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Abstract: The aim of this study is to identify species of cover crops that cause an increase in biomass
and total nutrient accumulation in response to manure/slurry. This could improve nutrient e�ciency
and intensify the benefits from over-winter cover crops in arable rotations and improve following
commercial crop yields. In a pot experiment, sixteen cover crops were grown for 100 days in response
to slurry. Growth and nutrient (N, P, K, Mg and S) accumulation were measured, and then residue
was reincorporated into the soil with spring barley (Hodeum vulgare L.) sown and harvested for yield.
In response to slurry, tillage radish (Raphanus sativus L.) increased N accumulation by 101% due to a
significant increase in biomass and % N (p < 0.05) over its relative control plots. Significant interactions
between species and the application of slurry were found in cover crop biomass, cover crop and
spring barley nutrient uptake, as well as cover crop carbon accumulation, particularly in the brassica
species used. Slurry integrated with cover crops both reduced the cover crop C:N ratio and enhanced
nutrient cycling compared to the control when soil mineral nitrogen (SMN) and spring barley crop N
o�take were pooled. However, this was not observed in the legumes. This study shows that slurry
integration with cover crops is a promising sustainable farming practice to sequester N and other
macro-nutrients whilst providing a range of synergistic benefits to spring barley production when
compared to unplanted/fallow land rotations. However, this advantage is subject to use of responsive
cover crop species identified in this study.

Keywords: cover crops; slurry management; commercial crop yield; nitrogen accumulation;
spring barley; water management; weed management; pot experiment

1. Introduction

Globally, an estimated 33% of soils are degraded [1]. In response, a global soil partnership was
formed to converge both policy and research to identify and integrate pillars of action and priorities.
Cover crops were identified to have considerable potential to address such priorities by both enhancing
and stabilising stores of soil organic matter and reducing the use of nitrogen (N) and phosphorous
(P) [1]. There is increasing evidence that cover crops can provide weed, pest and disease control [2–6]
and reduce nutrient loss [7–9]. However, harnessing the benefits from cover crops, for both soil and
commercial crops, is highly dependent on species choice and management [10] and both quantity and
quality of the biomass produced [11]. Maximising the biomass of cover crops is desirable as it has been
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found that their benefits to soil biology are associated with the amount of biomass produced [12,13].
Cover crops also o�er weed suppression through smothering [14] and allelopathy [15] which is key to
sustainable weed management. Exploiting the natural evapotranspiration of cover crops has been
highlighted as an e�ective strategy against rainfall variability when in excess and also when limiting
to plant growth: through improved storage, field water capacity and plant available water [16,17].
Limited research has evaluated cover crops for their potential to use water through evapotranspiration
and how this varies between di�erent species. Cover crops are also an e�ective way to add organic
matter to soil and can help slow down the decline of carbon (C) stocks, which occurs during tillage and
intensive crop production [6,18]. Cover crop biomass also a�ects overall C and N return and cycling [19].
Maximising this could o�er many benefits. However, when the cover crops are destroyed the residue
that is added to the soil can introduce additional variability in nutrient supply to the commercial
crop, specifically N, with a possibility of immobilisation [20]. Nutrient mineralisation rates of residue
are a�ected by factors including soil type, temperature, residue quality, which is species dependent,
and other factors [3,21]. N immobilisation increases when the quantity of biomass is increased [22].
This means cover crops can negatively a�ect grain yields due to low N mineralisation from the
residue [23], although species selection can overcome this to enhance N supply to the commercial
crop and increase yields [24,25]. A legume cover crop of field beans (Vicia faba L.) in Switzerland
managed to biologically fix an estimated maximum of 172 kg N/ha whereas chickpea (Cicer arietinum L.)
fixed2 kg N/ha [26]. Therefore, the correct legume species is crucial to can enhance soil N. Cover crop
species choice is influenced by site-specific soil and climatic conditions [7], making identification of
suitable families and species critical.

Spring barley in Northern Ireland (NI) accounts for over 40% of the total cereal area of 33,500 ha.
This results in a large proportion of land devoted to cereals lying fallow over-winter for nearly
half the year. Other spring-sown cereals and vegetable crops also add to this fallow area [27].
This fallow land is at greater risk of degradation compared to land with a growing crop, with the risk
predominantly caused by high rainfall, and lack of ground cover to protect the soil from erosion [28,29].
Additionally, the animal farming sector in NI) creates a vast quantity of organic manure estimated
at 10 million tonnes annually [30]. This is a cost-e�ective source of nutrients essential for farming
and environmental sustainability, the recycling of nutrients required for crop growth and to decrease
dependence on inorganic fertiliser requirements [31]. The Department of Agriculture, Environment
and Rural A�airs (DAERA) Nitrates Action Programme (NAP) restricts the spreading of manures
over winter (“closed period” is 15th October–31st January) in NI [32]. The high capital cost required
for storage, estimated at around 70–80 ¿/m3 [33], consequently means that these manures are often
applied as late as possible to the “closed period” to reduce storage cost. Nitrogen (N) uptake in
the subsequent crop following autumn applications is around 5–35% depending on type and rate of
manure, whereas spring applications have higher e�ciencies of 50–60% [34]. Autumn applications are
applied to either stubble, preceding winter crops, or grassland where uptake and storage by the crop
can be poor due to limited growth. The low e�ciency is primarily due to leaching caused by excess
rainfall, which washes nutrients below the rhizosphere [35]. Whilst this is a regional issue highlighted,
it is not a localised problem, as Cambardella, Moorman [36] highlighted that over one billion tonnes
of N is excreted from swine manure annually in the United States [37] and similar problems of N
leaching and P loss are experienced. Cover crops have been found to reduce leaching on average by
43% and, on a clay soil, a cover crop of perennial ryegrass (Lolium perenne L.) reduced N leaching by 85
to 89% [7]. N immobilisation in cover crop biomass can directly reduce soil mineral N (SMN) which
minimises the downward leaching of N [38]. Therefore, cover crops o�er considerable potential to
reduce N leaching in a high winter rainfall climate [39]. Studies on integrating organic manures and
cover crops have shown increased biomass growth of the cover crops [40] and a subsequent increase in
cover crop N uptake [40–42] and reduction in SMN over-winter [36,43]. However, these studies have
shown that the selection of species that are best suited to region/climate to be critical [43].
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The integration of cover crops and slurry requires research to find responsive species in terms
of not only increased N uptake but also if there is a beneficial e�ect on commercial crop yield and N
uptake/supply. Using a mesocosm trial to help understand the complex plant–soil–slurry interaction
will help facilitate identifying species that provide benefits such weed suppression, increased N supply
to the commercial crop to increase grain yield. This could lead to increased cover crop use by farmers,
so indirectly implementing the many benefits they provide. Thus, an array of species from a range of
families should be evaluated to find best-suited species to this practice along with the e�ects on N
cycling and commercial crop yield. It is hypothesised that: (i) legumes will lead to increased spring
barley yield over non-leguminous species due to greater N cycling (defined as total N o�take in the
grain and straw), and (ii) slurry integrated with cover crops will be more beneficial than when applied
to the control in terms of grain yield and overall N o�take.

2. Materials and Method

A pot experiment was conducted with 16 species of cover crop and a control (no cover crop)
in response to an application of pig slurry. These species were evaluated for growth, e�ect on weeds,
water usage, N and C accumulation as well as the e�ect on the grain and straw yield and N content of
the subsequent crop of spring barley.

