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Abstract Supplying nitrogen (N) to crops by
incorporating N,-fixing green manures into soil can
improve soil functioning and increase soil carbon
storage. However, as with N-fertiliser use, excess min-
eral N from decomposed green manures can be lost
via leaching as NO;~ and emitted as the greenhouse
gas N,O. To improve nitrogen use efficiency (NUE)
we propose supplying leaf matter harvested from
permanent stands of N,-fixing plants grown ex-situ
as perennial mobile green manures (PMGMs), thus
allowing flexible timing of additions to synchronise
with N demand. To assess the effectivity of PMGM
use, we monitored crop N uptake, biomass produc-
tion and soil mineral N from fertilisation by three
potential PMGM species, Alnus glutinosa (alder),
Gunnera tinctoria (gunnera), and Ulex europaeus
(gorse), compared to the conventional green manure
Trifolium pratense (red clover) and NH,NO; fertiliser.
Effectivity of N fertilisation by PMGMs increased
with the duration of their use. In the first season of
a field experiment, crop N uptake after addition of
200 kg N ha~! within gunnera was equivalent to that
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from only 14 kg NH,NO,-N ha~!, but after two yearly
harvests with annual gunnera additions it increased to
70 kg NH,NO,-N ha~! year™! equivalent. In a 1-year
pot experiment, PMGMs resulted in equal or higher
crop biomass than clover-fed crops, with lower soil
NO;™ (£25 mg N L~! soil solution) than in clover-
treated soil (>130 mg N L™"). We conclude that
PMGMs have potential to increase NUE over that of
traditional green manures and discuss the feasibility
and possible agro-ecological benefits of PMGM-fed
systems.

Keywords NUE - Soil nitrogen - Perennials - Green
manure - Cover crops - Sustainable agriculture

Introduction

Today’s high agricultural yields are made possible
by supplying crops with additional plant-available N,
which has been converted from atmospheric N, by
industrial N, fixing or by the growing of N,-fixing
leguminous plants (Battye et al. 2017). This has
resulted in unprecedented amounts of reactive N in
agricultural systems, which is environmentally det-
rimental regardless of the method of N, fixation
(Rockstrom et al. 2009; Smil 2011; Fowler et al.
2013). Nitrogen fertiliser production accounts for
1-2% of the world’s fossil fuel use, causing associ-
ated CO, emissions (Houlton et al. 2019). In contrast,
biological N, fixing does not cause CO, emissions,
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and addition of plant matter to soil can increase soil
C storage (Lehtinen et al. 2014; McClelland et al.
2021) and improve soil health (Kibblewhite et al.
2008). Biologically fixed N, is usually supplied via
leguminous green manures such as clovers or vetches
which are grown on agricultural land and incorpo-
rated in situ into soil (Blanco-Canqui et al. 2015;
Carr et al. 2020). As the plant matter decomposes, N
becomes available for uptake by the following crop as
ammonium (NH,*), nitrate (NO;"), and small organic
N molecules (Farzadfar et al. 2021; Udvardi et al.
2021). Bacterial N, fixing, however, powered by pho-
tosynthetically fixed C, necessitates periodically set-
ting aside cropland for sunlight energy capture, which
reduces the overall yields of the cropping system
(Crews and Peoples 2004; Powlson et al. 2011; Smith
et al. 2018).

Nitrogen losses can occur after the addition of fer-
tiliser or green manure N by leaching of NO;~ (Neet-
eson and Carton 2001; Di and Cameron 2002; Camp-
iglia et al. 2011) and dissolved organic N (van Kessel
et al. 2009) and by ammonia volatilisation (de Ruijter
et al. 2010; Nett et al. 2016; Pan et al. 2016). Emis-
sion of nitrous oxide (N,O) can also occur, princi-
pally by nitrification of NH, or denitrification of
NO;™ (Chen et al. 2013; Butterbach-Bahl et al. 2013;
Rees et al. 2013). Global N,O emissions, the major-
ity of which are from agricultural soils, account for
3.4% of total anthropogenic greenhouse gas (GHG)
emissions, and 10% of the climate change impact of
global food production (Crippa et al. 2021). Nitro-
gen losses increase with higher soil mineral N con-
centrations which occur when N supply exceeds crop
demand. To reduce losses, fertilisers are commonly
applied to crops in two or more (split) applications,
and precision agriculture techniques are increasingly
used to match supply with crop demand (Norton and
Ouyang 2019; Tei et al. 2020; Rees et al. 2020). The
incorporation of green manures into soil, however,
offers less scope to synchronise N supply with crop
demand (Cassman et al. 2002; Crews and Peoples
2005; Finney et al. 2015; Moller 2018).

To better match the supply of green manure N with
crop demand, some growers use leaf material har-
vested from green manures grown outside the crop-
ping area and added to arable land when required
(Crews and Peoples 2005; Mboller and Stinner 2009;
Carter et al. 2014). For example, Burgt et al. (2018)
trialled grass-legume and grass mixes, applied fresh
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or pelleted, and Sorensen and Thorup-Kristensen
(2011) trialled various plant species as “mobile green
manures” to fertilise vegetable crops. Similarly, in
tropical agroforestry, soil is fertilised with green
prunings from N,-fixing trees (Palm 1995; Ajayi et al.
2011; Sileshi et al. 2020).

Here we propose a system of green manuring for
temperate agriculture in which N is fixed by perenni-
als including trees and shrubs grown ex-situ in multi-
species agroforestry areas, or “bio-service areas.” As
far as we are aware, such a system is new to temper-
ate agriculture, and we refer to plants used in this way
as perennial mobile green manures (PMGMs). Use of
species suited to growing in exposed or waterlogged
conditions, allows the “bio-service areas” to be situ-
ated on marginal land, so reducing requirement for
prime agricultural land for N,-fixation.

To synchronise N additions with crop demand,
knowledge is needed on the rate at which N becomes
available after the PMGMs are added to soil. This
depends on the interaction of leaf characteristics
with the physical and chemical conditions of the soil,
such as pH and temperature. Nitrogen will typically
be immobilised and unavailable to crops if the C:N
ratio of the substrate is>25:1 (Robertson and Groft-
man 2007; Farzadfar et al. 2021). Over time, how-
ever, substrate C is utilised by microbes to a point
where microbes become C limited and N becomes
available (Whalen 2014; Chen et al. 2014; Hansen
et al. 2019). Other factors of leaf chemistry such as
secondary metabolites also influence N release (Trin-
soutrot et al. 2000; Chomel et al. 2016). Tree leaves
may contain higher concentrations of lignin or phe-
nolic compounds than non-woody traditional green
manures which may affect the speed of N release or
crop growth due to allelopathic effects (Fox et al.
1990; Handayanto et al. 1997; Kumar and Goh 1999).

