

Table 2. Nitrogen (N) concentration in tissues and total N in aboveground biomass (N recovery) in 
cover crops, and N derived from the atmosphere in legumes.

N Concentration N Recovery N Derived from Atmosphere

g kg–1 g pot–1 g pot–1 kg ha–1 %
Oats 5.17 d 0.06 b
Rapeseed 9.89 cd 0.07 b
Subclover 24.13 a 2.33 a 2.25 240.9 96.8
Cri. clover 23.40 a 3.14 a 3.07 328.7 97.6
Br. bean 22.67 a 2.67 a 2.59 277.3 97.2
Wh. lupine 16.10 bc 2.47 a 2.40 257.0 97.0
Bl. lupine 19.67 ab 2.22 a 2.15 230.2 96.7
Prob. > F <0.0001 <0.0001
Standard error 1.31 0.29

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

P concentration in the tissues of the cover crops varied significantly among species, with 
most legumes exhibiting lower mean values than non-legume species (Table 3). Among 
the legumes, subterranean clover showed the highest values, followed by crimson clover. 
K and Ca concentrations in the tissues also varied significantly among species. For K, the 
clovers showed particularly high values, whereas the lowest values were recorded in the 
lupins. Ca concentrations in the tissues were particularly low in the grass and higher in the 
rapeseed, with subterranean clover exhibiting the highest values.
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Table 3. Macronutrient concentration in the aboveground biomass of cover crops.

Phosphorus Potassium Calcium Magnesium

g kg−1 
Oats 2.83 a 8.72 cd 1.94 c 1.05 a
Rapeseed 2.32 ab 13.98 bc 8.50 ab 2.05 a
Subclover 2.19 ab 23.80 a 10.91 a 2.58 a
Cri. clover 1.87 bc 21.08 ab 6.67 abc 1.75 a
Br. bean 1.37 cd 10.02 cd 5.20 bc 1.92 a
Wh. lupine 1.12 d 5.61 d 4.78 bc 1.62 a
Bl. lupine 1.49 cd 5.50 d 9.04 ab 2.88 a
Prob. > F <0.0001 <0.0001 0.0004 0.0597
Standard error 0.15 1.72 1.01 0.37

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

The concentrations of all analysed micronutrients varied significantly among species 
(Table S1). Oat exhibited a particularly low B concentration (0.9 mg kg−1 ), whereas crimson 
clover (21.1 mg kg−1 ), subterranean clover (21.1 mg kg−1 ), and rapeseed (20.9 mg kg−1 ) 
showed significantly higher concentrations than the remaining species (11.9–13.6 mg kg−1 ). 
Fe concentrations reached the highest and lowest mean values in subterranean clover 
and crimson clover, respectively. Mn concentration was particularly high in white lupin, 
reaching concentrations up to 10 times higher than those recorded in some other species. Zn 
concentrations appeared to be higher in legumes than in rapeseed and oat. Cu concentrations 
were particularly high in subclover and blue lupin, and low in oat and rapeseed. However, 
this pattern was not consistent across all legumes, as broad bean and crimson clover also 
exhibited low Cu concentrations.

Total P recovered in the aboveground biomass reached the highest value in crimson 
clover, differing significantly from some legumes, such as white lupin and broad bean, as 
well as from oat and rapeseed (Table 4). For K, particularly low values were observed in 
oat and rapeseed, whereas the clovers showed particularly high values. Similarly, Ca values 
were particularly low in oat, followed by rapeseed.

Table 4. Macronutrient recovery in the aboveground biomass of cover crops.