2.1. Experimental Design

The experimental design was a randomised, split plot, with four replicates of 17 treatments
(16 species plus the control) with and without slurry. Species are listed in the Appendix A Table A1
along with their suggested sowing rates recommended from literature and guides for Ireland and
the UK [44]. Species were chosen from those that breeders and merchants in the UK are currently
recommending. Of all species in this trial, a subset of the best performing species from di�erent
families was selected for further analysis of N determination of the spring barley grain and straw plus
cha� (non-stem or grain proportions of the spring barley) fractions and also SMN. This subset was
decided by selecting cover crops from a range of families that produced large/su�cient amounts of
biomass and led to a high spring barley grain yield.

2.2. Mesocosm Set Up

Twenty two kilograms of soil (35.8% sand, 38.6% silt and 25.8% clay), which is relatively typical
of NI arable soils) at 67.8% dry matter (DM), was added to large pots measuring 50 cm tall with a
diameter of 22.5 cm, giving a soil volume of 17,137 cm�3 and a bulk density of 0.87 kg/l DM or 1.28 kg/l
fresh weight. Soil nutrient analysis was conducted in accordance with standard ADAS methods [45]
(Table 1). The mesocosms were designed to allow ample depth for su�cient root growth and the large
diameter provided ample area to sow the cover crops at representative sowing rates.

Table 1. Soil analysis.

pH P K Mg S TN TC LOI SMN
Mg/L Mg/L Mg/L Mg/L % % % g/m2

6.62 37.9 *3 170 *2 239 *4 6.39 *1 0.324 3.41 9.63 6.46

* Numbers indicate nutrient index categorised by the Department for Environment, Food & Rural A�airs scale.

One application of 180 mL of pig slurry (Table 2), representing a field application rate of 45.2 m3/ha
(50 m3/ha NI legislative maximum individual application), was applied to half the pots, with the other
half receiving 180 mL of tap water as a control. The top 5 cm of soil in all pots were then mixed using
a trowel.
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Table 2. Slurry analysis.

Nutrients
Concentration Applied/m2

(%) (g)

K * 0.49 22.1
P * 0.11 4.87
S * 0.06 2.58

Mg * 0.06 2.85
NH4 * 0.51 23.2

Total % N 0.73 33.0

Dry matter applied

DM 6.61 299

* analysed on a fresh basis.

The species were sown according to their recommended seed rate (Table A1) at advised depths
(based on available recommendations). To maintain a water-holding capacity (WHC) of 70%, the pots
were weighed with water applied using sprinkler nozzles to simulate rainfall to bring the pots back up
to the original weight. Total water usage for each species was the total weight of water applied during
the 100 days of cover crop growth to maintain 70% WHC.

2.3. Greenhouse Heat and Light

The pots were kept in glass greenhouses for 102 days from 31 October 2017 (Figure A3). Soil and
ambient air temperature (Figures A1 and A2) were logged using a Tinytag Plus 2 TGP-4510 datalogger
and a soil probe (PB-5001) measuring to a soil depth of 15 cm. Artificial lights provided an additional
PAR (photosynthetically active radiation) of 175 �mol/m�2 s�1 above natural daylight during the hours
of 4.30 pm to 8.30 am. The artificial light and heat provided were designed to represent a growing
season of cover crops sown in early August and harvested/returned to soil in February–April and to
prevent freezing.

2.4. Cover Crop Sampling

After 100 days of growth, the cover crops were cut at ground level and the biomass divided by
hand into cover crops and weeds. The cover crop biomass was chopped to a maximum length of
3 cm, with a 50 g representative subsample removed and then dried at 60 �C for 48 h (i.e., until there
was no further weight decrease). The remaining biomass was added back to its original pot and
incorporated into the soil to a depth of 10 cm; the weeds were not reincorporated. The control, with its
weeds, was treated as a cover crop hence it does not appear under weed biomass production in the
tables/figures. Brassica cover crops had the taproots removed and weighed separately. These roots from
the brassica species were not reincorporated into the soil and consequently would have removed minor
amounts of N. The rationale was that brassicas produce larger root biomass, which is a considerable
proportion of their overall biomass [3] compared to other cover crop species.

2.5. C and N Determination of Cover Crop Biomass

The dried biomass samples of aboveground shoots were milled to 1.0 mm by a Cyclotec 293 mill
(FOSS, Warrington, Britain). N and C content were analysed using the Dumas dry combustion method
with a Trumac CN analyser (Leco Corporation, St. Joseph, MI, USA) with a furnace temperature of
1350 �C. Quality controls included an in-house verified reference material run with every 20 samples.
Accumulated N o�take was calculated as percentage N (% N) multiplied by cover crop biomass.
Roots were not analysed for N accumulation due to many species not producing a su�cient sample for
analysis after milling losses.
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2.6. Energy Dispersive X-ray Fluorescence (EDXRF) Analysis

EDXRF was used to measure a broad-spectrum nutrient profile in a select list of the best performing
cover crops. Quantities of 2.5–3.5 g (species depending) of milled biomass samples were loaded into
sample-cups to a depth >4 mm. To create a pellet, 300 pounds per square inch (PSI) was applied
for 20 s. A suitable certified reference material (mixed Polish herbs INCT-MPH-2) was used in each
batch of sample allowing recoveries to be detected and coe�cient of variation (CV) to be gauged.
Only recoveries of 100 � 20% with a maximum CV of 10% were used as parameters to accept the
specific nutrients from the profile measured (Table 3). Nutrient uptakes were calculated by multiplying
cover crop biomass by production by its relative concentration. The nutrient accumulation of the
weeds was not added onto the results shown.

Table 3. Recovery of the certified reference material run with EDXRF analysis.

P K Mg S

Certified (mg kg�1) 2500 19,100 2920 2410
Average recovery (mg kg�1) 2382 16,690 3238 2389

Standard deviation 20.4 137.0 150.3 26.0
CV 0.9 0.8 4.6 1.1

Recovery (%) 95.3 87.4 110.9 99.1

2.7. Sowing of Spring Barley

The pots were moved out of the greenhouse on 16th February 2018 and left outside thereafter.
They were sown on 15 April 2018 with spring barley cv. KWS Irina, a widely-used variety in the
UK (Figure A4). Spring barley was planted at 2.5 cm soil depth at 15 seeds/pot (equivalent to
375 seeds/m2 assuming an establishment rate of 99%, and a thousand grain weight (TGW) of 44 g).
A spray programme (Table A2) was used to keep weeds, aphids and disease to a minimum, with no
additional inorganic fertiliser applied.

2.8. Spring Barley Harvest and N O�take

The spring barley was harvested when ripe by cutting stems at 2–3 cm above the soil surface.
Samples were dried at 60 �C for 48 h, then weighed. Ears were counted and separated from the straw
and a Wintersteiger LD350 thresher was used to separate the grain from the cha�. The straw and
cha� fractions were bulked together, and all samples were re-dried at 60 �C for 48 h and reweighed.
Samples, grain and non-grain (straw + cha�), were milled to 1mm using a Foss Clyclotec CT293 mill
and analysed for % N (using the same method described in 2.5 above). N uptake by the spring barley
was calculated through multiplying dried grain yield by its relative % N and by adding the dried straw
+ cha� weight multiplied by its relative % N.