Use of the PMGMs as dried leaf material and
addition by mulching instead of incorporation would
increase ease of application and give greater flex-
ibility in timing of additions. Mulching would also
enable PMGM use in no or low-till agriculture,
which can be beneficial for soil functioning (Roger-
Estrade et al. 2010; Lemtiri et al. 2016) and increase
C sequestration (Lal 2004; Chen et al. 2020; Cooper
et al. 2021). Plant matter has been found to decom-
pose faster when incorporated than when mulched
(Coppens et al. 2007; Hoyle and Murphy 2011; Chen
et al. 2014), which affects N availability and risk of



Nutr Cycl Agroecosyst (2023) 125:43-62

45

N loss as NO;~ and N,O (Coppens et al. 2006; Shan
and Yan 2013; Nett et al. 2015). Ammonia losses are
not considered to be a major factor when the material
is incorporated but can be high from surface mulches
(Larsson et al. 1998; de Ruijter et al. 2010).

Here, we define nitrogen use efficiency (NUE)
as the overall efficiency of N use in an agricultural
system, which is influenced by a variety of factors
including the long-term retention of N in soil and
the efficiency of plant N use (Cassman et al. 2002;
Kubota et al. 2018). This is a broader concept than the
nitrogen recovery efficiency (NRE), a calculation of
the proportion of the N supplied taken up by treated
crops above that taken up by control crops (Cass-
man et al. 2002; Mosier et al. 2013; Congreves et al.
2021). Another assessment of N uptake from organic
amendments is the fertiliser equivalent (FE), a calcu-
lation of the amount of fertiliser N which would be
required to produce the equivalent crop N uptake to
that from the organic addition (Kumar and Goh 1999;
Rigby and Smith 2014).

We undertook a one-year pot experiment and two-
year field experiment to research the N supply to
crops and risk of N pollution when fertilising crops
with leaf matter added by various methods from three
potential PMGM species suitable for temperate cli-
mates. Our objectives were to ascertain the rate at
which N became available for crop uptake, identify
any other effects of PMGM use on crop growth and
quantify the mineral N concentrations in soil to assess
N pollution risk. We hypothesised that PMGMs with
a higher C:N ratio would have a more delayed effect
on crop N uptake and soil mineral N concentrations,
and that PMGMs would have an effect on N dynam-
ics lasting more than a year after application.

Materials and methods

We investigated three species as PMGMs: Alder
(Alnus glutinosa), Gorse (Ulex europaeus), and Gun-
nera (Gunnera tinctoria), which form associations
with the N,-fixing microbes Frankia actinobacteria,
rhizobia bacteria, and Nostoc cyanobacteria, respec-
tively (Vessey et al. 2005). Alder is a deciduous tree,
native to Europe and North Africa, which is tolerant
of flooded ground and re-grows after coppicing (Hou-
ston Durrant et al. 2016). Gorse is adapted to exposed
conditions and is invasive in some parts of the world

(Cordero et al. 2016). Gunnera tinctoria is a fast-
growing herbaceous perennial of wet or waterlogged
soils, over 2 m tall, native to South America, but a
garden plant which has become naturalised in some
temperate lowland areas of Europe (NNSS 2011).

Pot experiment
Experimental design

The pot experiment monitored the crop N uptake
and soil N dynamics as affected by amendments of
the three PMGMs in comparison to the traditional
green manure red clover (Trifolium pratense) and a
range of NH,NO; fertiliser levels. The treatments
were: no addition (control), clover, alder, gunnera
and gorse leaves, each containing the equivalent of
200 kg N ha™', and NH,NO; at the equivalent of 35
and 70 N ha™! (referred to as: AN35 and AN70).
Five replicate pots of soil with each treatment were
arranged in a random block design. Each pot was
sown with ryegrass (Lolium perenne) as a fast grow-
ing, reliable proxy-crop, which enabled regular har-
vesting to measure crop N uptake. Soil solution was
regularly sampled for N analyses. The experiment
was conducted in a heated greenhouse with warm,
moist conditions favourable to fast organic matter
breakdown to test a “worst case scenario” for excess
mineral N in soil.

An additional experiment using the same methods
was conducted at a later date to enable comparison of
the effect of PMGMs with higher fertiliser treatments
of 140 and 200 kg N ha™! (referred to as AN140 and
AN200) as described below.

Set-up and management

Soil, classified as a Eutric Cambisol (IUSS 2015),
was collected from a depth of 20-120 mm from a
sheep-grazed grassland at Henfaes Research Sta-
tion, Abergwyngregyn, (53° 14’ N, 4° 01' W), sieved
to <10 mm and stored at 4 °C for 18 days until the
experiment began. Soil characteristics are shown in
Suppl Table S1. P, K, S and Ca additions were made
to soil as appropriate before addition of treatments,
to ensure that crop growth was not limited by an
inappropriate pH, or lack of nutrients other than N.
Additions (Suppl Table S2) were based on analyses
by NRM laboratories (Cawood scientific, Bracknell,
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UK) and recommendations by UK fertiliser guide-
lines (Defra 2010; AHDB 2018).

The green manures were collected and stored as
described in the supplementary information (SI), with
characteristics described in Suppl Table S3. Soil and
treatments were added to plastic pots 272 mm high by
113 mm by 80 mm (internal) without drainage holes.
Each pot contained fresh soil weighing 1216 g, giving
a total weight of soil plus pot of 1400 g each. Prior to
pot filling, the fresh green manures were cut to pieces
of <40 mm and thoroughly mixed with soil, except
for 20 mm of soil in the uppermost layer to allow for
even seed germination. NH,NO; was added in solu-
tion, and the same volume of distilled water added to
all replicates not receiving NH,NO;. Each pot was
sown with 1 g ryegrass seed. Water-filled pore space
(WFPS) was maintained at 70+ 10% throughout the
experiment and the greenhouse was heated and lit for
12 h daily. Mean air temperatures for each growing
period ranged from 17.5 to 28.8 °C (Suppl Table S4)
as measured by a sensor placed between the pots.

Soil solution was sampled throughout using 50 mm
Rhizon™ soil solution samplers (male Luer 19.21.22,
Rhizosphere research products, Wageningen, Neth-
erlands) as described in SI. After 31 days, all grass
in each pot was cut at a height of 10 mm above the
soil surface and retained. This was repeated after a
further 28 days, then at 35-day periods until the tenth
cut on day 340. On day 364, all vegetation above the
soil surface was removed and the soil of each pot was
cut vertically into two equal blocks. Roots within one
block were washed from soil and retained. Soil from
the remaining block was retained in polythene bags at
4 °C prior to analyses. All plant matter was dried at
80 °C and stored until analyses.