Phosphorus Potassium Calcium Magnesium

g pot–1 
Oats 0.03 c 0.09 c 0.02 c 0.01 b
Rapeseed 0.02 c 0.11 c 0.07 bc 0.02 b
Subclover 0.21 ab 2.33 a 1.07 a 0.25 a
Cri. clover 0.24 a 2.69 a 0.85 a 0.22 a
Br. bean 0.16 b 1.16 b 0.59 ab 0.22 a
Wh. lupine 0.17 b 0.86 b 0.72 a 0.24 a
Bl. lupine 0.17 ab 0.63 bc 1.03 a 0.33 a
Prob. > F <0.0001 <0.0001 <0.0001 0.0003
Standard error 0.02 0.16 0.11 0.04

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

The recovery of micronutrients in the aboveground biomass differed significantly 
among species for all micronutrients analysed (Table S2). Total B recovered in plant tissues 
reached high values in the clovers, particularly in crimson clover (2.79 mg pot−1 ), and was 
low and very low in rapeseed (0.16 mg pot−1 ) and oat (0.01 mg pot−1 ), respectively. Fe 
values were particularly low in oat and rapeseed, whereas they were considerably higher 
in subterranean clover. Mn values were particularly high in white lupin and differed 
significantly from those of all other species. Zn and Cu values were very low in oat and 
rapeseed and considerably higher in the legumes overall.
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3.2. Cash Crops
The crops grown following the incorporation of the cover crops showed significant 

differences in DMY depending on the preceding cover crop (Figure 3). The cumulative 
DMY across the three-cycle lettuce–lettuce–oat sequence was significantly higher after 
legumes than after non-legume cover crops or the control treatment. Non-legume cover 
crops did not differ significantly from the control. Among the legumes, the clovers stood 
out in the first lettuce cycle, showing significant differences from white lupin and broad 
bean. In the total cumulative DMY, no significant differences were observed among the 
legumes, although the highest mean value was recorded for crimson clover and the lowest 
for white lupin.

Figure 3. Dry matter yield (DMY) in the first (1st) and second (2nd) lettuce growth cycles (GC) and 
in oat, depending on the different cover cropping strategies. For each crop (lowercase) and for the 
total cumulative DMY (uppercase), means followed by the same letter are not significantly different 
according to the Tukey HSD test (α = 0.05).

SPAD values during the first lettuce cycle were generally significantly higher following 
legume cover crops than after non-legume cover crops or the control, at both sampling 
dates (Table 5). In the second cycle, differences among cover crops diminished, although 
the pattern of significantly higher values for legumes was restored at the second sampling. 
Fv/Fm values showed a pattern consistent with SPAD measurements but were less sensitive 
than SPAD at discriminating the effects of cover crops on lettuce, with significant differences 
among treatments occurring less frequently.

Table 5. SPAD readings and chlorophyll fluorescence (variable-to-maximum fluorescence ratio, 
Fv/Fm) during the first and second lettuce growth cycles under different cover cropping strategies.

1st Growing Cycle 2nd Growing Cycle
SPAD Fv/Fm SPAD Fv/Fm

14 Jun 24 Jun 13 Jun 28 Oct 11 Nov 7 Nov
Control 26.8 b 24.7 c 0.736 b 24.0 b 25.3 c 0.780 b
Oats 27.1 b 26.3 bc 0.745 ab 25.8 ab 25.1 c 0.782 b
Rapeseed 28.3 b 27.9 b 0.740 ab 25.9 ab 27.1 bc 0.792 ab
Subclover 34.3 a 35.5 a 0.776 ab 26.3 ab 28.8 ab 0.800 ab
Cri. clover 35.6 a 35.8 a 0.784 a 26.2 ab 29.4 ab 0.803 ab
Br. bean 31.5 ab 34.2 a 0.775 ab 27.8 a 29.3 ab 0.796 ab
Wh. lupine 33.9 a 36.5 a 0.783 a 28.5 a 29.9 a 0.807 a
Bl. lupine 34.9 a 35.1 a 0.779 ab 25.4 ab 28.9 ab 0.806 a
Prob. > F <0.0001 <0.0001 0.0043 0.0123 <0.0001 0.0451
Standard error 1.11 0.62 0.01 0.71 0.53 0.006

