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Abstract: The status and sustainability of Poaceae crops, wheat and barley, were examined in an
Atlantic zone climate. Intensification had caused yield to rise 3-fold over the last 50 years but had also
degraded soil and biodiversity. Soil carbon and nitrogen were compared with current growth and
yield of crops. The yield gap was estimated and options considered for raising yield. Organic carbon
stores in the soil (C-soil) ranged from <2% in intensified systems growing long-season wheat to >4%
in low-input, short-season barley and grass. Carbon acquisition by crops (C-crop) was driven mainly
by length of season and nitrogen input. The highest C-crop was 8320 kg ha−1 C in long-season wheat
supported by >250 kg ha−1 mineral N fertiliser and the lowest 1420 kg ha−1 in short-season barley
fertilised by livestock grazing. Sites were quantified in terms of the ratio C-crop to C-soil, the latter
estimated as the mass of carbon in the upper 0.25 m of soil. C-crop/C-soil was <1% for barley in low-
input systems, indicating the potential of the region for long-term carbon sequestration. In contrast,
C-crop/C-soil was >10% in high-input wheat, indicating vulnerability of the soil to continued severe
annual disturbance. The yield gap between the current average and the highest attainable yield
was quantified in terms of the proportion of grain sink that was unfilled. Intensification had raised
yield through a 3- to 4-fold increase in grain number per unit field area, but the potential grain
sink was still much higher than the current average yield. Filling the yield gap may be possible but
could only be achieved with a major rise in applied nitrogen. Sustainability in Poaceae cropping
now faces conflicting demands: (a) conserving and regenerating soil carbon stores in high-input
systems, (b) reducing GHG emissions and other pollution from N fertiliser, (c) maintaining the yield
or closing the yield gap, and (d) readjusting production among food, feed, and alcohol markets.
Current cropping systems are unlikely to satisfy these demands. Transitions are needed to alternative
systems based on agroecological management and biological nitrogen fixation.

Keywords: Poaceae; cereal; barley; wheat; soil organic matter; soil carbon; C:N stoichiometry; crop
yield; nitrogen fertiliser; soil remediation; yield gap; sustainable crop systems

1. Introduction

Degradation of soil resulting in loss of soil organic carbon and reduced water holding
capacity has occurred worldwide due to the conversion of natural ecosystems to agriculture
and forestry [1–4]. Repeated and highly fracturing tillage and trampling by livestock
has diminished gains of soil organic matter through plant residues and exudates while
increasing loss through disaggregation, breakdown, gaseous release, and removal by
wind and water [5–9]. In many areas, severe degradation of soil has limited crop and
grass biomass production, and hence the capacity of agriculture to regenerate soil organic
matter [2].

A sustainable future for agriculture is nevertheless vital. The most recent phase of
intensification, between 1960 and 1990, raised yield to support a doubling of the global
population. It was achieved with little increase in arable land [10], easing the pressure to
convert more forest and grassland to agriculture [11]. Poaceae crops had a central role in
these developments [12–14]. However, several decades after the initial increase, yield has
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levelled or even declined in some major crops [15–19]. Negative feedbacks of intensification
may therefore be degrading the biophysical processes in soil that support crop growth
and yield [11]. More widely, intensification has led to negative effects on the environment
and health, for example through increased use of nitrogen [19–21], which continues to
pollute water [22,23] and dominate greenhouse gas emissions from arable land [24,25]. The
economic cost to the environment and health of high input agriculture might now outweigh
the benefits of increased yield [21]. Given this history, global bodies such as the UN’s Food
and Agriculture Organisation (FAO) have called for concerted actions that include an end
to converting forest and grassland to agriculture, stabilising and regenerating damaged
soil, and raising both the efficiency of resource use and the achievable yield [2]. Strategies
to meet future food should also extend beyond the soil–crop system to include lessening
demand by limiting food waste and over-consumption [12,26].

In principle therefore, the ‘solution space’ and pathways to sustainability have been
defined [12]. Devising a strategy for future agriculture in any region must begin by
quantifying the current system in terms of its soil and yield. As a guide, three or sometimes
four ‘levels’ of yield can be identified. Figure 1 summarises the position from several
studies on Poaceae crops [27]. The lowest level is a basal yield for which the crops rely
only on the capacity of soil and other plants such as legumes to supply nutrients. The basal
yield occurred before intensification but can be approximated in fields or experimental
plots receiving no inputs. The second is the present average yield which has been raised by
intensification above the basal. A third is termed a technological maximum, a value that has
been achieved in the field, but usually in restricted circumstances where agronomic inputs
are maximised and local limitations removed. Above them is a pedo-climatic or climatic
maximum derived commonly from modelling as the highest that could be achieved in
the soil and climate. The overall range of yield is determined by major climatic factors.
Those to the left and centre of Figure 1 have growth restricted to 3 to 6 months of the
year by water or temperature (short-season crops). Those to the right are generally not so
limited and can grow for 9 to 11 months (long-season). The long-season crops are higher
yielding than short-season, due to the extended period for which the leaf canopy intercepts
solar radiation, but they need more nitrogen and water. In these examples, the average
yield, though well above the basal, is usually much lower than the technological maximum.
The difference between them—the ‘yield gap’ [28–32]—is most commonly determined
from empirical measures of average and maximum yield, compared in some studies to
potentials derived from crop modelling. The gap is variously attributed to the lack, high
cost, or inefficient use of inputs and the unsuitability of modern crop varieties to adverse
conditions; but less understood are the negative feedbacks referred to earlier of high-input
cropping on soil processes.