The additional experiment included the control
and AN70 treatments alongside the two higher ferti-
liser treatments, of AN140 and AN200, and followed
the same methods as the main experiment. See SI for
further details and methods of statistical validation
for use of AN140 and AN200 data alongside that of
the main experiment.

Field experiment
Experimental design

The 2-year experiment assessed crop N fertilisation
and N dynamics in field conditions using 4 replicates
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of plots treated with PMGM leaf material alongside
a control (no treatment) and a range of NH,NO; fer-
tiliser levels. The treatments were arranged in a ran-
domized block design in Year 1, with an additional
factor added as a split-plot in Year 2. Prior to treat-
ment addition in both years, soil was prepared and
amended to prevent deficiencies of nutrients other
than N as described in SI. Soil cores were taken
throughout to monitor soil N, and above ground veg-
etation sampled by quadrats as described below.

In Year 1 the treatments (Suppl Table S7) were
alder, gorse and gunnera containing 200 kg N ha~!
equivalent and NH,NO; of 25, 50, 100 and
200 kg N ha™! equivalent referred to as AN25, ANS0,
AN100 and AN200, and no addition (control). To
assess whether drying the PMGMs or adding as
mulch affects N dynamics, alder was added in four
different ways: fresh and incorporated (Ald F Inc);
fresh mulched (Ald F M); dried incorporated (Ald
D Inc) and dried mulched (Ald D M). Incorporation
was to a depth of 100 mm. Gunnera and gorse were
applied dried and mulched (Gun D M and Gorse D
M). The fast-growing, reliable proxy-crop phacelia
(Phacelia tanacetifolia) was sown due to its reliabil-
ity against pests and diseases.

In Year 2 the experiment continued on selected
plots using a split-plot design in which treatments
were repeated on one half of each plot with no treat-
ment added on the other half. This enabled assess-
ment of the legacy effects of the original applications
on Year 2 crops and soil, and the cumulative effects
of two applications. The control, all AN treatments,
Ald D M and Gun D M were continued on one half
on each plot, referred to as control, AN 25+25, AN
50+50, AN 100+100, AN 2004200, Ald+Ald
and Gun+ Gun. This treatment selection was made
on the basis of PMGM results in the pot experiment
and Year 1 of the field experiment. The other half of
the AN200, Ald DM and Gun DM treated-plots were
monitored, while receiving no further treatment and
referred to as AN 200+ 0, Ald+0 and Gun+ 0 (Suppl
Table S7). Plots were sown with spring wheat (7riti-
cum aestivum) ‘Mulika’ to trial a common agricul-
tural crop.

Site and materials

The experiment was conducted at Henfaes Research
Station, Abergwyngregyn, (53° 14’ N, 4° 01’ W), on
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previously sheep-grazed grassland, of the same soil
type as the pot experiment (Suppl Table S1), 10 m
above sea level, with a temperate climate and average
annual rainfall of 1060 mm. Mean daily ground-level
temperatures ranged from 13-25 °C, and 11-22 °C in
Year 1 and Year 2 respectively (Suppl Tables S6a/b)
as recorded hourly by automatic sensors located at
air and ground levels approximately 100 m from the
experimental plot. Rainfall (recorded at the same
location as temperature) was atypically low in both
years totalling 16.4 mm and 83.5 mm during the crop
growing periods of Year 1 and Year 2 respectively
(Suppl Tables S6a/b). PMGM material was collected
and processed as described in SI.

Year 1 experimental set-up and management

The sowing date was 21st June 2017 due to the need
to collect, process and analyse the green manures
from the current season’s growth. Treatments were
added to plots of 1.2 by 1.3 m, separated by 0.5 m
buffer strips covered with woven plastic fabric. The
C:N ratios were 19:1, 12:1, 15:1 and 20:1 of fresh
alder, dried alder, gunnera and gorse respectively
(Suppl Table S3). Phacelia was sown at 6.7 g m~2, by
a mechanical drill in rows spaced 130 mm apart.

Forty days after sowing, above-ground biomass
was sampled within a quadrat of 300 by 250 mm
by cutting to within 20 mm of the soil surface, and
vegetation outside of the quadrats was also removed.
Phacelia was re-sown by hand, at the same rate, and
sampled again by quadrats after a further 65 days.
The second crop contained (non-leguminous) weeds
averaging 27% of the biomass dry weight (compared
to< 1% weed content in the first crop), which were
processed and quantified, and data included as crop
production along with Phacelia. Soil cores to 100 mm
depth were taken throughout the experiment, no
closer to any plot edge than 200 mm, and from depths
of 0-150 mm and 150-300 mm the following win-
ter, (day 209), and extracts prepared for analyses as
described below.

Year 2 experimental set up and management

Collection and drying of PMGMs in the previous
summer allowed an earlier sowing date than in Year
1 of 27th April 2018. Plots, which had been left
with Phacelia stubble over winter, were divided into

half-plots of 1.2 m by 0.65 m and randomly assigned
to receive or not receive the repeated treatment. Treat-
ments were added immediately before sowing by the
methods used in Year 1 for dry mulched PMGMs.
The C:N ratios of the alder and gunnera were 17:1
and 22:1 respectively (Suppl Table S3). Wheat was
hand sown at 200 kg ha™! (9 rows per plot, 130 mm
spacings). Actions to exclude pests (rodents and
birds) are described in SI. Soil cores were taken
to 100 mm depth throughout the experiment, and
extracts prepared for analyses as described below.
Ammonia emissions from soil were also monitored
by trapping NH; in H,SO, solution as described in SI
but this was only partially successful.

At 14-day intervals the wheat life cycle stages were
noted as described in AHDB (2016), and chlorophyll
meter readings taken (SPAD-502Plus Marunouchi,
Chiyoda, Tokyo, Japan) as an indication of leaf N
content. Readings were taken halfway between the
tip and base of the uppermost fully expanded leaf as
recommended by Debaeke et al. (2006), from 10 ran-
domly selected plants. Biomass was sampled earlier
than planned on day 111 (16/08/18), when grain was
almost ripe (growth stages GS87 to GS91), due to
signs of damage by rodents (SI). Samples were taken
within quadrats (200 by 400 mm) not within 250 mm
of any adjacent treatment or within 200 mm of the
buffer strip. Grain was extracted from the ears, sepa-
rated from chaff by winnowing and stems and chaff
were combined for analyses. Soil cores of 80 mm
diameter and to a depth 0—150 mm and 150-300 mm
were taken on day 130-sample roots which were
washed from soil. Over 70% of wheat root biomass
is typically found in the top 300 mm of soil (ADHB
2016).