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).
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N concentration in lettuce tissues differed significantly among treatments with different 
cover crops in both cropping cycles (Table 6). Consistently, lower N concentrations were 
observed in lettuce grown in the control treatment following oat and rapeseed. In the 
first lettuce cycle, differences were also observed among the legumes, with white lupin 
and blue lupin showing the highest and lowest mean values, respectively. Concentrations 
of the other nutrients varied significantly with the preceding cover crop only during the 
first lettuce cycle. P concentration in the tissues varied significantly among treatments 
in the first cycle and did not follow a pattern related to the botanical family of the cover 
crop. Accordingly, the highest and lowest values were recorded in legumes, specifically 
subterranean clover and blue lupin, respectively. For K, during the first cycle, low values 
were observed following broad bean and also in the control, oat, and rapeseed treatments, 
whereas higher values were recorded following crimson clover. For Ca, particularly low 
values were observed following broad bean and blue lupin, whereas higher values were 
recorded in the control treatment during the first cycle. For Mg, higher values were observed 
following white lupin, whereas lower values were recorded following rapeseed and in the 
control treatment during the first cycle. The effect of the cover crops in the second cycle 
resulted in significant differences only for N concentration.

Table 6. Macronutrient concentrations in lettuce dry matter during the first and second cycles under 
different cover-cropping strategies.

Nitrogen Phosphorus Potassium Calcium Magnesium
1st GC 2nd GC 1st GC 2nd GC 1st GC 2nd GC 1st GC 2nd GC 1st GC 2nd GC

g kg–1 
Control 9.9 d 13.0 c 2.8 abc 3.0 a 42.8 bc 42.8 a 10.7 a 8.5 a 2.7 b 2.4 a
Oats 10.9 d 16.7 b 2.8 abc 3.2 a 41.8 bc 43.4 a 8.6 bc 8.7 a 2.8 ab 2.4 a
Rapeseed 11.7 d 16.8 b 2.7 bc 3.3 a 43.1 bc 44.9 a 9.3 abc 9.0 a 2.6 b 2.4 a
Subclover 18.6 bc 21.9 a 3.3 a 3.0 a 51.9 ab 43.2 a 9.9 ab 8.7 a 2.9 ab 2.6 a
Cri. clover 20.1 b 19.4 ab 3.3 ab 3.5 a 56.0 a 47.5 a 9.4 abc 8.6 a 2.7 ab 2.3 a
Br. bean 16.7 bc 22.1 a 2.7 abc 3.5 a 39.2 c 47.0 a 8.2 c 7.1 b 3.0 ab 2.3 a
Wh. lupine 24.3 a 20.6 a 2.8 abc 3.2 a 48.2 abc 46.8 a 8.9 bc 8.3 a 3.3 a 2.5 a
Bl. lupine 15.9 c 21.0 a 2.7 c 3.6 a 47.0 abc 48.3 a 8.2 c 8.6 a 3.0 ab 2.3 a
Prob. > F <0.0001 <0.0001 0.0076 0.3735 0.0017 0.1955 0.0005 0.0028 0.0277 0.7725
Sta. error 0.708 0.758 0.133 0.204 2.33 1.70 0.32 0.26 0.13 0.15

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

B concentration in lettuce tissues varied significantly among treatments (Table S3). 
In the first cycle, some legume cover crops (broad bean, white lupin, and narrow-leafed 
lupin) resulted in the lowest values, whereas in the second cycle, the lowest concentrations 
were observed in the non-legume treatments (oat, control, and rapeseed). The cultivation 
of cover crops did not influence the concentrations of the other micronutrients in lettuce 
tissues in either the first or second growth cycle.

Nitrate content in lettuce tissues exhibited a pattern consistent with the different cover 
cropping strategies (Table 7). Across both lettuce cropping cycles, significantly lower 
values were observed in the control treatment and in the treatments with oat and rapeseed. 
Among the legumes, differences were also noted, though they were less consistent across 
both cropping cycles.

Total N recovered by the crop, which depends on both DMY and tissue nutrient con-
centration, provides a good indication of nutrient dynamics within the soil–plant system. 
N recovered in the aboveground biomass of crops grown following the cover crops differed 
significantly among treatments (Figure 4). Values in the control, oat, and rapeseed treat-
ments did not differ significantly from each other but were significantly lower than those in 
the other treatments. Significant differences were also observed among the legume cover 
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crops. Total N recovered by the lettuce–lettuce–oat sequence was significantly higher when 
these crops followed crimson clover compared to broad bean.