The status of soil and main Poaceae crops are now examined for farming systems in a
high-yielding region of eastern Scotland, UK. The approach first relates carbon acquisition
and yield of crops explicitly to soil condition, defined primarily by organic carbon content.
It then defines the yield gap through measuring the components of yield (number and
mass of heads and grains) rather than relying on bulk measures on commercial fields. The
region has a 5000-year history of agricultural land usage [33]. Land brought under tillage,
which comprises much of the lowland, maritime east of the study region, experienced
several phases of intensification, the most recent from 1960. Most crops before the 1960s
were short-season (SS), mainly oats and barley. Intensification included deeper tillage
and regular application of mineral fertiliser and chemical pesticide. From the 1980s, a
proportion of the SS crops were replaced by long-season (LS) varieties that are higher
yielding and given, on average, twice the inputs of fertiliser and pesticide compared to SS
crops. Mean cereal yield trebled between 1960 and 2000, but then stabilised. By 2010, the
main Poaceae crops, covering >80% of the tilled land, comprised both SS and LS varieties of
barley (Hordeum vulgare L.), wheat (Triticum aestivum L.), and oat (Avena sativa L.). By global
standards, soils in general are highly suitable for agriculture [34,35] but negative aspects
of intensification include declines in soil quality and in-field biodiversity [36,37], risk of
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soil erosion [38], continued pollution of water [39], and high greenhouse gas emissions [40].
The region is well suited to the comparisons needed because not all of it was intensified
to the same degree. By 2010, 50 years after intensification began, a diverse set of crops
and grass existed, subject to a range of management intensity and crop carbon acquisition
within the same latitudinal range and climate.
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Figure 1. Yield ranges collated from studies of annual cereal crops of pearl millet (PM), wheat (W),
barley (B), rice (R), and maize (M), shown as arrows with basal yield (lower limit), mean (square),
technological maximum (circle), and pedo-climatic maximum (point); typical N fertiliser ranges
to achieve the mean yield are indicated above; adapted from analysis of several independent field
studies, dashed line indicates uncertainty in the basal [27].

The work reported here concentrates on the two main Poaceae crops of the region,
SS barley and LS wheat [14]. Specific hypothesis examined are (1) that soil carbon ‘store’
and crop carbon flux are inversely related, (2) that main drivers and limitations to yield
include soil status and applied nitrogen, and (3) that the technological maximum yield and
yield gap can be quantified through measures of grain number and mass. Conclusions are
presented on options to improve soil quality and yield components to achieve long-term
sustainable output. The methodology and findings of the work should be generally relevant
to assessing the post-intensification status of Poaceae crops in agricultural land.

2. Results
2.1. Soil Carbon and Nitrogen

The results of soil C and N analysis are given in relation to the estimated intensity
of management defined by previous crops (Figure 2). The sites sampled in the study
achieved the intended two-fold range of C-soil from 2 to 4%. With one or two exceptions, C
was above 3% for low-intensity sites and below 3% for high-intensity sites (Materials and
Methods gives definitions). The total carbon store in the upper 0.25 m of soil, derived from
the values in Figure 2a, ranged from 68 to 155 t ha−1, expressed in Figure 2b in 1000 kg ha−1
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to allow comparison with data on crops presented later. N-soil was closely correlated with
C-soil across the whole range to give C:N ratios between 10 and 14 around an average of
12.1, shown by the dashed line.
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Figure 2. Relation between soil organic carbon (C-soil) and soil nitrogen (N-soil) expressed as (a) %
dry soil mass, r = 0.94, and (b) actual mass in the upper 25 cm of soil, r = 0.89, ±SE to show within-site
variation; previous cropping intensity identified as low (open symbols) or high (closed); dashed line
at mean C:N of 12.1.
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2.2. Crop Carbon and Nitrogen

The procedure for selecting sites for the study resulted in short-season (SS) barley and
long-season (LS) wheat being distributed across a range of C-soil. As is invariably the case
in this region, crop dry matter production was greater for LS wheat than SS barley (site
means: 14.02, 7.47 t ha−1, p < 0.001), while C as a % of dry matter was similar for both
at around 44%, typical for living plant material. As described in Materials and Methods,
differences between species in crop dry matter and C-crop were largely determined by
the length of the growing season and the nitrogen available to support growth and grain
protein content.

In barley, C-crop ranged from 1420 to 4960 kg ha−1, and N-crop from 32 to 97 kg ha−1,
the lower values fertilised from previous livestock grazing and the higher from targeted
application of mineral fertiliser. The relation between C-crop and N-crop was highly
conserved throughout the range (r = 0.95), giving a mean C:N of 52.2 (±1.64). In wheat,
C-crop ranged from 4740 to 8320 kg ha−1 and N-crop from 80 to 282 kg ha−1. C-crop
and N-crop were correlated (r = 0.90), but C:N ratios were more variable around a mean
of 39.7 (±2.29), ranging from values similar to those in barley down to a low of 25. C:N
ratios varied in relation to intended uses or markets: barley going mainly to malting and
feed that require a low protein content, and wheat to more diverse markets, those with
lower C:N requiring the highest protein content for quality feed or milling. Yields recorded
in a government survey before intensification and in the decade before sampling were
converted to equivalent C-crop values (Material and Methods) and shown by the arrows in
Figure 3. The lowest few barley sites were similar to pre-intensification values, while the
current means fell within the ranges of both crops indicating that many of the sites sampled
were typical of current production.
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Figure 3. Crop carbon (C-crop) and nitrogen (N-crop) contents in barley (open circles, r = 0.95) and
wheat (closed circles, r = 0.90), ±SE, dashed lines giving C:N ratios for guidance; horizontal arrows to
the right showing the C-crop equivalent of regional production pre-intensification (pre), and current
for barley (B) and wheat (W).

No limiting effects were detected of soil carbon on crop production. For the species
treated separately, relations between C-soil and both C-crop and crop C:N ratio were not
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significant. For the species combined, C-crop (y, kg ha−1) showed a weak negative relation
with C-soil (x, %) (y = 8182 − 1161x; F = 7.97, p = 0.010), whereas that for the C:N ratio was
not significant. The negative relation arose because the current high N inputs and N-crop
at highly intensified sites gave high production irrespective of low C-soil, and vice versa.