Analytical methods (pot and field experiments)

Plant material of the green manures used and har-
vested crop biomass was analysed as follows. Samples
were dried at 80 °C for 48 h and ground to<1 mm,
using a FOSS CT 193 Cyclotec mill (Hilleroed, Den-
mark) or a Retch mixer mill MM 200 (Haan, Ger-
many) as appropriate for sample size and texture.
Biomass was analysed for total C and N content using
a TruSpecR analyser (Leco Corp., St Joseph, MI). Pre
and post-drying weights were used to calculate mois-
ture content as necessary to calculate N content of
fresh green manures.
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Samples of the original soil from both experiments
were dried and analysed for total C and N as for bio-
mass. Fresh soil from both experiments was analysed
for pH in water at a ratio of fresh soil:deionised water
of 1:2.5. Extracts of fresh soil from the field experi-
ment were prepared using a 6 g subsample in 25 ml
0.5 M K,SO,, shaken for 60 min at 200 rev min™",
and centrifuged for 10 min at 2000 g. Soil water con-
tent of each sample was determined by weight before
and after drying at 105 °C for 24 h. The superna-
tant was filtered and stored at —20 °C until analysis.
Field soil extracts and Rhizon-extracted pot experi-
ment soil solution were analysed for total dissolved
nitrogen (TDN) using a Multi N/C 2100S analyser
(AnalytikJena, Jena, Germany), and for NO;™ using
a PowerWave XS BioTek spectrophotometer (Win-
ooski, VT, US) using Gen 5 software, following the
methods described in Miranda et al. (2001) for NO;™.
For extractions, the above were converted to mg kg™
dry soil. Pot experiment soil solution was analysed
for total phenolics at wavelength 725 nm using
Folin—Ciocalteu reagent (Swain and Hillis 1959).

Calculations and statistical analyses

To enable comparison of N uptake between the pot
experiment and both years of the field experiment
in different temperatures, cumulative degree days
(CDD) were calculated using the total of the mean
daily ground temperatures above 5 °C as in Bhogal
et al. (2016). The FEs of N uptake were calculated by
use of linear regressions of crop response to NH,NO;
as in Sdnchez-Rodriguez et al (2018). To ensure that
the fertiliser response range was linear, the NH,NO;
application rates used for field experiment Year 1
were 0, 25 and 50 kg ha™' AN-N. Fertiliser equiva-
lents for alder and gunnera of the cumulative effect
of both years of the field trial were calculated using
the total above-ground N uptake over both years
against additions of NH,NO;-N in both years. Rela-
tionships between green manure C:N ratios and shoot
N uptake, and soil TDN concentrations and shoot N
uptake were also analysed using linear regression.

One-way ANOVAs were conducted with the treat-
ment as a fixed factor to determine differences in N
uptake and biomass production within time periods
and measures which applied to the whole of each
experiment, for example whole plant biomass and
root:shoot ratio.
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Two-way ANOVAs with treatments as the
between-subjects fixed factor and time points as the
within-subjects fixed factor were conducted for soil
concentrations of NO;™ across both experiments, and
phenols and TDN in the pot experiment.

To compare the effects of the treatments on N
uptake in the field over a single season (Year 1) with
the cumulative effect of two years of the field experi-
ment, we used paired t-tests between the FEs of alder
and gunnera treatments of Year 1 and those over both
years. In addition, a two-way ANOVA was used to
analyse the grain weight produced in Year 2, with
fixed effects being the type of N added (AN, alder or
gunnera) and whether N was added in Year 1 only or
in both years.

Before analyses, data were tested for homogene-
ity and normality using Levene’s test and the Shap-
iro Wilk test, respectively. Pot experiment and field
experiment Year 2 NO;~ and pot experiment TDN
data required transformation before analyses to meet
the requirements. Transformation was by log 10
(data+ 1), the addition of a constant necessary due to
some zero values. Transformed data sets are included
in SI. Tukey’s HSD tests were conducted to determine
significant differences between treatments. Differ-
ences between sampling time points were determined
using post hoc analysis with a Bonferroni adjustment.
Where comparisons were required within two-way
ANOVAs between treatments at the same sampling
time point, or between sampling time points within
a treatment group, P values were obtained by use of
the general linear model univariate procedure and by
use of the split-file procedure respectively. All statis-
tical analyses were performed using SPSS v25 (IBM
Corp., Armonk, NY).

Results
Pot experiment
Crop N uptake

The clover and AN140/200 resulted in fast uptake
of N and a high grass shoot N content of over 5%
(Suppl Table S8a) within the first 31 days. Uptake
of PMGM-N into shoots was initially low (Fig. 1,
Suppl Table S8b), but by day 234 N uptake from all
three PMGMs was equal to that from AN70. The C:N
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Fig.1 Pot experiment cumulative N content of successive
harvests of above-ground grass biomass. Treatments were no
addition (control), 200 kg N ha™! equivalent in clover, alder,
gunnera and gorse leaf tissue, and NH,NO; (AN) from 70 to
200 kg N ha~! as stated in the key. These data are also listed
in Suppl Table S8b with letters denoting differences between
treatments at P<0.05. N contents on day 31 for AN 140 and
200 are not included due to differences in control and AN70
data between the main and additional experiment (Suppl
Table S5a). Means + SEM (n=5)
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Fig.2 Pot experiment biomass N uptake in relation to
the weighted mean of TDN in soil solution during the first
31 days after addition (Suppl Table S11). Treatments were
200 kg N ha™! equivalent in clover, alder, gunnera and gorse
leaf tissue, and 35 and 70 kg N ha~! equivalent in NH,NO;
(AN) as stated in the key. Linear trendlines of PMGMs
(P=0.015) and clover/AN35/AN70 (P=0.01)

ratio of the green manures affected initial N uptake
rates, but was not wholly accountable for them, with
a regression between the C:N ratios and shoot N
uptake after 31 days showing a negative relationship
(y=—0.183x+7.2944, P=0.006 R?=0.35). The plot
of N uptake into grass shoots against soil TDN during
the first 31 days showed a clear separation of the data
points with one cluster being the clover, AN35 and
ANT70, and the other of PMGM treatments (Fig. 2).

Separate regressions of each cluster showed that N
uptake from PMGM-treated soil increased more per
unit of soil TDN than that of the N uptake from the
clover and AN-treated soil in which TDN was higher.
The gunnera treatment resulted in a large amount of
N within root tissue,>20% of the whole plant N, so
that the total plant N of gunnera-treated grass at the
end of the experiment was equal to that of clover-
treated grass (Table 1).

Biomass production

The shoot biomass production of AN200-treated
grass peaked between 31 and 59 days, and that of
clover, alder and gorse-fed grass peaked between 59
and 94 days (Suppl Table S9a/b). Shoot production
by gunnera-fed grass, however, did not peak until
94-129 days and remained higher than from clover or
AN-treated grass until day 269 (P <0.05). The total
shoot, root and whole plant biomass dry weights at
the end of the experiment are shown in Table 1. Gun-
nera-treated grass had a higher root:shoot ratio than
the control, alder, clover or AN200-treated grass, and
higher root, shoot and whole plant biomass produc-
tion than all other treatments. Alder and gorse treat-
ments resulted in equal root, shoot and whole plant
biomass to that of clover and AN200-fed plants.