Table 7. Nitrate content in lettuce tissues during the first and second cycles under different cover 
cropping strategies.

1st Growing Cycle 2nd Growing Cycle

mg kg−1 
Control 7541.3 c 8393.8 c
Oats 7725.8 c 8457.5 c
Rapeseed 7747.5 c 8699.2 bc
Subclover 8677.9 bc 10,013.8 ab
Cri. clover 9026.3 b 9938.8 ab
Br. bean 8997.5 b 9970.8 ab
Wh. lupine 11,453.8 a 10,035.0 ab
Bl. lupine 8944.6 b 10,127.1 a
Prob. > F <0.0001 0.0004
Standard error 238.8 286.2

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

Figure 4. Nitrogen recovered by lettuce during the first (1st) and second (2nd) growth cycles (GC) 
and in oat, depending on the different cover cropping strategies. For each crop (lowercase) and for the 
total cumulative DMY (uppercase), means followed by the same letter are not significantly different 
according to the Tukey HSD test (α = 0.05).

3.3. Soil Properties
Nitrate concentration in extracts from anion-exchange membranes inserted into the 

soil during the first lettuce cropping cycle varied significantly among treatments at both 
sampling dates (Figure 5). Legume cover crops, particularly the lupins, exhibited the 
highest values. In the second lettuce cycle, significant differences among treatments were 
still observed at the first sampling, but not at the second. At this first sampling, values in 
the control, oat, and rapeseed treatments were significantly lower.

Soil organic C did not vary significantly among treatments (Table 8), with mean values 
ranging from 14.30 to 16.57 g kg−1 . Non-legume cover crops tended to exhibit lower mean 
values. Soil pH varied significantly among treatments, with legume cover crops generally 
showing the lowest mean values. Extractable P also did not differ significantly across 
the different cover cropping strategies. The same was observed for exchangeable bases 
and CEC.
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Figure 5. Nitrate concentration in extracts from anion-exchange membranes at mid and end of the 
lettuce cropping cycles under different cover cropping strategies.

Table 8. Soil organic carbon, pH, extractable phosphorus, and cation exchange capacity (CEC) at the 
end of the study under different cover cropping strategies.

Organic Carbon Phosphorus CEC
g kg−1 pH (H2 O) mg kg−1 , P2 O5 cmolc  kg−1 

Control 15.03 a 6.76 abc 102.3 a 16.9 a
Oats 14.30 a 6.86 ab 68.5 a 14.0 a
Rapeseed 15.51 a 6.87 a 92.7 a 14.5 a
Subclover 16.57 a 6.63 c 69.9 a 14.4 a
Cri. clover 16.65 a 6.65 c 81.2 a 13.6 a
Br. bean 14.83 a 6.58 c 69.0 a 14.6 a
Wh. lupine 14.70 a 6.62 c 65.6 a 15.1 a
Bl. lupine 15.72 a 6.68 bc 93.2 a 17.6 a
Prob. > F 0.3064 0.0001 0.2293 0.2052
Standard error 0.76 0.036 11.44 1.10

Means followed by the same letter are not significantly different according to the Tukey HSD test 
(α = 0.05).

4. Discussion
4.1. Performance of Cover Crops

The species used as cover crops in this study differed significantly in DMY, with 
legumes clearly outperforming non-legumes, although variability was also observed among 
the legume species themselves. Legumes also exhibited significantly higher N concen-
trations in plant tissues than non-legumes, with particularly striking differences in total 
aboveground N recovery. Moreover, the proportion of N derived from the atmosphere in 
legumes exceeded 96%, as estimated by the difference method. Nodulated legumes can 
access atmospheric N through symbiotic associations with N-fixing microorganisms [19]. 
N is generally a limiting factor in both natural and agricultural ecosystems, and most plant 
species respond positively to external N inputs [36,37]. This underpins the widespread 
inclusion of legumes in agroecosystems, whether as green manures [5,28], in crop rota-
tions [20,38], or in intercropping systems [39,40].