2.3. Crop C and N as a Percentage of Soil C and N

Data in Figure 2 on soil and Figure 3 on crops are now combined in two indicators—
C-crop/C-soil and N-crop/N-soil, expressed as percentages (Figure 4). The general shape
of the overall response was similar to that in Figure 3. For barley, C-crop/C-soil ranged
from 0.91% to 5.66%, and N-crop/N soil 0.31 to 1.21%. In wheat, C-crop/C-soil ranged
from 4.90 to 11.98, and N-crop/N-soil from 1.15 to 4.88. Low values of these indicators were
generated at sites where long-term, low-intensity management resulting in high soil carbon
was combined with low carbon acquisition by the current crop. Conversely, high values
were generated by low soil carbon at high-intensity sites and high crop carbon acquisition.
The combinations of soil store and crop flux extended the range of values among sites
beyond that in Figure 3. The highest C-crop was 5.9 times the lowest and N-crop 8.8 times
the lowest, whereas for crop and soil together, the highest C-crop/C-soil was 13.1 times the
lowest and the highest N-crop/N-soil, 15.7 times.
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Figure 4. Carbon and nitrogen in crop (C-crop, N-crop) as a percentage of carbon and nitrogen in
soil, upper 25 cm (C-soil, N-soil), ±SE, for barley (open circles) and wheat (closed circles), dashed
lines for guidance showing ratios (5, 3 and 2) of vertical to horizontal axis.

The difference between sites in Figure 4 is due more to variation in the crop than the
soil. Absolute values on the vertical axis are related to differences in available nitrogen
that results in a wide range of annual carbon flux (C-crop) compared to the carbon store
(C-soil). The values of N-crop/N-soil are smaller than those of C because of the ability of
relatively small quantities of applied N to generate high rates of carbon assimilation for
canopy growth, physical support, and dry matter bulking. The ratio of the axes in Figure 4,
shown by the dashed lines, is also indicative of the generally weak capacity of the crop to
generate matter with a C:N ratio comparable to that of soil. The ratio of C-crop/C-soil to
N-crop/N-soil was 4.06 (±0.19) for barley and 3.22 (±0.205) for wheat. Most sites were
positioned between 5, resulting from a combination of a crop C:N 60 and soil C:N 12, and 3,
produced by crop C:N 36 and soil C:N 12. If crop dry matter were used to boost soil carbon,
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then these ratios indicate the degree to which crop matter would need to be adjusted (by
microbial action) to remove C in preference to N. The implications of these ratios for soil
status and regeneration are discussed later.

2.4. Variation and Limitation in Yield

The analysis now moves on to consider the second group of sustainability pathways—the
factors limiting yield and the yield gap. To this point, crop matter has been expressed
through C and N to allow direct comparison with soil organic matter. Yield is generally
expressed in units of plant dry matter of which carbon constituted around 44%. For
comparison, a value of 4000 kg ha−1 for C-crop in Figure 3 is raised to 9090 kg ha−1 dry
matter. Two other attributes are used when converting between C-crop and yield: the
fraction of dry matter in heads; the harvest index, which was highly conserved among sites
and species at 0.62 (±0.012) in barley and 0.61 (± 0.01) in wheat (ns); and the corresponding
fractions for nitrogen, 0.84 (±0.006) in barley and 0.83 (±0.010) in wheat (ns). Typical of
modern cereals, therefore, N was more concentrated in the head than in the whole plant,
resulting in systematic reduction in head C:N ratios to 36.6 (±1.00) in barley and 28.2
(±1.37) in wheat. Conversely, the C:N of stem and leaf was higher than that for the whole
plant, the mean for barley 132 (±6.5) and wheat 97 (±12.2).

Head dry matter per unit field area ranged widely among sites from 2.35 t ha−1

in the lowest yielding barley to 13.23 t ha−1 in the highest wheat, a 5.7-fold difference
similar to the 5.9-fold range in C-crop in Figure 3 and consistent with the conserved
harvest indices cited above. Means for species were 4.56 t ha−1 (456 g m−2) in barley and
8.63 t ha−1 (863 g m−2) in wheat (p < 0.001). This variation in head dry matter is now
examined in terms of the components of yield. To avoid the large values when expressed
per hectare, stem and grain number are expressed per square metre (with conversion
given as necessary). First, the two components, stem number per unit area and individual
head mass, are shown in Figure 5 in relation to ‘yield contours’, each of which defines
the variation in the two attributes for a given head dry matter from 2 to 12 t ha−1 (200 to
1200 g m−2, 2000 to 12,000 kg ha−1). The species differed mainly in individual head mass:
0.94 g in barley and 2.1 times larger at 1.97 g in wheat (p < 0.001). Among sites, stem number
in barley varied more widely (300 to 740 m−2) than individual head mass (0.78 to 1.20 g)
and strongly determined head dry matter. Regression indicated the latter as increasing by
96 g m−2 for every 100 heads (y = 0.96x – 0.39, F = 34.3; p < 0.001). However, individual
head mass was not without effect—the highest total head mass (above the 6 t ha−1 contour)
occurred with intermediate stem number and maximum individual head mass. In wheat,
the relation between number and total head mass was weaker (y = 1.34x + 273; F = 5.77,
p = 0.035) but large variation also occurred in individual head mass.

Dissection of heads showed that, of the two components of individual head mass,
number of grains was a stronger determinant than individual grain mass. The species
differed significantly (p < 0.001) in grain number per head, 22.7 (±0.38) in barley and 39.6
(±1.22) in wheat, 1.74-fold higher in wheat. In contrast, individual grain mass was similar
(ns) at 41.5 mg (±0.82) in barley (hulled grain, awns removed) and 41.3 mg (±1.63) in
wheat (naked grain). Total head mass was therefore strongly related to the number of
grains per unit field area, calculated as stem number multiplied by grains per head. Grain
number ranged among sites from 6190 m−2 in low input barley to 24,140 m−2 in high-input
wheat. The relation between grain number and head dry matter differed only slightly
between barley and wheat (Figure 6). Arrows to the right in Figure 6 show N-crop at sites of
minimum and maximum head mass, and for groups of sites close to the regional averages.
Data on grain number are not available from the official crop census, but the implication
from Figure 6 is that yield has been raised in the 50 years since intensification began by major
increase in grain number per unit field area driven by nitrogen and related management.
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Figure 5. Mass of individual reproductive heads in relation to head number per unit field area for
barley (open circle) and wheat (closed circle), ±SE; dashed curves indicating relations between the
two variables at values of total head mass per unit field area indicated by the numbers to the right
(e.g., value of 6 is 6 t ha−1 or 600 g m−2); horizontal arrows to the right indicating equivalent regional
survey data for pre-intensification yield (pre) and current mean yield for barley (B) and wheat (W).
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Figure 6. Head dry mass per unit field area in relation to grain number in barley (open circles) and
wheat (closed circles), ±SE. Regressions (dashed lines): barley, y = 0.047x − 50.7, F = 53.3, p < 0.001;
wheat, y = 0.43x + 112, F = 26.1, p < 0.001). Arrows indicate N-crop content (as in Figure 3) for
minimum and maximum sites and representative means for barley (B) and wheat (W).
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2.5. Estimation of Yield Potential from the Reproductive Sink