2.9. Soil Mineral Nitrogen (SMN)

Ten days post-harvest (13 September 2018), 60 g of fresh soil was sampled on three replicates of
each treatment with a soil corer to a depth of 30 cm. A total of 40 g of soil were incubated at 20 �C for
24 h, sieved to 2 mm and extracted with 80 mL of 2M KCl. The mix of soil and KCl was shaken in an
orbital shaker for 1 h at 200 RPM, then centrifuged at 2970� g for 4 min and the liquid fraction filtered
through No. 40 Whatman filter paper. Two “blanks” were run with the extractions to determine
and adjust for any contamination. Extracts were analysed using a calorimetric Skalar San Plus Auto
Analyser (Skalar Analytical B.V., Breda, Netherlands) based on the cadmium reduction method for
nitrate and nitrite and the Berthelot reaction for ammonia. Banked samples of soil taken prior to
planting the cover crop were frozen and stored at �18 �C. Three subsamples were defrosted in a fridge
for 16 h and analysed for SMN as described above. The result was quantified through multiplying the
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concentrations of nitrate, nitrite and ammonium by the relative dry weight of the soil in the pots then
transformed to g/m2. SMN, prior to planting the cover crops, is estimated to be 6.46 g/m2.

2.10. Total Detectable N

Evaluating spring barley N uptake combined with SMN post-harvest allows between species
evaluation to identify if the legumes fixed additional N and if the cover crop residue either mineralised
or immobilised nitrogen. The SMN g/m2 was calculated by multiplying the total nitrate + nitrite
+ ammonium by the weight of the soil in the 30 cm profile sampled using the dry bulk density.
Total detectable N was assumed to be the sum of the spring barley crop N added to SMN (30 cm soil
depth) to provide an uptake per pot, which was then converted to g/m2. This is shown in Equation (1).

Total detectable N = Spring barley N o f f take + SMN (1)

2.11. Apparent N Recovery

Total apparent N recovery (TANR) of the N applied was calculated in Equation (2) as described
by Liu et al. [46]. The apparent N recovery in response to the treatment of slurry was calculated
in Equation (3) as described by Cavalli et al. [47], for each species. This is denoted by ANRoS.

Both equations assume slurry to have an availability of 50 % as directed by the AHDB RB209 [34] and
the Nitrates Action Programme [32].

TANR =

 
Total detectable N

Total N applied

!
� 100 (2)

Total N applied = Initial SMN + N applied in slurry.

ANRoS =

 
Total detectable N � Species mean Total detectable N(No Slurry)

N applied f rom slurry

!
� 100 (3)

2.12. Statistical Analysis

Two-way analysis of variance (ANOVA) was used to identify significant di�erences between
treatments in the response variables of crop growth, water usage, weed production and all aspects of
spring barley yield, using Genstat (V18) [48]. Restricted maximum likelihood (REML) was applied to
analyse the N accumulation due to the unequal number of observations. Fisher’s post-hoc analysis
was applied to discriminate di�erences between means. Results are deemed significantly di�erent at
p < 0.05 and tendencies are regarded as less than 10% (p = 0.10).

3. Results

3.1. Cover Crop Growth

Biomass production was significantly di�erent between species (p < 0.001), and was a�ected by
the addition of slurry (p < 0.05). A significant interaction between slurry addition and cover crop
species (p < 0.001) was exhibited (Table 4). Tillage radish (Raphanus sativus L.) and Oilseed radish
(Raphanus sativus var. Oleiferus L.) produced the largest biomass of 1048 g/m2 and 895 g/m2, respectively,
when slurry was applied. Winter vetch (Vicia villosa L.) produced the most biomass (134 g/m2) averaged
across both slurry treatments within the legume family. Slurry led to significant increases in biomass
of the forage rye (Secale cereale L.), oilseed radish, forage rape (Brassica napus L.), brown mustard
(Brassica juncea L.) and the tillage radish by 106%, 83%, 82%, 65% and 35%, respectively (Table 5).
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Table 4. ANOVA of treatments.

Treatment Biomass Production (g/m2) Weed Production (g/pot) Water Usage (L)

Slurry <0.05 <0.05 0.19
Species <0.001 <0.001 <0.001

Slurry � Species <0.001 0.26 0.10

Table 5. Cover crop biomass, weed biomass and water usage for each treatment.

Species Treatment Cover Crop Biomass
(g/m2)

Weed Biomass
(g/m2)

Water Usage
(L/m2)

White Clover ¥ Nil Slurry 2 a 125.8 78.0
White Clover ¥ Slurry 4 a 60.4 72.9
Red Clover ¥ Nil Slurry 14 ab 83.0 72.9
Red Clover ¥ Slurry 15 ab 62.9 80.5

Control Slurry 52 ab - 65.4
Berseem Clover ¥ Slurry 53 ab 35.2 72.9
Berseem Clover ¥ Nil Slurry 55 ab 125.8 93.1

Spring Vetch ¥ Slurry 65 ab 93.1 75.5
Spring Vetch ¥ Nil Slurry 67 ab 35.2 75.5
Buckwheat , Nil Slurry 95 ab 42.8 72.9

Control Nil Slurry 96 ab - 80.5
Winter Vetch ¥ Slurry 131 abc 17.6 90.5
Winter Vetch ¥ Nil Slurry 137 abc 37.7 88.0
Forage Rye � Nil Slurry 156 abcd 78.0 100.6
Buckwheat , Slurry 163 bcde 37.7 100.6

Forage Rape ^ Nil Slurry 288 cdef 15.1 98.1
Ethiopian Mustard ^ Nil Slurry 297 def 37.7 115.7

Stubble Turnips ^ Slurry 309 def 22.6 110.7
Japanese Black Oat � Slurry 316 def 27.7 108.1
Japanese Black Oat � Nil Slurry 320 ef 67.9 103.1

Forage Rye � Slurry 322 f 37.7 123.2
Brown Mustard ^ Nil Slurry 327 f 12.6 115.7

Ethiopian Mustard ^ Slurry 357 fg 17.6 123.2
Stubble Turnips ^ Nil Slurry 385 fgh 7.5 140.8

Westerwolds � Nil Slurry 396 fgh 37.7 120.7
Phacelia � Nil Slurry 428 fgh 15.1 123.2
Phacelia � Slurry 433 fgh 10.1 133.3

Oilseed Radish ^ Nil Slurry 489 gh 15.1 168.5
Westerwolds � Slurry 521 h 5.0 145.9
Forage Rape ^ Slurry 524 h 15.1 128.1

Brown Mustard ^ Slurry 538 h 12.6 133.3
Tillage Radish ^ Nil Slurry 777 i 5.0 226.4
Oilseed Radish ^ Slurry 895 ij 2.5 226.4
Tillage Radish ^ Slurry 1048 j 5.0 249.0

SEM 56.9 20.63 12.37
LSD 160.1

¥ Fabacea; , Polygonaceae; � Poaceae; ^ Brassicaceae; � Borginaceae. SEM = standard error of the mean. LSD = least
significant di�erence. Means which share di�erent letters are significantly (p < 0.05) di�erent to each other.

3.2. Weed Suppression

Slurry significantly reduced weed biomass (p < 0.05); species also had a significant e�ect (p < 0.001),
but there was no interaction between the treatments (Table 4). The control produced 74 g/m2 of weeds,
averaged across both slurry treatments, allowing for a comparison of e�ect of cover crops. The brassicas
exhibited the greatest levels of weed suppression compared to the other families, with tillage radish
giving the greatest suppression producing only 5.0 g/m2 (Table A3). Pots with legume species had
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greater levels of weeds compared to other species, with spring vetch (Vicia sativa L.) having increased
weed biomass compared to all other species (p < 0.05).