In the present study, the large differences in DMY between legumes and non-legumes 
indicate a growth environment strongly limited in available N. This is further supported by 
the finding that more than 96% of the N in legumes was derived from the atmosphere, as 
estimated by the difference method. These values are particularly high, as values above 
50% are generally considered elevated [41], although levels exceeding 70% have frequently 
been reported for species such as faba bean and white lupin [7,42].

The concentrations of P in plant tissues were generally lower in legumes than in 
rapeseed and oat, except for subterranean clover, which showed values comparable to those 
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of non-legumes. However, P recovery in non-legumes remained low, largely due to their 
limited biomass production. Therefore, the lower P concentrations observed in legumes 
should not necessarily be interpreted as restricted access to soil P. Indeed, some legumes, 
such as white lupin, can access sparingly soluble P through adaptive strategies, including the 
formation of proteoid roots and the exudation of organic acids that enhance P mobilisation 
in the rhizosphere [24,25]. A plausible explanation is that greater N availability in legumes 
stimulated substantial biomass production, potentially diluting P concentrations in plant 
tissues. Dilution or concentration effects are well documented in situations where, under 
similar nutrient availability, differences in biomass accumulation arise from factors other 
than the supply of that nutrient [43,44]. The absence of increased P recovery in non-legumes 
is consistent with this interpretation. Moreover, several studies indicate that legumes can 
be physiologically efficient in P use, producing relatively high biomass despite low tissue P 
concentrations [45,46].

The grass species showed the lowest B concentrations, whereas rapeseed exhibited 
values comparable to those of legumes, which were generally high. Among legumes, white 
lupine and faba bean showed significantly lower B concentrations than the remaining species. 
However, due to its lower biomass production, rapeseed did not match legumes in total B 
uptake, with significantly lower values. Under equivalent soil B availability, dicot species 
typically exhibit higher B concentrations in their tissues. B is an essential micronutrient 
for plant development, playing a key role in the biosynthesis and structural integrity of 
cell walls. A significant proportion of B in plants is associated with cis-diol groups of 
pectins in cell walls [47,48]. This is particularly relevant in dicots, whose cell walls contain 
high levels of pectin (~30–35%), a feature associated with greater B requirements and
accumulation [48,49]. In contrast, monocots have lower pectin content (~5–10%), with 
structural rigidity largely provided by silicon (Si), hemicellulose, and lignin, while Ca 
contributes locally where pectin is present [50,51]. The higher abundance of cis-diol com-
pounds in dicot species may therefore contribute to greater B binding and accumulation in 
plant tissues, even under similar soil availability [48]. As dicots, legumes tend to accumulate 
higher levels of B [7,52].

Overall, the cover crops exhibited significant differences in tissue concentrations of 
most of the macro- and micronutrients analysed, except for Mg. This pattern broadly reflects 
the metabolic requirements of different botanical groups and their contrasting capacities 
for nutrient uptake [48,53], as previously discussed for P and B. In turn, these differences 
may influence nutrient cycling in the soil, with potential consequences for the subsequent 
crop’s performance.

4.2. Effects on Subsequent Cash Crops
The crops grown after the cover crops, here referred to as cash crops (lettuce–

lettuce–oat), produced significantly greater biomass when cultivated in soils previously 
planted with legumes than in soils previously planted with oat, rapeseed, or the control 
treatment. At the end of the oat cycle, all legume-based cover crop treatments were asso-
ciated with higher DMYs than both the control and non-legume treatments. Subsequent 
crops do not directly access atmospheric N; rather, their enhanced growth may be associ-
ated with the N fixed by legumes. This is the fundamental principle underlying the use 
of legume green manures, which have been widely studied as a means of supplying N to 
main crops [20,28,54]. Legumes fix atmospheric N, which is incorporated into their tissues 
(roots and shoots). When these residues are incorporated into the soil, their relatively high 
N content may promote rapid heterotrophic microbial mineralisation [55,56]. This may 
help explain the pronounced differences observed during the first lettuce cycle. Over time, 
N release is expected to decline according to decomposition dynamics, with faster turnover 
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generally associated with residues richer in N [57,58]. Nevertheless, significant differences 
persisted up to the third cropping cycle.