The inference from Figure 6 is that—within each species—yield over the range of
conditions studied is not genetically sink-limited by the number of grain sites that can be
produced per unit area. Instead, yield is limited by the amount of carbon (resource) that is
assimilated and partitioned to the reproductive sink. In turn, the carbon assimilated is deter-
mined by the intensity of management, primarily nitrogen availability (Figures 3, 4 and 6).
Where more resource is available, the crop produces more reproductive heads and fills
more grains per head. (Unfilled grain sites were defined as those where a spikelet was
discernible but had no grain, or else in wheat where florets on spikelets were discernible but
had no grain). Deviation of sites from the fitted lines in Figure 6 indicates where individual
sites also differed in mean grain mass.

Measured variation in components of yield within sites and site sampling loci is
now exploited to demonstrate the degree to which typical yield could be raised if a crop
contained more or heavier grains. First, a set of sites were selected for each species for
which total grain dry matter was close to the regional means from government survey and
which excluded sites with more extreme characteristics (e.g., high or low head number
per unit area). The resulting sites for barley had head numbers of 580 m−2 and total head
mass of 6.13 t ha−1 (compared to the official regional mean 5.75 t ha−1) and for wheat
470 m−2 and of 8.76 t ha−1 (regional mean of 8.29 t ha−1). Heads dissected from these sites
(216 in barley, 144 wheat) were ranked in order of individual head mass and several upper
percentile ranges selected (30, 20, 10, 5%), for which grain number and individual grain
mass were recalculated. The yield measured on all sampled heads and raised yields are
linked by the two vertical lines in Figure 7.
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Figure 7. Grain yield and components for groups of barley (B) and wheat (W) sites: vertical lines
linking average yield based on all sampled heads (lower bar) and the corresponding raised value
recalculated for the top 30%, 20%, 10%, and 5% of heads (the four upper bars); boxes showing
for current, raised to 30% and raised to 5% yields, values of mean grain number per head, mean
individual grain mass and the associated nitrogen content of the head calculated for different grain
C:N ratios (see text).
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The measured yield is located at the low point of the line and the corresponding grain
number and individual grain weight shown in the adjacent box together with the actual
N-crop measured (as in Figure 3). The upper four bars on the line show the corresponding
grain number and individual grain mass of the top 30, 20, 10, and 5% of heads. The
two species had a similar individual grain mass and differed mainly in grain number.
Boxes for the top 30% and 5% show both grain number and mass increased as the selection
narrowed. The boxes also show the whole-plant N-crop that would occur at the raised
yield. Two values are given for raised yield at different C:N ratios: 30 and 35 for barley and
27 and 23 for wheat (Figure 3). For example, if all heads were raised to the characteristics of
the top 30%, wheat would have a yield of 13.1 t ha−1 (raised from 8.76), heads would have
a mean of 51 grains of 48 mg individual mass, and the total N-crop required to generate
this would be 258 kg ha−1 at C:N 27 and 303 kg ha−1 at the higher protein content of C:N
23. The contribution to raising yield at all four percentile ranges (Figure 8) is similar for
number and individual grain mass in barley but occurred mainly through increased grain
number in wheat (mainly through filling more florets per spikelet). That raising yield above
the average in this manner is in principle realistic is shown by the highest-yielding wheat
site (excluded from this analysis), for which yield was similar to the 30% raised value, for
which grain number per head was 49, individual grain mass 46 mg, and measured N-crop
at 282 kg ha−1 and head C:N ratio 23.9.
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3. Discussion

The contributions of the main Poaceae crops in this region to food and other products
have changed over past centuries and even over recent decades. Production among the
species, mainly barley, wheat, and oats, has varied between food, livestock feed, and
alcohol [41]. Oats once dominated the sown area, but now barley and wheat are more
prevalent. Most food was once produced locally but after 20th century intensification,
cereals were grown mainly for alcohol and feed. Short-season crops dominated before
intensification, but now long-season wheat and barley contribute 40–45% of total grain
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production. Change is certainly possible but whatever the future of cereal cropping, success
will depend on resolving the conflicts between regenerating soil, reducing the nitrogen
footprint of agriculture, and managing the yield gap.

3.1. Regenerating Soil and Reducing the Nitrogen Footprint

The main obstacle to the regeneration of soil organic matter in many parts of the
world is a lack of nutrients and organic inputs [2]. Such soils have degraded to the point
where their condition is severely limiting carbon acquisition by plants [8]. In the region
studied here, sites of low C-soil and high management intensity are not yet severely
degraded [35]. They would be recognised in FAO accounts as needing action before more
serious decline occurs. The ranges of soil carbon and crop production of the sampled fields
were determined more by choice to pursue a particular type of farming and management
intensity than by physical factors such as climate or topography. The type and intensity of
farming could therefore be modified. Moreover, soils at the lower end of the soil carbon
range have not lost a capacity to support high crop carbon acquisition of 15–20 t ha−1 dry
matter annually.

However, regeneration of soil is unlikely through carbon acquisition from current
high-input crops. Returns of C to soil have become dependent mainly on annual production
in roots, since most stem and leaf matter is removed at harvest for livestock feed. Root
production was not measured here but is typically an additional 20–30% of production
above-ground [42,43]. Yet continued deposition of root matter in the several decades since
the rise in LS crops has not prevented low soil carbon. Even if stem and leaf were re-
incorporated, these vegetative residues now have very high C:N ratios due to the historical
rise in the harvest indices for dry matter and nitrogen [14,44]. For example, soil at 2% C
contains 65,000 kg ha−1 C in the upper 25 cm (Figure 2). Regenerating this soil layer to 3%
C is equivalent to the addition of 32,500 kg ha−1 C and 2700 kg ha−1 N at a C:N ratio of 12.
In contrast, stem and leaf of the average LS wheat held 2380 kg ha−1 C and 28 kg ha−1 N.
A +1% change C-soil is therefore equivalent to 13–14 times the annual acquisition of C in
stem and leaf and around 90 times the annual acquisition of N. Further interventions are
needed therefore to regenerate soil carbon at high-intensity sites. The principles behind
building more stable soil carbon fractions are well understood [45,46] and remediation
is achievable by a range of practices including the substitution of grass or legumes in a
cereal rotation, reduced tillage, and external carbon amendments [47–51]. Some crops such
as oats, a legume, or a mix of the two have been also shown to increase the yield of a
subsequent cereal [52].