3.3. Water Usage

Water usage was significantly a�ected by species (p < 0.001) (Table 4). The control that grew
weeds used the lowest amount of water (Table 5). The brassicas all significantly increased water usage
compared to the control (p < 0.05), with tillage radish requiring the most water to maintain 70% water
holding capacity, followed by oilseed radish (Table A3).

3.4. N Accumulation in the Cover Crop

% N was a�ected by both slurry addition (p < 0.001), and species (p < 0.001), with a significant
interaction (p < 0.05) between them. The species mean N concentration ranged from 2.7% in the
tillage radish to 4.8% in brown mustard (p < 0.05). Slurry increased the % N by an average of 0.39%
(p < 0.001) (Table A4). % N in stubble turnips (Brassica rapa oleifera L.), brown mustard, phacelia
(Phacelia tanacetifolia L.), oilseed radish and westerwolds (Lolium multiflorum L.) was significantly
increased by slurry (p < 0.05). When biomass was multiplied by % N, the winter vetch accumulated the
least N compared to tillage radish (Figure 1). The e�ect of applying slurry significantly increased the N
accumulation of many brassicas such as tillage radish, oilseed radish and brown mustard. The only other
species to exhibit a significant increase in N accumulation was forage rye. Oilseed radish accumulated
139% more N when slurry was applied compared with no slurry. Tillage radish, accumulated a total
of 33.9 g/m2 N with slurry compared to only 16.9 g/m2 N under no slurry. Forage rye exhibited the
largest response in terms of percentage but its overall N accumulation (with slurry) was still relatively
low in comparison to other species, and without slurry it produced low biomass compared to with
slurry. The N accumulated in the weeds was not calculated, due to insu�cient biomass produced to
allow for a sample to be analysed. Thus it was assumed that weeds accumulated negligible amounts
of N. For example if weeds had an assumed tissue N % of 3%, winter vetch would have had a weed N
o�take of 0.53 g/m2 and 1.13 g/m2 for with and without slurry, respectively.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 27 

Figure 1. Species N accumulation in response to slurry (g/m2). The bars represent the species mean for
both treatments of slurry (N = 4). Error bars represent Standard Error (SE). Letters represent significant
di�erences between cover crops using Fisher’s post-hoc test 0.05 LSD = 3.69. Means that do not share
the same letters are significantly (p < 0.05) di�erent. Slurry supplied 33.0 g/m2 of total N.
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3.5. C Accumulation in Cover Crop

The percentage C (% C) was only significantly a�ected by species (p < 0.001). Total C accumulation,
which is a product of biomass multiplied by % C, was a�ected by species (p < 0.001), slurry (p < 0.05)
and their interaction (p < 0.01). Across all species, C accumulation ranged from 75.4 g/m2 in winter
vetch to 380.9 g/m2 in tillage radish (Table A4). Slurry increased the average C accumulation across all
species by 34%.

3.6. C:N Ratio

The C:N ratio was significantly a�ected by species (p < 0.001), slurry (p < 0.001) and their
interaction (p < 0.01) (Table 6). Tillage radish had the highest C:N ratio and brown mustard the lowest.
Slurry reduced the C:N ratio on average by 2.32 (p < 0.001) and exhibited a significant interaction
(p < 0.01) with species. Tillage radish showed the highest numerical decrease in C:N ratio, by 35% in
response to slurry.

Table 6. ANOVA values for e�ect of treatments on macronutrient concentration and accumulation.

Macro-Nutrient Concentrations (mg/kg) Macro-Nutrient Accumulations (g/m2)
Treatment P K Mg S P K Mg S

Slurry <0.05 0.32 0.06 <0.05 0.06 <0.05 0.06 0.06
Species <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Slurry � Species 0.72 0.5 0.97 0.48 0.07 <0.01 <0.01 <0.01

3.7. Phosphorous (P), Potassium (K), Magnesium (Mg) and Sulphur (S) Accumulation

Due to natural di�erences in the species concentrations of P, K, Mg and S (p < 0.001) and variation
in biomass produced, this meant that species had significantly (p < 0.001) di�erent accumulations of
these nutrients (Table 6). On average, slurry only increased P and S concentration but did not exhibit
any significant interactions with species. K, Mg and S accumulation was significantly (p < 0.01) a�ected
by the interaction between slurry and species where the e�ect of slurry increased accumulations for
most species. Figure 2 displays the P, K, Mg and S accumulations for the selected species measured.
Tillage radish led to the greatest accumulation of P, Mg and S (p < 0.05) compared to all other species.
With slurry applied, oilseed radish led to the largest accumulation of K, which was similar to the tillage
radish (slurry applied) and brown mustard (slurry applied) and also tillage radish without slurry
applied. Without slurry applications, the tillage radish led to the greatest o�takes of P, K, Mg and S.
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Figure 2. Species accumulation of P, K, Mg and S in response to slurry (g/m2). N = 4 for each mean
reported. Standard error of the mean (SEM) and the least significant di�erence using Fisher’s post-hoc
test (0.05) (LSD) are shown below each heat map for treatments that were found to be significant.

3.8. Spring Barley Grain Yield

The species of cover crop biofertilizers and slurry significantly a�ected subsequent spring barley
grain yield (p < 0.05 and p < 0.01, respectively). Average grain yield increased from 444.8 g/m2 without
slurry to 642.3 g/m2 with slurry (p < 0.05). Species that significantly increased grain yield compared to
the control were all from the brassica family (Ethiopian mustard (Brassica carinata L.), stubble turnips,
brown mustard, oilseed radish, forage rape and tillage radish) (p < 0.05). The residue/biofertilizer
produced by the tillage radish produced the greatest yield, which was 50.9% higher than that of
the control, as seen in Figure 3. Total number of ears/m2 was only significantly a�ected by species
(p < 0.001), and straw and cha� biomass were significantly a�ected by slurry and species (p < 0.001).
Considerable di�erences in grain yields were exhibited by species in response to slurry (Table A5),
but this interaction was not significant.
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Figure 3. Grain yield post cover crop as a�ected by cover crop species (g/m2). Bars represent species
mean (N = 8) whilst the bar colour indicates the species family. Error bars represent Standard Error of the
Mean (SEM). Letters represent significant di�erences between cover crops using Fisher’s Unprotected
post-hoc test 0.05 LSD = 96.91. Means that do not share the same letters are significantly (p < 0.05)
di�erent. Typical farm yields in Northern Ireland are 500 g/m2, high 650 g/m2, low 400 g/m2.

3.9. Spring Barley N Accumulation

Cover crop species and slurry both had significant (p < 0.001) e�ects on total N accumulation.
Post hoc analysis showed that spring barley planted after tillage radish led to a significantly (p < 0.05)
greater N o�take in the spring barley, whereas the control of no cover crop led to the lowest N o�take.
Spring barley following the brassicas (i.e., brown mustard, stubble turnips, forage rape, oilseed radish
and tillage radish) had the greatest N o�take at 11.3, 11.4, 11.9, 12.3 and 12.7 g/m2, respectively
(Figure 4). Grain % N was significantly a�ected by slurry (p < 0.05) and the interaction between
species and slurry was significant (p < 0.05). Although there were no significant di�erences in straw %
N, total straw N accumulation was significantly increased (p < 0.001) by slurry and species, with a
significant interaction (p = 0.05). Grain N accumulation was significantly a�ected by species (p < 0.001)
and increased by slurry (p < 0.05); there was no significant interaction.
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Figure 4. Spring barley total N accumulation as a�ected by cover crop species (g/m2).The bars represent
species mean (N = 6). Error bars represent the Standard Error (SE). Letters represent significant
di�erences between cover crops using Fisher’s post-hoc test 0.05 LSD = 1.874. Means that do not share
the same letters are significantly (p < 0.05) di�erent.