Soil chemistry

Some measurements of N in solution for the control
and AN70 differed between the main and additional
experiment, and therefore data are presented from the
main experiment only. The clover and AN treatments
resulted in high NO;™ in soil solution in the first
few weeks, whereas those from PMGM treatments
remained low (Fig. 4a; Suppl Table S10a/b/c). There
was a significant interaction between time and treat-
ment for soil NO;~ concentrations (P<0.001). All
treatments, including the control, resulted in higher
NO;™ concentrations on one or more days up to and
including day 5 than on all days from day 67 onwards
(P <0.05). This trend was much more pronounced for
the AN70 and clover treatments with NO;™ in soil
solution peaking at 158+10 mg L™ on day 5 and
131+ 18 mg L~! on day 32 respectively, whereas that
from PMGM-treated soil remained below 25 mg N
L~! throughout. NO;~ in PMGM-treated soil was
lower than in AN70-treated soil from days 1-25
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Table 1 Crop N content, biomass yields and root:shoot ratios at the end of the pot experiment (364 days of grass growth after addi-
tion of equivalent of 200 kg N ha™! within clover, alder, gunnera and NH,/NO;)

Treatment Shoot N Root N (g m™?) Whole plant N

Shoot biomass

Root biomass ~ Whole plant root:shoot ratio

(g m™?) (g ) (% over con- (% over con- biomass (%
trol) trol) over control)

Control 10.6+0.2 a 1.7+0.2a 124+02a 0.27+0.02 a
AN200 24.6+03d 24+02a 27.1+£03d 39+3a 35+12a 38+4a 0.25+0.02a
Clover 21.2+0.6¢ 19+0.1a 23.1+0.7 ¢ 40+5a 20+15a 36+5a 0.23+0.03 a
Alder 172+0.6 b 23+03a 19.5+0.6b 41+3a 28+12a 38+4a 0.25+0.02a
Gunnera 17.0+0.2b 5.1+0.6b 22.0+0.7¢ 68+5b 171+£31b 90+9b 0.43+0.05b
Gorse 16.1+0.2b 30+04a 19.1+0.5b 35+3a 66+21a 41+5a 0.33+0.04 ab
Pvalues <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003

Means+SEM (n=5). Letters denote differences between treatments at P <0.05. Biomass is presented as the % over the control to
integrate the results of the AN200 treatment conducted in the additional experiment—see Suppl Table S9a

inclusive (P <0.05) and lower than in clover-treated
soil on days 3-53 inclusive (P <0.05). Gorse-treated
soil had higher NO;™ concentrations than the control
on days 9, 13 and 18 but alder- and gunnera-treated
soil NO;~ was no higher than the control at any point.

Total dissolved nitrogen in soil solution closely
followed the same treands as NO;~, and many data
points for TDN concentrations were little or no higher
than NO;~ (Suppl Table Slla/b/c/d). Clover and
AN70 treatments peaked at over 140 mg L~! on day
32 and 156 mg L™! on day 5 respectively, whereas
gorse, alder and gunnera-treated soil TDN remained
below 36, 15 and 18 mg N L' respectively. AN35
and AN70 resulted in higher TDN than all PMGMs
up to and including day 18 (P<0.05) and clover-
treated soil TDN was higher than that of PMGMs up
to day 53 (P <0.05). There was a significant interac-
tion effect between time and treatment (P<0.001).
All treatments, including the control, showed a
decline over time with days 95 and after having
lower TDN than some days before and including 39
(P<0.05). In the latter part of the experiment, how-
ever, there was a trend of increased TDN in gorse-
treated soil, compared to other treatments; for exam-
ple on days 95 and 151 gorse-treated soil TDN was
slightly, but significantly higher than that of any other
treatment (P <0.05).

The two-way ANOVA for phenolic compounds
showed an interaction effect between treatment and
time (P<0.001). Gorse-treated soil solution had
higher concentrations of phenolics over the course
of the experiment than that of all other treatments
(P<0.05), and concentrations in gorse-treated soil
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were lower on day 318 than on day 263 (P=0.01;
Suppl Table S12a/b/c). Clover, alder and gunnera
treated soil also had higher phenol concentrations
than the control over the course of the experiment
(P <0.05), but no significant differences to the control
on any single sampling day.

Field experiment
Crop N uptake

As in the pot experiment, a regression of C:N ratio
against crop N uptake after 40 days in Year 1 showed
a negative relationship (y=-0.3086x+ 12.379,
P=0.01 R>=0.50). The method of application of
alder as either fresh or dry, mulched or incorporated
material did not show an effect on N uptake (Table 2).
In Year 2, the chlorophyll meter readings were lower
in Gun+ Gun-treated plants on day 26 than the con-
trol (P=0.016), but there were no differences from
day 40 onwards (Suppl Fig S1).

There were similar trends to that of the pot
experiment of low initial N uptake from PMGMs
which increased over time relative to that from AN
treatments. In Year 2, the N uptake of Ald+0 and
Gun+0 treatments did not differ from that of the
control; therefore, no legacy effect from the Year
1 additions on Year 2 N uptake was evident. How-
ever, there were trends in the data that showed that
the repeated additions of alder and gunnera increased
N uptake compared to one addition alone. The
repeated gunnera applications in Year 2 resulted
in a greater N uptake FE over the two years (70 kg
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Table 2 Biomass yields and N content of the field experiment 100 | —-PotExp alder
Year 1, for crop 1, harvested after 40 days, and crop 2, har- .’Tm‘ % :Eggig gﬁ;zeera
vested after a further 65 days, and total of crop 1+ crop 2 < -®-FieldExp1 alder
D 80 | -FieldExp1 gorse
Above ground biomass (g m~2) Above 2 70 %E:z:ggig} 2“;}2;‘;;,‘;)@2 alder
ground N I FieldExp1 + FieldExp2 gunnera
_2 Q 60
(gm™) 2
Crop 1 Crop 2 Total Total 2%
S 40
Control 403+13 140+19a 543+22a 8.7x08a ce,, 2
ab g
(<]
AN200  621+42c 290+53c¢ 911+£38b 27.2+4.4b 8 %
AldFInc 364+56a 283+20 647+67a 13.6+15a 51 |
be L o _/ﬁ’ 1 ‘ // ‘
AldFM  382+36  269+15 651+49a 127+14a -10
ab be 0 500 1000 1500  *Field Expl
+ FieldExp2
AldD Inc  407+57 296+9c 70351 140+1.7a Cumulative Day Degrees
ab ab
AldDM  448+23 235419  684+41 127+0.7a Fig. 3 A comparison of the fertiliser equivalents (FEs) of the
abc abc ab above-ground biomass N uptake in the pot (PotExp) and field
Gorse D 464 +30 169+17 634+39a 114+08a experiments Year 1 (FieldExpl) and Year 2 (FieldExp2) plot-
M abc ab ted against cumulative day degrees (CDDs). FEs represent
GunDM 368+16a 250+32 618+44a 10.6+07a the amount of NH,NO; N required to produce the equiva-
abc lent N uptake into the crop biomass as the addition of the
-1 . * .
P values <0.001 <0.001 001 <0.001 200 kg ha™" N supplied as the PMGMs. *Combined Year 1+2