Similarly, major change can be brought about to reduce wastage of applied N and
the GHG emission equivalent of mineral fertiliser. In terms of efficiency, defined as up-
take/applied N, the high yielding wheat crops sampled had a mean efficiency of 0.91, while
the fields showing very high production with >200 kg ha−1 N fertiliser had efficiencies
around 1. Caution is needed in applying this comparison more widely since the year of
study supported high production and yield due to favourable weather. More generally,
uptake/applied efficiency in major cereals is low in intensified agriculture [53] and has been
much reduced in the study region by prolonged wet weather, leading to uptake/applied N
in wheat below 0.5 [40]. Moreover, such high rates of applied N compromise any attempts
to reduce overall GHG emissions from arable land [40].

Given the complexity of nitrogen reactions and pathways in soil [54], losses of mineral
N are best reduced through what is termed a ‘portfolio approach’ to low nitrification
management, in which a range of interventions are introduced to cover for unexpected vari-
ation in the growing environment [20,55,56]. Interventions include diversifying cropping
systems, minimum tillage, applying nitrification inhibitors, and perhaps most effectively,
introducing a grain or forage legume in a cereal rotation [57]. At an experimental field
platform supporting a high input rotation in this region, uptake/applied N measured
over a run of several years was raised above 1 by a combination of such practices, but
particularly by the capacity of a grain legume, field bean, to accumulate around 200 kg ha−1
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N mainly by biological fixation [40,58]. In principle, regenerating soil carbon, reducing
nitrogen loss, and meeting GHG emissions targets are feasible in this region and could be
achieved given major change in choice of crops and agronomy, but particularly by raising
the area grown with legumes.

3.2. Managing the Yield Gap

Closing the yield gap is more problematic and requires further examination beyond
raising the efficiency of applied resource use. Source-sink relations in cereals can be
complex [43,59]. The source (usually taken to be photoassimilate) and the sink (e.g.,
number of grain sites) interact such that a limitation in one can cause a limitation in the
other. Characteristics of individual heads may be influenced by competition between heads
for resources; and within heads, there may be trade-offs between grain number and mean
grain mass. The results here indicate an overall limitation of carbon acquisition and yield
operating mainly through applied nitrogen. Crops at the low end of the production range
yielded similarly to cereals in the two decades before intensification and represent a basal
yield. In barley, more applied nitrogen produced more heads per unit area, but the decline
in mean head mass at the higher limit of head number suggests insufficient resource was
shared between the many heads. In wheat, head number was less of a discriminating factor
because of the much greater capacity to set more grains per head. Again, more nitrogen
applied led to more grains set and filled overall. The great variation in head mass, grain
number per head, and to a lesser extent mean grain mass (Figures 7 and 8) is therefore
likely due to resource limitation: heads and potential grain sites may be determined early
in phenology but then do not fill to capacity.

The detailed analysis of grain number and mass showed that yield could in principle
be raised substantially in both species if all heads were filled to the same degree as the top
30%, 20%, etc. (Figures 7 and 8). However, the yield of two-rowed barley could not be
raised to the upper range of yield shown by wheat. Two-rowed barley was source-limited
among sites in this study but sink-limited when compared to the higher measured and
projected yield of wheat. The overall increase in cereal output during intensification could
not have been achieved by improvements to spring crops alone. It needed the increase in
winter crops with their higher grain sink. A full analysis of grain phenology is not feasible
here, but the variation in head mass in wheat was due mainly to the number of florets
(each with a grain) per spikelet. The capacity for increase in two-rowed SS barley was
much less than in LS wheat (Figure 8) because of the limited number of grains per head
(1 grain per spikelet in barley and up to 5 in wheat). Further work is needed to assess
whether the higher potential grain number in 6-row barley [60] would result in a higher
grain sink. In both crops, however, narrowing the yield gap would lead to a very large
rise in applied mineral nitrogen (Figure 7). Success would also require that the application
of nitrogen sufficiently promoted high leaf area, canopy duration, solar interception, and
carbon acquisition to generate the assimilate needed. In the context of long-term cereal
breeding [14,44,61], emphasis should now be on traits for more efficient resource capture.

Decisions of whether and how to reduce the yield gap should be part of wider discus-
sion. The overall production gap in this region, defined as current agricultural output in
relation to needs, is uncertain and has to be resolved. Since only around 7% of the cereal
crop, mainly oats, is used directly for milling for human consumption, the region relies
heavily for food on imports of Poaceae products, particularly wheat [62], which makes it
vulnerable to external shortages due to climate, trade, or geopolitical impacts. Some of the
proposed strategies for narrowing the production gap in any region or country [12] are
not feasible here. For example, the intensification of land by relay cropping as practiced in
some countries is not possible for cereals because the cold winters allow germination either
in autumn or spring but not both in the same field. Moving land between grass and arable
is a more realistic option: of the total arable and managed grass, arable is now 30% but was
previously as high as 50%. Whichever pathways are taken, the varied cultural attitudes
to farming need to be respected. Sites of low crop assimilation and yield (Figures 3–6)



Plants 2023, 12, 2742 13 of 18

are not low because of limitation by climate or soil, but because farming there wishes to
build and maintain soil carbon and use little or no mineral nitrogen. Important lessons
for the future can be learned from practices across the whole range of soil condition and
plant production.