3.10. SMN Plus Total Spring Barley N O�take (Total Detectable N)

SMN analysis after harvest of the spring barley did not reveal significant di�erences in
concentrations of ammonia, nitrite and nitrate in any of the treatments. When concentrations
of SMN were multiplied by total soil in the sampled depth (30 cm), no di�erences in total pot N
quantities were found between treatments. However, cover crop species exerted a significant (p < 0.001)
e�ect when total SMN and spring barley crop N were pooled together, which will be referred to as
“detectable N”. Slurry increased total detectable N (p < 0.001) and exhibited an interaction with species
(p < 0.05). The legume winter vetch did not significantly increase detectable N in comparison to the
control therefore it fixed negligible quantities of N.

Without slurry all species had similar total detectable N amounts. With slurry, seven species
(stubble turnips, forage rye, phacelia, westerwolds, forage rape, tillage radish and oilseed radish,
respectively) led to significant increases in detectable N over the control (Figure 5). The significantly
increased detectable N (p < 0.05) when slurry was added to forage rye, westerwolds, forage rape,
tillage radish and oilseed radish in comparison to sowing these species without slurry demonstrates
the benefit of this management practice to increase N cycling and mineralisation of the cover crop
biofertilizers to supply N to the spring barley and to increase SMN. Stubble turnips with no slurry
applied was the only species that led to a significantly (p < 0.05) higher detectable N compared to the
controls with and without slurry. This suggests that this species enhanced N cycling to the greatest
extent in the absence of slurry.
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Figure 5. Total detectable N for each cover crop species in response to slurry (g/m2). * Detectable
N = Spring barley grain, straw + cha� N o�take + SMN. The bars represent the species mean for both
treatments of slurry (N = 3). Error bars represent Standard Error (SE). Letters represent significant
di�erences between cover crops using Fisher’s post-hoc test 0.05 LSD = 2.68. Means that do not share
the same letters are significantly (p < 0.05) di�erent.

3.11. TANR and ANRoS

The TANR demonstrates the recovery % of the total applied N and is shown in Table 7. TANR
was much greater without slurry than with slurry (p < 0.001) and species led to significant e�ects
(p < 0.01) but there was no significant interaction. Table 7 shows the Slurry � Species means of the ANR.
It demonstrates that the control for both No Slurry and Slurry means had the lowest ANR. However,
when species response to slurry is isolated through calculating ANRoS, the N recovery percentage
of the extra N o�take due to slurry, is seen to have had a significant e�ect (p < 0.001) as did Species
(p < 0.05) and there was a significant interaction (p < 0.05) (Figure 6). Oilseed radish, forage rape and
tillage radish resulted in significantly higher (p < 0.05) ANRoS compared to the control. The ANRoS of
the control in response to slurry only led to 4.3 % extra N being recovered, which is low.

Table 7. Total apparent N recovery (TANR) (%).

Treatment No Slurry Slurry Species Mean

Oilseed radish 169.1 74.0 121.5 c

Forage Rape 172.6 71.6 122.1 bc

Tillage Radish 183.4 73.6 128.5 bc

Forage Rye 162.6 60.4 111.5 abc

Phacelia 178.9 62.2 120.5 ab

Winter Vetch 146.1 48.1 97.1 ab

Stubble Turnips 197.5 59.3 128.4 a

Control 149.1 46.1 97.6 a

Mean 169.9 61.9

SEM LSD
Slurry 3.23 19.12
Species 3.16 17.82

Slurry � Species 2.88 43.94

Means which do not share the same letter are significantly (p < 0.05) di�erent to each other.
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Figure 6. Apparent Nitrogen Recovery (ANRoS) of the species in response to slurry (%). The bars
represent the species mean ANRoS in response to slurry (N = 3). Error bars represent Standard
Error of the Mean (SEM). Letters represent significant di�erences between cover crops using Fisher’s
Unprotected post-hoc test 0.05 LSD = 16.27. Means that do not share the same letters are significantly
(p < 0.05) di�erent.

4. Discussion

4.1. Spring Barley Yield

Environmentally sustainable farming seeks a greater output with less inputs [49]. Consequently,
this study set out to investigate the e�ect of two sustainable and economically attractive practices,
cover cropping and slurry application, on spring barley yield and N uptake. At present, the practice
of leaving land fallow when in a cereal rotation has several negative consequences [28]. Sowing
cover crops ameliorates problems associated with over-winter fallow and can increase grain yields.
If slurry is applied to responsive cover crops that increase their biomass and N uptake, this could not
only reduce nutrient loss but also provide a greater benefit to the commercial crop. This is a better
management practice than applying slurry in the autumn to fallow land.

This study suggests that careful consideration must be applied when picking species to integrate
into a rotation as cover crops. The brassica species increased grain yield by 30–51% compared to
the control. Tillage radish increased grain yield by 2.39 t/ha, which would make the practice of
cover cropping highly profitable if it was possible to replicate this greenhouse experiment under
field conditions. However, the leguminous species used did not significantly increase the yield of
the spring barley crop, meaning that hypothesis i, that this particular family would increase yield,
is rejected. Stobart and Morris [50] reported a two year average wheat yield response of 0.11 t/ha and
0.22 t/ha following the inclusion of a radish and legume mix of cover crops, respectively, suggesting
that legumes should typically have higher yields compared to brassicas due to legumes introducing
additional N into the rhizosphere. In this study, the leguminous species exhibited low biomass growth
and no significant e�ects on the spring barley yield, N o�take or total detectable N, therefore showing
that very little additional N was available for the subsequent barley crop. This may be due to abiotic
factors of the climate but also edaphic factors as legumes are more commonly grown on light soils to
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which they are better suited [51] whilst NI soils tend to be heavy soils. The brassica species may have
contributed to increasing spring barley grain yield through their potential biofumigation e�ect on
both pests and pathogens [4,52]. Brassica species contain glucosinolates that hydrolyse when cells are
damaged (e.g., during incorporation) to produce various isocyanides that can be toxic to some pests like
nematodes and pathogens, although e�ects are variable [53,54]. Furthermore, glucosinolate production
and concentration have been found to be increased by N and sulphur (S) applications [55,56], both of
which are high in slurry and could be desirable to maximise not only glucosinolate concentration but
also the amount produced, which could maximise e�ects. Couëdel et al. [57] found that when brassicas
were grown with legumes in a mixture that glucosinolate production did not decline, compared
to monoculture of brassica cover crops. This was due to N supply from the legume to brassica,
which increased its biomass and glucosinolate productions. However, in this trial, biomass production
and the e�ect on nutrient cycling are the primary mechanisms of increased spring barley and spring
barley N uptake.