Treatments as stated in Suppl Table S7. Means + SEM (n=4).
Letters denote differences between treatments at P <0.05

NH,NO; N ha™!) than from one application in Year 1
(14 kg NH,NO, N ha™), significant at the 0.1% prob-
ability level (P=0.065). The PMGM FEs of the field
experiment in relation to CDDs, compared to the first
three time periods of the pot experiment, are shown
in Fig. 3.

Biomass production

In Year 1, the crop 1 and total (crops 1+2) biomass
produced by the PMGM-fed plants was no different
from that of the control and the method of applica-
tion of alder showed no effect (Table 2). Biomass of
PMGM-treated plants in crop 2, however, did show
some increases above the control and all PMGM
treatments other than gorse produced crop 2 biomass
equal to that of AN200-treated plants. Year 2 grain
weights ranged between 5.1 and 7.4 tonnes ha~!
equivalent (Table 3). There were no differences
between the individual treatments in the above-
ground biomass dry weights. However, a two-way
ANOVA between the quantity of N added and the
type of N added showed a higher grain weight with
addition of 200 kg ha™' N in both years compared to

field experiment FEs are the amount of NH,NO; N required
per year, to result in the equivalent N uptake from the PMGM
treatments per year. As the Year 142 treatments comprised
two additions at different times, CDDs are not applicable. Field
experiment data are means + SEM (n=4). Pot experiment data
are means + SEM (n=15)

treatments with N added in Year 1 only (P=0.037)
but no difference for the type of N added or interac-
tion effect.

Soil chemistry

Though the effects from PMGMs were much less
pronounced in the field, soil NO;~ followed similar
trends to the pot experiment in both years (Fig. 4).
PMGM-treated soil NO;~ concentrations remained
no different from that of the control throughout both
years of the field experiment. There was a significant
interaction between time and treatment in both years
(P<0.001). The AN200 treated soil in Year 1, and
the AN100+100 and AN200+200 treated soil in
Year 2 had higher NO;™ concentrations than the con-
trol (P <0.001; Suppl Tables S13/14). In both years,
some later sampling dates had lower soil NO;~ con-
centrations than some earlier sampling dates (Suppl
Table S13/14).
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Table 3 Biomass yields, root:shoot ratio and N content at the end of the field experiment, Year 2

Treatment Stems and Grain (g m™?) Roots (g m?) Whole plant (g m?) root:shoot ratio Whole
chaff (g m~2) plant N
(gm™)
Control 387+73 510+91 131+40 1028 +203 0.14+0.02 13.1+2.7
AN 100+ 100 535+52 611+56 135+18 1282+ 111 0.12+0.02 17.0+1.4
AN 200+0 417 +57 518+85 118+21 1052 +158 0.13+0.01 124422
AN 200+ 200 575+45 689+ 60 103+15 1367 +88 0.09+0.02 20.2+1.3
Ald+0 476 +50 574+82 141+20 1191 +125 0.14+0.03 155+19
Ald+ Ald 459+61 605+ 84 232+73 1296 +197 0.22+0.06 15.8+2.0
Gun+0 388 +64 505+73 168+42 1061 + 144 0.20+0.05 129+2.1
Gun+ Gun 526+62 736+83 212433 1475+170 0.17+0.01 20.1+2.3
P values 0.156 0.327 0.214 0.381 0.150 0.194

Treatments as stated in Suppl Table S7. Means+SEM (n=4). No significant differences between biomass production, root shoot

ratios or N uptake

AN treatments produced higher soil TDN con-
centrations than from PMGMs within the first few
weeks of both years (Suppl Table S15). There were
no differences in TDN after day 41 in either year, or
between the upper 150 mm and 150-300 mm soil
cores on day 209. There was a trend of increased
pH in the gunnera-treated field trial soil, with the
Gun+Gun and Gun+0 treated soil having a pH of
6.7 and 6.8 respectively at the end of Year 2, which
was higher than that of the AN200+ 200 treated soil
at 5.9 (P <0.05) (Suppl Table S16).

Potential ammonia volatilisation

Where measurement of NH; volatilisation was suc-
cessful, during the first 26 days of Year 2, volatili-
sation was low from all treatments at<0.01% of N
supplied.

Discussion

PMGMs provided effective fertilisation with low risk
of N pollution

The biomass production and crop N uptake in the
pot experiment showed effective N fertilisation
by PMGMs compared to that by clover, while soil
NO;™ concentrations remained low. The low con-
centrations of mineral N in PMGM-treated soil do
not necessarily indicate that N availability limited
plant growth, as both N release and plant uptake can
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be rapid and may be in balance (Jackson et al. 2008).
High N uptake from gunnera-treated soil from day
129-269 indicates good synchrony of N availabil-
ity with crop demand. In contrast, the initial high N
content in clover and AN70/140/200-treated grass
shoots and high NO;™ and TDN in soil solution dem-
onstrated that plant available N was exceeding crop
demand. Excess soil mineral N was at risk to losses as
N gasses including N,O, and if drainage had not been
prevented would have been prone to leaching (Cam-
eron et al. 2013; Hansen et al. 2019).

The warm moist, conditions of the pot experiment
may occur in protected, irrigated cropping, in the
field in tropical regions, and increasingly in temperate
regions as the climate becomes more unpredictable.
It should be noted that clover grown and incorporated
in situ would include root tissue, and therefore may
have a higher C:N ratio, slower decomposition rate
and result in less excess mineral N (Li et al. 2020).
Even so, these results highlight the need to consider
N pollution when using green manures. Though here,
clover added in this quantity proved a pollution risk,
clover could also be used effectively as a PMGM, by
adding smaller quantities at times of high demand.