Flexibility in managing the yield gap may also be possible through manipulation of
botanical traits. The dominant aim in mainstream agriculture is to maximise grain number
per unit field area, but strategies to achieve this fall short: at average current yields, most
heads in both species were not ‘full’. Therefore, maximising yield per plant may offer
greater flexibility: yield could be maintained, or even increased, by increasing mean head
mass at the expense of head number. In mixed cropping or intercropping for example, the
additional field ‘space’ would be occupied by other species such as grain legumes that
would also reduce the addition of N fertiliser. Ultimately, a transition in cropped area and
choice of products grown will need societal and political agreement on how to redirect
agricultural support [63].

4. Materials and Methods
4.1. Study Region and Crops

The region of arable-grass cropland to the east of Scotland is the subject of long-term
ecological study [33,36,37]. Following 50 years of intensification (see Introduction), the main
Poaceae crops are now short-season barley (Hordeum vulgare L.) and long-season wheat
(Triticum aestivum L.) grown for specific supply chains, including distilling, brewing, grain
for livestock feed, whole-crop livestock feed, and to a lesser extent grain for milling. Not all
fields were intensified to the same degree such that by 2000–2010, the tilled land supported
a range of cropping systems (Table S1): fields that had been heavily intensified, supporting
mostly (LS) high-input winter crops; fields that have been less heavily intensified, growing
mainly SS crops, some with grass leys; and fields growing a mix of LS and SS crops in
sequence [64]. The SS and mixed systems also include a proportion of farms that by choice
use no mineral fertiliser or pesticide. The major crops are not unique to either low or
high input sectors—for instance, SS spring barley dominates the intermediate and low
ranges but also occurs occasionally in sequence with LS crops in high-input fields. The
time of field sampling for the present study, 2013–2014, was therefore 50 years after the
beginning of intensification and 30 years after the rise in area of high-intensity LS crops
(see Introduction). Yields in lowland Scotland from an official government survey [65]
are presented for comparison with data from the sampled fields. Pre-intensification yield
is that recorded for all cereals (mainly SS) in the period 1940 to 1959. Current yields of
barley and wheat are averaged for the ten years up to 2014. Depending on which attributes
are compared, yields are converted to total above ground dry matter using a measured
or estimated harvest index and then to carbon content using %C values for crops (as
described later).

Agronomic inputs to SS barley are lower than to LS wheat (Table S2). Of the three main
fertilisers, phosphate and potash are applied in similar quantities to both crops but are
omitted in some years. In contrast, nitrogen is applied annually to >98% of fields to achieve
the target yields of grain or forage (Table S2). In the government fertiliser census for 2014,
mineral N fertiliser averaged 127 kg ha−1 across the arable sector as a whole, 179 kg ha−1

in LS wheat and 106 kg ha−1 in SS barley [66]. However, the range of N input varies
widely from field to field, depending on economic returns and intended usage, values in
government statistics ranging from zero to 225–250 kg ha−1 among surveyed fields for the
main cereals in 2014.

4.2. Crop Sequence and Nitrogen Inputs

Fields were sampled within the east Scotland region defined previously [66] between
latitudes 55.5 and 57 N, lying within a zone of moderate, oceanic climate receiving typically
3.3 GJ m−2 solar income per year. The aim of sampling was to obtain a wide combination of
soil and crop characteristics. Fields were identified covering ranges of (1) general cropping
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intensity, from high-input arable to low-input arable-grass, based on cropping history
recorded in previous studies, and (2) likely high and low carbon acquisition during the
current year, achieved by high-input LS wheat or moderate-input SS barley. The aim
was to sample sites that ranged from a high soil carbon store and low crop carbon flux
to those of low store and high flux. A condition was that fields were within commercial
management; none were on research stations or experimental platforms. Initially, 50 fields
were identified, for which farmers were asked to provide information on previous crops
and likely crop management in the current year. Fields were then categorised based
on typically 12 previous cropping years into low and high intensity groups—the low
consisting of SS arable in sequence with grass, SS arable only, and SS and LS mixed; the
high-intensity mostly LS sometimes with crops such as potato in previous years that receive
very high inputs and intrusive tillage (further information in Table S1). Sites were visited
while crops were in the vegetative phase (Plate S1, Plate S2) to validate crop type, general
management intensity, and field characteristics. Twenty-five fields were then chosen for
detailed sampling to cover the ranges of cropping history (similar numbers of low and
high intensity) and current crop, comprising similar numbers of LS wheat (most grown for
livestock feed or alcohol, some for milling), and SS barley (for livestock feed and alcohol).
The crop grown in any field was entirely the choice of the farmer, not imposed or influenced
by the research project. Yield and N content were not known at the time of sampling.

Farmers were asked to provide details of the fertiliser applied to fields in the year of
sampling. Mineral N ranged from zero in some low-input arable-grass to 270 kg ha−1 in
wheat, comparable to the range found in the government fertiliser survey [66]. Nitrogen
inputs proved difficult to estimate from data provided for some fields, especially those
of low or intermediate input that used a combination of livestock manure and mineral
fertiliser or only livestock manure. Nitrogen in the manure could not always be estimated
reliably from information provided. For example, some fields of low-input arable-grass did
not apply manure directly to the current crop but relied on manure dropped by livestock
on the fields in the previous year. Therefore, the main discriminating variable for all sites
and crops was taken to be the nitrogen content in the plants. Data from farmers were
compared with government surveys (cited earlier) to check that fields were representative
of the different farming systems in the region.

4.3. Sampling and Processing Soil and Plants

Samples of soil and plants were taken at three points (loci) along three transects
running over 100 m into a field, in total nine sample loci per field. Soil at each locus was
mixed to a depth of 0.25 m, and a sample taken, dried in the laboratory, and processed for
%C and %N by weight through an Element Analyser, as in previous studies [40,67] and
adjusted by soil bulk density [36] to estimate C and N mass per unit field area, termed here
C-soil and N-soil, respectively. These measures are not intended to estimate total C and N
content of the soil, but C and N the layer of soil that is routinely tilled and fertilised, and in
which there is active germination and root growth.