4.2. Environmental Benefits

The use of cover crops and the addition of slurry led to an increase in C accumulation. It is
important to return organic matter to soil, particularly in arable systems, where this also provides
additional environmental benefits, namely C sequestration [58]. An alternative study found that cover
crops and separate slurry applications were capable of alleviating C loss from soil under intensive
tillage by ploughing [6]. Results from this pot experiment therefore suggest that the practice of cover
cropping and slurry may return more C when integrated. Conversion of 1.0 g of C equates to 3.67 g of
CO2 [59] meaning that 1397.7 g/m2 of CO2 have been taken up by the tillage radish, which converts
to 13.97 tonnes CO2/ha. Whilst 60% of this CO2 will be released within around 6 weeks as the crop
decomposes, 40% of the C from the residue will contribute, to some extent, to the long term SOM [60].
Cover crops receiving slurry can increase overall organic matter return, whilst the slurry itself also
returns considerable amounts of organic matter. The interaction of slurry application to responsive
species increased the cover crop biomass and C accumulation and demonstrates the value of this
practice to maximise the e�ect of the cover crop.

Agriculture must adapt to climate change including the increasing prevalence of erratic weather
of both droughts and excess rainfall [61]. This study provides evidence that the integration of the
correct species of cover crops could positively contribute to mitigating against weather extremes.
Tillage radish increased water usage by 224% compared with the control. This suggests clear benefits
for climates with high rainfall such as NI. This could lead to reductions in leaching, soil erosion, nutrient
run-o� and potential denitrification because the cover crops help remove water from the soil profile.
Agriculture is estimated to be responsible for 68% (18,709 tonnes) of nitrate leaching in NI annually
where this amount is proportional to the amount of fertiliser and manure applied [62]. Cover crops
that reduce leaching and reduce inorganic fertiliser requirement o�er considerable potential to retain
nutrients, reduce nutrient loss and protect waterways. In Sweden, total N leaching is estimated
to be 49,000 tonnes/annum and cover crops are estimated to annually reduce nitrate leaching by
1554 tonnes [7].

In this greenhouse experiment weeds were not reincorporated, removing nutrients, and so the
cover crop species suppressing weed biomass to the greatest extent were “rewarded” as less nutrients
were removed from the mesocosms. This could partially explain e�ect on grain yield by the species.
However, this is unlikely, if assuming weeds have a tissue N% of 3 the winter vetch would have had an
N o�take of 0.53 and 1.13 g/m2 with and without slurry, respectively. Mechanisms of weed suppression
by cover crops include root exudates causing allelopathy as found in rye and black oats [63]. In this
study, it is speculated that the competition for light is the predominant method of weed suppression as
the fast-growing brassica species outcompeted the weeds by creating a shading e�ect. Some species
almost totally suppressed weeds but the legume species tested did not significantly a�ect weed biomass
compared with the control. A separate study found that red clover (Trifolium pretense L.) grown as
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a monoculture did not reduce weed density or biomass [64]. Phacelia, in this study, reduced weed
biomass by 83% compared with the control. Similarly, a separate study also found that phacelia led to a
reduction in weeds by 77% and that oilseed radish, phacelia and buckwheat (Fagopyrum esculentum L.)
o�ered consistent weed suppression across di�ering sites and years [2]. However, the data in this
study show that buckwheat did not produce a significant reduction in weed pressure.

4.3. Cover Crop Growth, Response to Slurry and Nutrient Accumulation

The biomass response of forage rape (82% increase) and oilseed radish (83% increase) to slurry
addition suggests that this combination maximises production and will enhance the cover crop e�ect.
The slurry applied 33.0 g/m2 of N, and across all species the slurry led to an average increased N
uptake of 8.7 g/m2, representing a utilisation of 26% of the total supplied. Not all of the N from
slurry is considered to be available due to denitrification and ammonia losses, although the losses
in this experiment were much lower than field conditions due to incorporation of slurry 3 days
post-application and the twice-weekly watering, which eliminated leaching compared to more extreme
rainfall events more typical in field conditions [65]. Initial SMN was estimated at 6.46 g/m2, which is low
despite the soil being sourced from a field growing over-summer peas. This suggests that from the N
accumulated in the cover crops, the majority of these cover crop species could be highly e�ective in both
sequestering considerable amounts of N from soil reserves and could be beneficial by reducing leaching
under field conditions. It is the mechanism of trapping N in the biomass that protects this nutrient
from leaching [66]. Phacelia, which accumulated 15.45 g/m2 of N under no slurry, only increased N
accumulation by 2.06 g/m2. This 13% increase with slurry indicates that phacelia is a valuable species to
integrate when slurry is not being used, similarly [67] found no significant increase in phacelia biomass,
shoot or root in response to N fertilisers. Parkin et al. [41], found that when three rates of pig slurry
supplying 0, 7.5 and 19.5 g/m2 N were applied to a rye cover crop in a pot experiment, that N uptake
within the biomass increased significantly (2.95 to 6.37 and 10.2 g/m2, respectively). This increase in
N uptake significantly reduced leaching when compared to application of these manures to a bare
fallow treatment. High N uptakes of the cover crops in response to the high rate of slurry in the study
reported here suggests that rates could be tailored to the species being integrated, which could be
discerned through future research. This would permit maximum biomass growth and increase N
e�ciency when using cover crops.

Labile soil S is subject to leaching [34], particularly over-winter whereby sequestration in cover
crop biomass such as fodder rape and fodder radish has been found to increase S availability to the
next crop of spring barley [68]. This was achieved through the reduction in S leachate during the
fallow period, su�cient mineralisation rates of the cover crop biomass which allowed for greater
commercial crop supply [69]. In this trial, slurry supplied 2.58 g/m2 of S and in response species such
as tillage radish and brown mustard increased their accumulation significantly (4.5 g/m2 and 3.12 g/m2,
respectively). Tillage radish was the greatest performing species in sequestering the macro-nutrients
measured. Without slurry, tillage radish accumulated considerable amounts of all macro-nutrients,
but, in particular, K, which could a�ect subsequent crop nutrition depending on mineralisation from
the residue. The e�ect of slurry led to greater nutrient accumulations but may also help ensure
that the commercial crop does not compete for nutrients where cover crops may have potential low
mineralisation rates and thus decrease the synchronisation of commercial crop nutrient demand and
supply. Despite the cover crops not resulting in a significantly greater accumulations of P in response
to slurry, a maximum of 2.8 g/m2 sequestered in tillage radish could be beneficial to help reduce P loss.
Additionally, as an e�ect of the living leaf canopy, soil that is better anchored by growing roots and
evapotranspiration may aid the reduction in P loss in comparison to bare fallow, and therefore be a
better way to ameliorate negative e�ects of both fallow and autumn applied manures. The reduction
in P loss by cover crops was not found in a literature review focusing on southern Scandinavia and
Finland [7] but a 54–94% reduction in P loss was reported by Kaspar and Singer [8].
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The C:N ratio of tillage radish reduced from 20.1 to 12.9 in response to slurry due to an increased
% N and subsequently increased the spring barley N o�take by over 50% in this treatment. The C:N
ratio of the cover crop residue is critical for nutrient breakdown, where the lower the ratio, the faster
the decomposition [3,20]. This study has found that the e�ect of slurry applied to cover crops increases
the quality of the cover crop due to reduced C:N ratio and maximises biomass quantity of the cover
crop through increased total N acquired. These two factors of total N acquired and N mineralisation
rate, which are C:N dependent [3], are primary drivers of N supply to the subsequent crop [70].
This is an important finding, showing that C:N can be manipulated not only by species choice but
also for the first time we show through application of slurry to certain species, if replicable under field
conditions. Other strategies to reduce overall C:N ratio have been demonstrated, such as multispecies
e.g., brassicas and legumes, with N mineralisation being found to be enhanced compared to using sole
crops (single species) [3]. This alternative strategy is relatively similar to this study, which uses slurry
to supply nutrients, whereas the legumes were a mechanism to supply N to brassicas [3].