Indices of plant N status, such as SPAD readings, tissue N concentration, and nitrate 
content, as well as indices of photosynthetic performance, such as chlorophyll fluorescence, 
were consistently higher in pots previously cultivated with legumes than in those with 
non-legumes or the control. In contrast, values in pots with non-legume cover crops did 
not differ significantly from the control. SPAD readings are widely used as an index of 
plant N status [59,60]. Increased N availability enhances chlorophyll content and leaf 
greenness, thereby increasing red-light absorption and resulting in higher SPAD values [61]. 
Plants primarily take up N from the soil as nitrate, which can accumulate in tissues when 
available in excess, a phenomenon often referred to as luxury consumption [3,53]. Lettuce 
is considered a nitrate hyperaccumulator [62,63], and regulatory frameworks restrict its 
commercialisation when nitrate concentrations exceed established thresholds [64,65]. El-
evated N levels in plant tissues enhance photosynthetic performance, primarily because 
N is a key component of the carboxylation machinery, the electron transport chain, and 
light-harvesting complexes [36,66]. This is often reflected in higher Fv/Fm values [36,67], 
ultimately leading to increased DMY.

N recovery across the lettuce–lettuce–oat sequence was the most sensitive indicator for 
discriminating between the effects of cover crops. Crops grown after the control, oat, and 
rapeseed treatments showed no significant differences among these treatments. In contrast, 
all legume treatments resulted in significantly higher N recovery compared with both the 
control and non-legume treatments. Differences were also observed among legumes, with 
crops following faba bean showing significantly lower values than those following crimson 
clover. N recovery integrates both tissue N concentration and biomass production, making it 
a robust indicator of N supply to plants [68,69]. Non-legumes did not differ from the control, 
as neither provided additional N to subsequent crops. Among legumes, faba bean appeared 
to supply less N to the following crops than crimson clover. Although comparative studies 
using these two species as cover crops are lacking, faba bean is generally associated with 
high but variable N fixation [7,70], whereas clovers tend to exhibit low fixation rates [7,71]. 
In this case, however, the observed differences may reflect variation in N mineralisation 
rather than fixation. Lupin showed higher tissue N concentrations, which could indicate 
that a greater fraction of fixed N was rapidly mineralised, potentially enhancing short-term 
N availability. In general, short-term N mineralisation tends to increase with substrate N 
concentration [3,72].

For the other nutrients, differences in their concentrations in the tissues of the subse-
quent lettuce crop varied considerably. For some nutrients, a greater quantity accumulated 
in the cover-crop biomass was reflected in higher concentrations in lettuce tissues, whereas 
this was not the case for others. The clovers, for example, which accumulated large amounts 
of P and K in their tissues, were associated with higher concentrations of these nutrients 
in lettuce during the first cropping cycle. This further supports the notion that legumi-
nous cover crops may provide benefits beyond N supply, an aspect that has been well 
documented, for example, in relation to P [23,73].

Mn, in particular, merits further consideration. Although Mn is an essential plant 
nutrient, it can also be associated with toxicity because its solubility in soil may increase 
substantially under acidic conditions [3]. White lupin accumulated tissue concentrations 
of Mn up to ten times higher than those observed in some of the other species, despite all 
species being grown in the same soil. This is consistent with its well-documented capacity 
for Mn hyperaccumulation [74,75]. The lower Mn concentrations observed in the other 
species may be related to mechanisms of Mn exclusion that limit its uptake [76,77], or to 
retention in roots, which restricts its translocation to the shoots [76,78]. Nevertheless, Mn 
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concentrations in lettuce grown in pots previously cultivated with white lupin did not differ 
significantly from those recorded in lettuce grown in the other treatments. Thus, the greater 
Mn accumulation by white lupin was not associated with higher Mn concentrations in 
the subsequent lettuce crop and does not appear to constitute a drawback to its use as a 
cover crop.

4.3. Effects on Soil Properties
Nitrate concentrations measured using anion exchange membranes were significantly 

higher in soils previously cultivated with legumes than with non-legumes. However, values 
in the second lettuce cycle were lower than in the first. Anion-exchange membranes are 
widely used to monitor soil N dynamics under various conditions [69,79]. In this study, 
they confirmed increased nitrate availability in legume treatments and a stronger short-term 
effect, consistent with the rapid mineralisation of N-rich residues reported in previous 
studies [55,56].