Sites were visited several days before the farmer’s harvest to sample mature crop and
associated weed material. Quadrats of 0.25 m2 were positioned at each of the 9 sample
loci, the number of crop stems within the area was counted and plant material bagged for
processing in the laboratory to obtain dry matter of reproductive (heads) and above-ground
vegetative (stem and leaf) structures. Samples were processed for %C and %N (as for soil
described earlier) from which C and N mass per unit field area (C-crop and N-crop) was
derived from dry matter. Weeds were sampled where present but constituted very little
of the total matter. In many of the LS crops, for example, no weed matter was found in
any of the nine quadrats. Weeds were therefore not included in the subsequent analysis of
plant production.

To obtain the components of yield, cereal ears (six or more per locus) were removed
from each sample before drying and dissected to record the potential number of grain sites
per ear, determined by the number of spikelets and florets, the actual number of grains
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per ear, and mean grain weight. (Grains of the two species are shown in Plate S3.) Data
from sample loci were combined to give per site values of the number of grains per unit
field area, calculated as number of head-bearing stems per unit area and the number of
grains per head. To estimate the degree of sink-limitation and the potential for increase
in yield, a sub-set of sites were chosen as being typical of the crop and similar in yield to
the national average provided by government survey. Heads from these sites were first
ranked by mass, and then averages of head mass, grain number, and mean grain mass
were obtained for all heads and stated upper percentile ranges (30%, 20%, 10%, 5%). Mean
yield was then raised by the ratio of the yield in the stated percentile range to the mean
yield. The N-crop likely to be associated with the raised yields was then estimated based
on assumed harvested fractions of dry matter and N and C:N ratio for grain typical of the
crop species and a specified grain market.

The primary aim of analysis was to quantify relations among soil and various crop
attributes, rather than compared SS and LS crops. Primary (measured) attributes such as C,
N, dry matter, yield, plant density, grain number, and mean grain mass were determined
at each sample locus. Values for the 9 loci at each site were averaged and presented with
standard errors (±SE) to indicate within-site variation. Secondary (calculated) attributes
such as C:N ratio and C-crop/C-soil ratio were similarly determined from two or more
measured attributes at each sample locus and averaged per site (±SE). Relations among
sites were examined in several ways [68]. A correlation coefficient (r) was estimated to
show the degree of association between attributes. Linear regression was used to quantify
the dependence of one attribute on another. For crops, the main determining variable
was taken to be nitrogen, since its variation among sites resulted from agronomic inputs
that were intended to achieve the target value of dry matter, yield, carbon content, plant
population, and grain number. Linear regressions are presented with slope, intercept,
F-statistic (higher value indicating more of the variation is explained by the regression
model), and probability of significance, p-value. Where appropriate, means for LS and SS
crops were compared by standard difference tests for small samples, giving a p-value [68].

5. Conclusions

The procedure for selecting fields captured a very wide range of soil carbon and
crop production in the region’s commercial agriculture. The measures of C, N, and C:N
ratios enabled a common approach to comparing soils and the contrasting crops, short-
season (SS) barley and long-season (LS) wheat. Fifty years of intensification has resulted in
major trade-offs between soil and crop: sites growing mainly SS crops of low to moderate
intensity, some with grass leys, had higher soil carbon stores (3 to >4%C) than those that
intensified to high-input LS crops (<2 to 3%C). Across the range of soil carbon, crop carbon
acquisition and yield were determined mainly by choice of SS or LS, nitrogen fertiliser,
and related agronomy. Soil had not degraded to the point where it was limiting crop
responses to nitrogen, but further declines should be prevented. The comparison of C:N
ratios in soil and crops illustrated the difficulty in depositing more C and N to soil in
current cropping systems.

Grain yield among crops and sites was determined mainly by grain number per
unit area, the result of variation in head number per unit area (a stronger determinant in
barley), and grain number per head (stronger in wheat). Generally, yield was resource-
limited in that the grain sink was partly unfilled even at high-yielding sites. However, any
increase in yield above the current average would need large increases in available nitrogen.
The cropping systems are now at a crucial point. The main conclusion from the present
work and related studies [33,36,40,64,67] is that conflicts between restoring soil carbon,
minimizing the environmental footprint of nitrogen fertiliser, and maintaining yield or
closing the yield gap are not resolvable in current, highly intensified cereal production
systems. Major transitions to regenerative practices are needed, in particular the inclusion
of more legumes and grass in rotation or as mixtures with cereals.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12142742/s1, Table S1: General characteristics of cropping
systems adapted from previous summaries for this region; Table S2: Spring barley and winter wheat
agronomic data from government survey in Scotland in the year of sampling. Plate S1: Examples
of landscapes and sampled fields at different stages of crop development. Plate S2: Examples to
show the range of crop leaf cover for wheat crops in April. Plate S3: Images of grains at the same
magnification to compare barley and wheat.

Author Contributions: Conceptualisation, G.R.S.; methodology, M.W.Y., G.B. and G.R.S.; farm and
field network, liaison with farmers, G.B.; data curation and software, M.W.Y.; validation, G.R.S.,
M.W.Y. and G.B.; formal analysis, G.R.S., G.B. and M.W.Y.; writing—original draft preparation, G.R.S.;
writing—review and editing, M.W.Y. and G.B.; project administration, G.R.S.; funding acquisition,
G.R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Strategic Research Programme of the Scottish Government’s
Rural and Environmental Science and Analytical Services Division (RESAS).

Data Availability Statement: Original government data used to generate context and regional
summaries are available for download at the following web sites: crop areas and yield [65], fertiliser
application [66], and pesticide [69]. Data derived from field sampling and laboratory processing are
part of the extensive East of Scotland field database and available from M.W.Y. on request.

Acknowledgments: The authors are grateful for assistance from Linda Ford for field work and
laboratory analysis. The study would not be possible without information on previous crops provided
by farmers and without their agreement to access land, take soil and crop samples, and survey field
sites and their surrounds.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bennett, H.H. Facing the Erosion Problem. Science 1935, 81, 321–326. [CrossRef]
2. FAO. Status of the World’s Soil Resources; Food and Agriculture Organisation of the United Nations and Intergovernmental

Technical Panel on Soils: Rome, Italy, 2015.
3. Lal, R. Climate change and soil degradation mitigation by sustainable management of soils and other natural resources. Agric.