In other studies, cereal rye with a high C:N ratio reduced corn yield due to immobilisation of
soil inorganic N through sequestration by soil microbes due to it being low quality as they competed
with the commercial crop roots for N [20,71,72]. In this experiment, grain yield of spring barley was
not negatively a�ected by forage rye. A separate experiment found that rye had a C:N ratio of 37:1
at anthesis and around 26:1 during vegetative growth [73]. In this experiment, the rye was in the
vegetative phase when incorporated and had a low C:N ratio of 11.0 (no slurry) and 10.3 (with slurry),
which could have explained why no negative e�ect on grain yield was detected as there was su�cient
mineralisation of N. The interaction whereby slurry decreases the C:N ratio provides the mechanism
of the cover crops to help support: (1) high rates of N mineralisation to maintain high commercial crop
yields; (2) the reduction in N fertiliser in the commercial crop.

4.4. Spring Barley—N Cycling

The control, i.e., no cover crop, had a total spring barley N o�take of 7.7 g/m2 without slurry
and 8.9 g/m2 with slurry, which with 33.0 g N/m2 applied through the slurry, giving an e�ciency of
N supplied from the slurry of only 3.64%. This is low even when the N removed in the roots and
weeds are taken into consideration. Leaching from the pots should not have occurred even though the
pots were left outside from February onwards. To prevent this, the pots were placed in plastic bags to
prevent loss of nutrients, in particular, nitrate and nitrite. However, nutrients such of N may have
leached to lower profiles in the soil and depending on root proliferation of the spring barley may have
been inaccessible to the commercial crop.

Interestingly, grain % N in the spring barley was very low, averaging 1.35%. Slurry was the only
treatment with a significant e�ect (p < 0.05) and actually reduced grain % N on average across all
species. High % N grain is desirable in animal feed due to its link with protein and therefore boosts
its feed value. The low grain % N is due to the higher total biomass yield of straw + cha� and grain
causing the dilution as found with wheat [74]. Slurry led to a greater spring barley N o�take due to
the increase in the average spring barley grain yield and total biomass primarily due to the added
N [75]. The e�ects of increased spring barley yield, spring barley N o�take and detectable N exhibited
by the brassicas species is speculated to be due to a high mineralisation of N. This contrasts with an
experiment which found that there was a net N immobilisation of �6 kg/ha for oilseed radish using
the same variety as in this experiment [3]. However, in that experiment, many of the brassicas had
much higher C:N ratios compared to this study [3], which explains the increased mineralisation of N
in this study.

The legumes grew poorly and did not increase spring barley N uptake, leading to questions about
their usefulness. One purpose of growing legumes is to add N back into the system through biological
fixation where fixation is related to biomass growth [76,77]. However, legumes have been found to be
less able to reduce leaching compared to non-legumes [7], suggesting that non-legumes are a better
choice for a high over-winter precipitation climate such as NI. Favourable environmental conditions
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of both heat and light during growth should have been conducive to greater levels of growth by
the legumes in comparison to [26]. Those authors grew predominantly legume cover crops at two
di�erent sites in Switzerland with mean temperatures of 15.8 �C and 13.9 �C, respectively. They found
that after three months, hairy vetch was estimated to have biologically fixed 159 and 135 kg/ha N,
and a biomass of 4.44 and 4.32 t/ha, respectively. Results from field experiments carried out by [78],
showed that legume cover crops responded to additional N accumulation when slurry was applied
(67 kg/ha N provided by the slurry) and were the only species to e�ectively supply N to the following
commercial crop compared to forage rye and forage radish, which immobilised the N. In this study,
the total N o�take in the spring barley with vetch as the cover crop was only 0.39 g/m2 higher than
the control, suggesting it has little value as an over-winter cover crop as it fixed little additional N.
This is a particular limitation as N is a major driver of crop productivity. Furthermore, the abundance
of N within organic manure means additional N is not needed in some agricultural areas due to farm
structure, i.e., livestock enterprises, if N from these sources can be better utilised and retained.

4.5. TANR and ANRoS

Slurry reduced the TANR due to additional losses of N, which will include volatilization [34]
and potentially N being converted into other unavailable forms e.g., organic forms. Where no slurry
was applied, a recovery of 149% was obtained in the control. The recoveries of species with no
slurry applied in Table 7 demonstrate that considerable N mineralisation was occurring. All species,
excluding winter vetch, led to a greater numerical TANR due to increased yield and thus total N
o�take due to the species. Due to the fact that slurry increased grain yield, crop N o�take and total
detectable N therefore warrant that the e�ect of slurry must be isolated to demonstrate the specific
species response to slurry (ANRoS). Figure 6 shows that oilseed radish resulted in 38% more N being
recovered when slurry was applied, whereas, by applying slurry to the control, only resulted in 4%
of the N being recovered. It was found, in a separate study, that when poultry litter applied in the
autumn it did not transfer N to the commercial crop unless it was integrated with cover crops [78],
with those authors stating that leaching over-winter was the primary cause of N loss. However, in this
trial leaching should not have been an issue. The species response to slurry would have been much
larger if the levels of N mineralisation observed under the no slurry treatments were much lower.
The fact that the ANRoS was relatively low, must mean that considerable quantities of N may have
been transformed into soil organic nitrogen. A separate study found that cover crops increased stores
of soil organic N compared to a fallow control [79]. Furthermore, it was found that high rates of
excess inorganic N applied resulted in large increases in soil organic N but it also increased the rate
of soil N mineralisation [80]. In addition, In’t Zandt et al. [67] found that when cover crops were
supplemented with inorganic N, despite no increase in microbial biomass C, they did increase the
amount of N immobilised in the microbial biomass, and concluded that this e�ect must be taken into
account when assessing the e�ect of cover crops on residual N. Despite this potential immobilization
of N into organic forms, slurry integrated with cover crops could positively enhance soil fertility to
benefit future commercial crops.

4.6. SMN + Total Spring Barley O�take (Detectable N)

Residual N post-spring barley was low, averaging 15.3 kg/ha across all treatments, in comparison
to the nutrient management RB209 guide that estimates soil N supply following a range of cover
crops [34], and shows that SMN had been e�ectively depleted in our study. This suggests that N was
in undersupply during growth of the spring barley and supported by the fact that grain % N was low.
Applying slurry to cover crops increased detectable N o�take and resulted in a beneficial interaction
by increasing N availability compared to applying it to the control (representing fallow). Increased
N o�take by the spring barley is desirable as it not only signals higher yields, but it also enhances
the quality of the crop specifically when used as animal feeds. The interaction between slurry and
cover crops is associated with the increased cover crop biomass and lower C:N ratio residue, which is
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conducive to the residue breaking down faster. This may also be in combination with increased
biological activity in the soil as above ground biomass is associated with below ground microbial
e�ect [81], resulting in greater N mineralisation rates of residue, although this was not investigated.