Soil organic C did not differ significantly among treatments, although clovers generally 
showed higher mean values than the control, while some legumes, such as white lupin, also 
exhibited low values. Soil C content is influenced by inputs of photosynthetic products from 
plant tissues and, potentially, mycorrhizae [80–82]. Thus, systems with higher primary 
productivity tend to accumulate more soil organic C [83–85]. In this study, C inputs 
resulted from the full incorporation of cover crop biomass and the roots of subsequent 
crops. Despite differences in biomass production, final soil organic C levels did not differ 
significantly among treatments. This may reflect a balance between C inputs and losses 
through mineralisation [86,87], with treatments incorporating more biomass potentially 
also experiencing faster decomposition, thereby limiting net C accumulation.

Soil pH tended to be lower in legume than in non-legume treatments and the control. 
Soil acidification under cropping is often attributed to the export of basic cations [3,87]. 
Dicots tend to take up more divalent cations, as observed in Table 3, which may contribute to 
acidification [53]. However, in this study, no nutrient removal occurred, as cover crops were 
incorporated into the soil as green manures. Another important mechanism of acidification 
is nitrification, which generates excess H+  ions during the microbial conversion of NH4 +  to 
NO3 −  [3,88]. In this context, the N inputs from legumes may have enhanced nitrification 
processes during residue mineralisation, potentially contributing to the observed soil acidi-
fication. Similar acidification effects have been reported for legume green manures [56,89] 
and for urea- and ammonium-based fertilisers, which undergo nitrification prior to plant 
uptake [90–92]. No significant effects were detected on other soil properties, including 
exchangeable bases and CEC.

5. Conclusions
The results of this study show that legume cover crops outperformed non-legume 

species in terms of biomass production and N accumulation, potentially reflecting their 
ability to fix atmospheric N. These findings support the hypothesis that legumes can produce 
greater biomass under N-limited conditions. Furthermore, differences among legume 
species highlight interspecific variability in their growth and N dynamics.

Legume-based cover crops enhanced the growth and N status of subsequent cash crops 
across the lettuce–lettuce–oat rotation. These benefits were particularly evident in the short 
term, but remained detectable over successive cropping cycles. In contrast, non-legume 
species did not differ significantly from the control in their effects on subsequent crops, 
indicating a limited contribution to crop growth and N status under the conditions of 
this experiment.
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Cover crop species differed in their accumulation of macro- and micronutrients, and 
some of these differences were reflected in the nutrient status of the subsequent lettuce crop. 
However, greater nutrient accumulation by individual species did not necessarily translate 
into increased nutrient concentrations in the subsequent crop. Notably, despite white lupin’s 
high capacity for Mn accumulation, this did not result in higher Mn concentrations in lettuce. 
At the soil level, cover crop species also differed in their effects on soil properties. Legumes 
increased soil nitrate availability and N recovery, although they were also associated with a 
slight decrease in soil pH. These differences in nitrate availability and soil pH may partly 
reflect differences in N dynamics during residue decomposition, although N fixation and 
mineralisation were not directly measured.

Contrary to the initial hypothesis, non-legume species did not contribute to higher soil 
organic matter levels. The absence of significant differences among treatments suggests 
no detectable short-term effect on soil organic matter under the experimental conditions, 
although differences in biomass production and decomposition may have influenced this 
outcome; these processes were not directly assessed.

Finally, these findings should be interpreted in the context of the pot experiment. 
Root confinement, the limited, artificial soil volume, and irrigation conditions may have 
influenced plant growth and soil processes, thereby limiting the extrapolation of the results 
to field conditions. Further field studies are therefore needed to determine whether and to 
what extent these responses persist under practical cropping conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae12111352/s1. Table S1. Micronutrient concentration 
in the aboveground biomass of cover crops. Table S2. Micronutrient recovery in the aboveground 
biomass of cover crops. Table S3. Micronutrient concentrations in lettuce dry matter during the first 
and second cycles under different cover-cropping strategies.
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