Though the differences between treatments in the
field experiment were less pronounced than in the pot
experiment, the N uptake and NO;~ concentrations
followed the same trends, suggesting that PMGM-N
may also be less at risk to losses in the field com-
pared to conventional fertilisation. Differences in
crop yield and N uptake between treatments in the
field experiment are likely to have been reduced by
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Fig. 4 Soil NO;~ N concentrations in the first 70 days after
N additions of 200 kg N ha™! equivalent within leaf tis-
sue (clover, alder, gunnera or gorse) or NH,;NO; (AN) at the
levels stated in the key; a Pot experiment in soil solution,
means+SEM (n=5); b, ¢ Field experiment Year 1 and field
experiment Year 2 respectively, concentrations in dry soil at
0 to 100 mm depth, means+SEM (n=4). The treatments in
field experiment Year 2 refer to those added in the previous
year only, or in both the previous and current years. P values of
significant differences between treatments and sampling time
points are included in Suppl Tables S10/13/14

the dry conditions, limiting both PMGM decompo-
sition (De Neve and Hofman 2002; Whalen 2014)
and crop growth (Dodd et al. 2011), Crop growth

was possibly also restricted by lower than optimum
pH, despite Calcifert additions. The wheat yields of
5.1-7.8 tonnes grain ha~!, however, were within the
expected range, with an average UK wheat yield of
7.8 tonnes ha~! in 2018 (Defra 2019). It is also possi-
ble that with a greater rooting area in the field than in
the pot experiment, N availability was less of a limit-
ing factor.

Factors other than C:N ratio also influenced N
dynamics and crop growth

Low initial N uptake by gunnera-treated plants across
the experiments suggests that gunnera had an immo-
bilisation effect on N. As the gunnera did not have a
particularly high C:N ratio, this is likely due to other
aspects of gunnera leaf chemistry. After the first
few weeks of the pot experiment, when measured
NO;™ concentrations fell to zero, TDN was a useful
measure of N which may be or soon become available
for plant uptake. There was low N uptake from gorse-
treated soil despite higher or equal TDN concentra-
tions. There may have been an allelopathic effect
from gorse leaves, which is consistent with the higher
concentrations of phenolics in the gorse-treated soil
solution, which have been known to have allelopathic
effects (Batish et al. 2008; Chomel et al. 2016). Emis-
sions from gorse branches have been shown to inhibit
root growth in seedlings of Amaranthus retroflexus
and Digitaria Sanguinalis (Pardo-Muras et al. 2018).
Hence gorse was discontinued in the field in Year 2.
However, Pardo-Muras et al. (2020) showed that the
allelopthathic effect of gorse may be species selective
and therefore in specific circumstances it is possible
that gorse could be used as a PMGM while also hav-
ing weed suppressing qualities.

The higher root mass and root:shoot ratio of gun-
nera-treated plants over that of the control and AN-
treated plants in the pot experiment may have been a
response to availability of organic N (Cambui et al.
2011; Lonhienne et al. 2014; Franklin et al. 2017), or
to an uneven distribution of organic matter (Robinson
1994; Hodge et al. 1999). However, these possible
causes do not explain gunnera producing higher crop
root growth than that from the other green manure
treatments, and therefore the cause remains unknown.

The lack of differences in N uptake or crop yields
between the fresh or dried and mulched or incorpo-
rated alder in Year 1 of the field experiment indicated
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that mulching of dried material would have no
adverse effect, and was therefore the sole method
used in Year 2. Differences between the fresh and
dried alder, however, may have been negated by the
lower C:N ratio of the dried leaves, and a larger sur-
face area for microbial access as the dried material
easily crumbled (Nicolardot et al. 2001; Moorhead
and Sinsabaugh 2006; Lehtinen et al. 2014). Rain-
fall dampened the mulched material which was soon
shaded by the crop which likely preserved moisture.
Therefore, in other field conditions, differences may
occur and more experimentation is required.

PMGMs had a delayed fertilisation effect

In addition to the slower crop uptake of N from
PMGMs to that from clover and fertiliser over the
year of the pot experiment, the increase in N uptake
after gunnera application in the field over both years
compared to one year only indicates that the cumu-
lative effect of applications was to increase plant
available N. Gunnera may therefore be increasingly
effective at fertilising crops after further repeated
applications. This could be due to increased N
release because of a “home field advantage” effect
where amendments decompose faster in soil that
has received the same input in the past (Austin et al.
2014; Palozzi and Lindo 2018). Alternatively, stabi-
lised gunnera from the previous year’s treatment may
have been stimulated to decompose due to a priming
effect of the second addition (Fontaine et al. 2003; Di
Lonardo et al. 2017).

Potential to tailor PMGM use to maximise NUE

The rates at which N became available from gun-
nera and alder could be appropriate for long-season
annual vegetable crops that have a low initial N
demand (Hartz 2007; Rahn 2012). Different PMGMs
could be added at different points in the cropping
season as appropriate; e.g. clover could be used as a
PMGM when crops are growing quickly and a fast N
release rate is desirable. Strategically combining dif-
ferent PMGMs and other amendments could enable
tailoring of N release to the crop (Handayanto et al.
1997; Gunnarsson and Marstorp 2002; Kaewpra-
dit et al. 2008; Truong and Marschner 2018; Rothe
et al. 2019). For example, gunnera could be used to
temporarily immobilise excess N if added alongside
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fertiliser or N-rich crop residues until the crop (or
cover crop) exerts an adequate N demand (Congreves
and Eerd 2015). To maximise NUE, precision agri-
culture techniques as being developed for fertiliser
use could be used to target PMGM application.

The higher root mass in gunnera-treated plants in
the pot experiment may have had the effect of increas-
ing N uptake, both directly by roots and via associated
microbes (Jackson et al. 2008; Moreau et al. 2019).
Higher root mass can also increase N availability by
stimulating further decomposition of gunnera or other
soil organic matter (Clarholm 1985; Zhu et al. 2014;
Farzadfar et al. 2021). Therefore, if higher root mass
is shown by further experimentation to be a repeat-
able effect, this could be useful in appropriate crops,
such a long-lived crops in low-input systems.

Some production systems may be more suited
to PMGM use, for example, polytunnel vegetable
production where cropping space is at a premium
and risk of N loss is high due to warm tempera-
tures and high moisture. Large-scale arable farming
areas where animal manure is in short supply could
benefit from PMGM organic matter to improve soil
structure, especially in sandy soils and heavy clays.
This research considered the effect on N fertilisation
only, however other nutrients such as phosphorus and
potassium may also be present within PMGMs in
useful quantities. Therefore, PMGM use could reduce
other external inputs, as could the effect of gunnera
on increasing pH where this is desirable.

Other N,-fixing perennials could also be used as
PMGMs, and knowledge of the N release rates from
leaves of other species would increase scope for
improving synchrony. Production of a PMGM data-
base for temperate plants, similar to that developed
for tropical species by Palm et al. (2001), listing
characteristics such as C:N ratio, P and K contents,
and phenolics would be valuable for future PMGM
selection.