Replication of these responses to slurry would require agronomic practices to maximise cover crop
growth potential, such as early sowing of post-harvest commercial crops. Whilst the limitations of this
study are that it was a pot experiment, questions are identified for subsequent field experiments using
the species selected to evaluate the e�ect on both N cycling and commercial crop yield, both integrating
slurry and a reduced rate of inorganic N supplied to the following commercial crop. Such research
could provide evidence to support cover crop adoption and use on-farm, which will be critical to help
meet ambitious targets to reduce nutrient loss and pesticide use by 50% and reduce fertiliser use by
20% by 2030 [82].

5. Conclusions

This pot experiment shows that replacing fallow land with cover crops o�ers a multitude of benefits
for sustainable development when the best species are used. Benefits include weed suppression,
increased water usage and addition of organic matter to the soil, increased N accumulation in
the cover crop and increased N uptake in the subsequent spring barley crop with the potential to
increase commercial crop yields. Furthermore, certain cover crop species, forage rye, brown mustard,
oilseed radish and tillage radish, can respond synergistically to slurry addition, which acts as an
e�ective sink for N. Thus, N could be sequestered during high risk leaching periods and be released
to the growing crop through production of a higher quality residue (lower C:N ratio). In addition,
greater mineralisation could occur when the cover crop is incorporated, thus increasing commercial
crop yield, in comparison to leaving ground fallow. An increased grain yield was observed following
Ethiopian mustard, stubble turnips, brown mustard, oilseed radish, forage rape and tillage radish,
in comparison to the control.

This study demonstrates for the first time that applications of slurry to selected species of
responsive cover crops can simultaneously produce a greater cover crop biomass of increased quality
that is more beneficial for both spring barley yield and environmental benefits compared to applications
of organic manures to fallow land, fostering sustainable intensification.
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Appendix A

Table A1. Species—Varieties.

Species Latin C.V Variety Family TGW * (g) Sowing Rate
(kg/ha)

Stubble Turnips Brassica rapa oleifera Marco Brassicaceae 3.8 6.25
Tillage Radish Raphanus sativus Daikon Brassicaceae 15.3 15
Forage Rape Brassica napus L. Mosa Brassicaceae 4.2 6

Brown Mustard Brassica juncea L. Brons Brassicaceae 2.1 5

Oilseed Radish Raphanus sativus
var. Oleiferus Terranova Brassicaceae 14.3 20

Ethiopian
Mustard Brassica carinata Carbon Brassicaceae 3.9 5

Spring Vetch Vicia sativa Amelia Fabaceae 61.3 50

Berseem Clover Trifolium
alexandrinum Margemma Fabaceae 2.9 15

Red Clover Trifolium pratense Lemmon Fabaceae 1.8 12.5
White clover Trifolium repens Barbanca Fabaceae 0.7 10
Winter Vetch Vicia villosa Nacre Fabaceae 55.6 50

Buckwheat Fagopyrum
esculentum Lileja Polygonaceae 25 70

Phacelia Phacelia tanacetifolia Stala Boraginaceae 6
Japanese Black

Oat Avena strigosa Excito Poaceae 19.9 6.5

Forage Rye Secale cereale L. Bonfire Poaceae 32.9 40

Westerwolds Lolium multiflorum Lolium
Multiflorum Poaceae 3.1 35

Control

* Thousand grain weight. Source: [73,83,84].

Table A2. Crop protection program.

Products Date Rate Reason

Hussar +
17 May 2018

150 g/ha, Weeds,
Compitox + 1 lt/ha, Weeds,

Warrior 0.05 lt/ha Aphids
Siltra Xpro + 5 June 2018 0.6 lt/ha, Disease,

Bravo 500 1 lt/ha Disease
Siltra Xpro + 22 June 2018 0.6 lt/ha, Disease,

Bravo 500 1 lt/ha Disease

Table A3. Species mean values of weeds, water usage.

Species Weeds Water Usage
(DM g/m2) (Litres/m2)

Stubble Turnips 15.1 ab 126 ef
Buckwheat 40.2 abcde 88 abc

Japanese Black Oat 47.8 bcde 106 bcde
Tillage Radish 5 a 236 h
Forage Rape 25.2 abcd 113 def
Forage Rye 57.8 cdef 111 cdef

Winter Vetch 27.7 abcd 91 abcd
Brown Mustard 12.6 ab 123 ef

Phacelia 12.6 ab 128 ef
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Table A3. Cont.

Species Weeds Water Usage
(DM g/m2) (Litres/m2)

Oilseed Radish 7.6 ab 196 g
Vetch 62.9 def 75 a

Berseem Clover 80.5 ef 83 ab
Red Clover 72.9 ef 78 a

White Clover 93.1 f 75 a
Westerwolds 22.6 abc 133 f

Ethiopian Mustard 27.7 abcd 121 ef
Control (nothing planted) - ef 73 a

SEM 14.74 8.53

Fisher’s LSD 41.25 23.9
D.f. 7 7

Means which share di�erent letters are significantly (p < 0.05) di�erent to each other.

Table A4. Treatment means of nitrogen and carbon concentration and accumulation including C:N
ratio in response to slurry.

Nitrogen % Carbon % Total Carbon
Accumulation (g/m2) C:N Ratio

Treatment NS * S # NS S NS S NS S

Means 3.41 4.05 41.62 41.38 156.37 210.1 12.7 10.4
SED 0.095 0.219 12.17 0.36

Stubble Turnips 3.24 4.65 40.25 39.90 155.2 162.4 12.5 8.7
Japanese Black Oat 3.02 3.23 43.37 43.25 138.8 136.5 14.6 13.4

Tillage Radish 2.18 3.23 41.98 41.60 326.4 435.3 20.1 12.9
Forage Rape 3.91 4.27 41.23 40.88 156.6 214.2 10.7 9.6
Forage Rye 3.93 4.14 42.95 42.60 66.9 170.2 11.0 10.3

Winter Vetch 3.96 3.98 43.77 44.73 82.2 68.6 9.5 9.3
Brown Mustard 4.17 5.43 39.77 39.65 130.4 214.5 9.5 7.4

Phacelia 3.67 4.36 39.45 38.13 168.7 167.4 10.8 8.9
Oilseed Radish 2.60 3.41 41.27 41.85 202.4 375.9 16.1 12.4
Westerwolds 3.15 3.80 43.05 42.10 170.8 219.7 13.8 11.2

Ethiopian Mustard 3.70 4.09 40.70 40.53 121.7 146.8 11.5 10.4

LSD 0.446 - 50.756 1.69
SED 0.223 0.7256 25.232 0.85

* No Slurry; # Slurry.

Table A5. Species grain yield in response to slurry.

Grain Yield/m2

Treatment Nil Slurry Slurry

Stubble Turnips 578.7 651
Buckwheat 354.4 599.9

Japanese Black Oat 401.4 662.2
Tillage Radish 611.4 807.2
Forage Rape 514 810.5
Forage Rye 443.5 688.5

Winter Vetch 375.6 582.2
Brown Mustard 510 738.5

Phacelia 509 616.5
Oilseed Radish 512.3 795.7

Spring Vetch 387.3 477
Berseem Clover 294.9 582.7
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Table A5. Cont.

Grain Yield/m2

Treatment Nil Slurry Slurry

Red Clover 349.9 545.7
White Clover 369.6 547.8

Ethiopian Mustard 481.6 666.6
Control 418.8 521.3

Mean 444.8 642.3

SED 45.34
SEM 32.1
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Figure A1. Average daily air and soil temperatures (�C).
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Figure A2. Temperature during growth of cover crops (�C).
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