NUE in relation to organic N

Supply of N within organic material gives opportu-
nity for uptake of intact organic N which negates
the need for mineralisation and therefore bypasses
the stages where N is most prone to loss (Paungfoo-
Lonhienne et al. 2012; Franklin et al. 2017). Organic
N uptake is increasingly recognised in crop nutrition
(Hill et al. 2011; Ma et al. 2018; Moreau et al. 2019)
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and offers a further advantage of increasing NUE due
to a C bonus to the plant and lower N processing costs
(Schmidt et al. 2013; Franklin et al. 2017; Farzadfar
et al. 2021). In addition, crop breeding that selects
for productivity in a high mineral N environment,
may have reduced the capacity for organic N uptake
in modern crop varieties (Finlay and Wilkinson 1963;
Hirel et al. 2011). Restoring affinity for organic N
uptake into new crop varieties could tighten the N
cycle increasing NUE of green manure fed systems
(Paungfoo-Lonhienne et al. 2012; Bardhan and Patel
2016; Congreves et al. 2021; Farzadfar et al. 2021).
Although it is unknown what form of N was taken up
from our PMGM treatments, the scope for improv-
ing organic N uptake, alongside targeted addition by
PMGMs, could prove a valuable research avenue.

NUE in a wider temporal and spatial context

Despite intensive research into increasing NUE in ara-
ble crops, there has been little progress in recent times
(Bowles et al. 2018; Farzadfar et al. 2021). Typically,
less than 50% of the N supplied is found be taken up
by crops in the same year (Udvardi et al. 2021). Scope
for increasing NUE by the recommended “4Rs” for N
application (right rate, time, source and place) (Udvardi
et al. 2021) is likely to be futher limited by a changing
climate, with increasingly unpredictable N release and
crop demand (Bowles et al. 2018; Zhang et al 2021).
Additions of N in the current year, however, may con-
tribute less to N uptake than previously thought (Yan
et al. 2020), with a large proportion of N uptake being
from stabilised soil N (Sebilo et al. 2013; Lupwayi and
Soon 2015; Celestina et al. 2019; Pullens et al. 2021).
Yan et al. (2020) proposed instead that N applications
be considered as replenishing N reserves for crop fer-
tilisation in future years, reminiscent of the old organic
adage “feed the soil, not the plant” (Friedel and Arda-
kani 2021). If the trends seen in our results of increas-
ing N uptake with longer periods of PMGM use are
found to continue over the long term, this may further
increase NUE. In addition, it is increasingly recom-
mended that more perennials be included in the agricul-
tural landscape to intercept leached N and reduce loss
by wind and water erosion (Lin et al. 2016; Diederich
et al. 2019; Bowles et al. 2018). It may be advisable,
therefore, to accept that a high NUE within each field
and each year may not be achievable, and instead aim
for N retention on a greater spatial and temporal scale

(Congreves et al. 2021). The integration of PMGM pro-
duction into farmland could help with these aims, as
discussed below.

PMGM production in the agricultural landscape

Integrating PMGM production within agricultural
landscapes would provide various co-benefits, includ-
ing habitat provision for the biodiversity necessary for
agricultural functioning (Pilling et al. 2020) and flood
and erosion prevention by slowing of water flow by
tree roots (Marshall et al. 2014; Caulfield et al. 2020).
Replacement of rotational green manure leys with
permanent unploughed areas of PMGMs is likely to
increase soil C sequestration (Lal 2004; Lamb et al.
2016; Balmford et al. 2018), though arable land under
yearly copping, without leys, must still be managed to
maintain soil C by use of winter cover crops along-
side the addition of the PMGMs. PMGMs could be
grown in multi-species “bio-service areas” for exam-
ple, short rotation alder coppice, with understories of
N,-fixing perennials such as clovers and vetches, as
well as non N,-fixers such as comfrey (Symphytum),
the inclusion of which helps regulate excess N in soil
and reduce losses (De Notaris et al. 2021; Fig. 5).

Care must be taken on choice of species for appro-
priate areas as, for example, Gunnera can be inva-
sive and its planting is now banned in the UK (Defra
2022); however, where gunnera clearance is needed
for habitat conservation, the use of the waste vegeta-
tion as a PMGM may be possible. PMGM produc-
tion areas could be integrated with other landscape
features such as restored or widened hedgerows and
buffer strips to protect watercourses from leached N
(Di and Cameron 2002). Here, deep-rooted plants
could capture leached N to be returned to crop-
land within the PMGM tissue (Bowles et al. 2018).
PMGM production may also be an economically use-
ful alternative land use to ease transition to a lower
dependence on ruminant production, as necessary for
climate change mitigation (Loboguerrero et al. 2019;
Willett et al. 2019; Hayek et al. 2021), along with a
mobile source of N to replace animal manure.

Conclusions

Perennial mobile green manures (PMGMs) were
effective at supplying N to crops and resulted in
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Fig. 5 Scenario of the pre- S:‘:Z?r?
sent (above) and possible arezng
future (below) agricul- l

tural landscape, showing
appropriate locations for
bio-service areas and fertili-
sation of crops by PMGMs.
The area retained for arable
cropping remains equal in
the future scenario

N fixing PMGMs

equal or greater crop biomass production than clo-
ver-fed crops in a pot experiment, with a lower risk
of N pollution. Effectivity as a fertiliser was greater
over longer time periods and data from a 2-year
field experiment indicated that repeated PMGM use
may be increasingly effective. Gorse was deemed
the least suitable due to a possible allelopathic
effect. This knowledge of N uptake rates could ena-
ble the matching of alder and gunnera, and also clo-
ver, applied as PMGMs for N fertilisation with suit-
able crops. This system has the potential to increase
nitrogen use efficiency (NUE) over that achieved
by traditional green manures, while retaining the
advantages of biologically fixed N, of organic
matter addition and negating CO, emissions. An
increased understanding of N dynamics, including
organic N uptake and N conservation over a greater
spatial and temporal scale, could enable improve-
ments in tailoring PMGM use for NUE. Integration
of PMGM production into agricultural landscapes
could bring further agro-ecological co-benefits.
Collating and increasing knowledge of charac-
teristics of a wider range of potential PMGM spe-
cies would give greater scope for the technique,
and the practicalities of PMGM use requires further
experimentation. Research is also needed on the

@ Springer

Crops
fertilised with
mineral N

Rotational Crops fertilised
green with green

manure ley manures in
rotation

Mix of N lifting and N fixing
PMGMs to capture leachate
and return N to cropland

N fixing
PMGM fed
cropland EMGMs

wider climate change impact both within the crop-
ping areas and within the PMGM production areas,
such as by quantification of soil C storage, and of
greenhouse gas emissions from harvesting and
processing.
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