Res. 2012, 1, 199–212. [CrossRef]
4. Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schütt, B.; Ferro, V.;

et al. An assessment of the global impact of 21st century land use change on soil erosion. Nat. Commun. 2017, 8, 2013. [CrossRef]
5. Syers, J.K. Managing soils for long term productivity. Philos. Trans. R. Soc. B 1997, 352, 1011–1021. [CrossRef]
6. Doran, J.W. Soil health and global sustainability: Translating science into practice. Agric. Ecosyst. Environ. 2002, 88, 119–127.

[CrossRef]
7. Dlamini, P.; Chivenge, P.; Manson, A.; Chaplot, V. Land degradation impact on soil organic carbon and nitrogen stocks of

sub-tropical humid grasslands in South Africa. Geoderma 2014, 235–236, 372–381. [CrossRef]
8. Owuor, S.O.; Butterbach-Bahl, K.; Guzha, A.C.; Jacobs, S.; Merbold, L.; Rufino, M.C.; Pelster, D.E.; Díaz-Pinés, E.; Breuer, L.

Conversion of natural forest results in a significant degradation of soil hydraulic properties in the highlands of Kenya. Soil Tillage
Res. 2018, 176, 36–44. [CrossRef]

9. Zalidis, G.; Stamatiadis, S.; Takavakoglou, V.; Eskridge, K.; Misopolinos, N. Impacts of agricultural practices on soil and water
quality in the Mediterranean region and proposed assessment methodology. Agric. Ecosyst. Environ. 2002, 88, 137–146. [CrossRef]

10. Kawashima, H.; Bazin, M.J.; Lynch, J.M. A modelling study of world protein supply and nitrogen fertiliser demand in the 21st
century. Environ. Conserv. 1997, 24, 50–56. [CrossRef]

11. Cassman, K.G. Ecological intensification of cereal production systems: Yield potential, soil quality, and precision agriculture. Proc.
Natl. Acad. Sci. USA 1999, 96, 5952–5959. [CrossRef]

12. Keating, B.A.; Herrero, M.; Carberry, P.S.; Gardner, J.; Cole, M.B. Food wedges: Framing the global food demand and supply
challenge towards 2050. Glob. Food Secur. 2014, 3, 125–132. [CrossRef]

13. Meng, Q.; Hou, P.; Wu, L.; Chen, X.; Cui, Z.; Zhang, F. Understanding production potentials and yield gaps in intensive maize
production in China. Field Crops Res. 2013, 143, 91–97. [CrossRef]

14. Sylvester-Bradley, R.; Kindred, D.R. Analysing nitrogen responses of cereals to prioritize routes to the improvement of nitrogen
use efficiency. J. Exp. Bot. 2009, 60, 1939–1951. [CrossRef]

15. Brisson, N.; Gate, P.; Gouache, D.; Charmet, G.; Oury, F.; Huard, F. Why are wheat yields stagnating in Europe? A comprehensive
data analysis for France. Field Crops Res. 2010, 119, 201–212. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12142742/s1
https://www.mdpi.com/article/10.3390/plants12142742/s1
https://doi.org/10.1126/science.81.2101.321
https://doi.org/10.1007/s40003-012-0031-9
https://doi.org/10.1038/s41467-017-02142-7
https://doi.org/10.1098/rstb.1997.0079
https://doi.org/10.1016/S0167-8809(01)00246-8
https://doi.org/10.1016/j.geoderma.2014.07.016
https://doi.org/10.1016/j.still.2017.10.003
https://doi.org/10.1016/S0167-8809(01)00249-3
https://doi.org/10.1017/S037689299700009X
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1016/j.gfs.2014.08.004
https://doi.org/10.1016/j.fcr.2012.09.023
https://doi.org/10.1093/jxb/erp116
https://doi.org/10.1016/j.fcr.2010.07.012


Plants 2023, 12, 2742 17 of 18

16. Calderini, D.F.; Slafer, G.A. Changes in yield and yield stability in wheat during the 20th century. Field Crops Res. 1998, 57,
335–347. [CrossRef]

17. Finger, R. Evidence of slowing yield growth—The example of Swiss cereal yields. Food Policy 2010, 35, 175–182. [CrossRef]
18. Dawe, D.; Dobermann, A.; Moya, P.; Abdulrachman, S.; Singh, B.; Lal, P.; Li, S.Y.; Lin, B.; Panaullah, G.; Sariam, O.; et al. How

widespread are yield declines in long-term rice experiments in Asia? Field Crops Res. 2000, 66, 175–193. [CrossRef]
19. Cui, Z.; Dou, Z.; Chen, X.; Ju, X.; Zhang, F. Managing agricultural nutrients for food security in China: Past, present and future.

Agron. J. 2014, 106, 191–198. [CrossRef]
20. Robertson, G.P.; Vitousek, P.M. Nitrogen in agriculture: Balancing the cost of an essential resource. Annu. Rev. Environ. Resour.

2009, 34, 97–125. [CrossRef]
21. Van Grinsven, J.M.; Holland, M.; Jacobsen, B.H.; Klimont, Z.; Sutton, M.A.; Willems, W.J. Costs and benefits of nitrogen for

Europe and implications for mitigation. Environ. Sci. Technol. 2013, 47, 3571–3579. [CrossRef]
22. Azevedo, L.B.; van Zelm, R.; Leuven, R.S.E.W.; Hendriks, A.J.; Huijbregts, M.A.J. Combined ecological risks of nitrogen and

phosphorus in European freshwaters. Environ. Pollut. 2015, 200, 85–92. [CrossRef]
23. Ascott, M.J.; Gooddy, D.C.; Wang, L.; Stuart, M.E.; Lewis, M.A.; Ward, R.S.; Binley, A.M. Global patterns of nitrate storage in the

vadose zone. Nat. Commun. 2017, 8, 1416. [CrossRef]
24. Sutton, M.A.; Howard, C.M.; Erisman, J.W.; Billen, G.; Bleeker, A.; Grennfelt, P.; van Grinsven, H.; Grizzetti, B. The European

Nitrogen Assessment; Cambridge University Press: Cambridge, UK, 2011.
25. Walling, E.; Vaneeckhaute, C. Greenhouse gas emissions from inorganic and organic fertiliser production and use: A review of

emission factors and their variability. J. Environ. Manag. 2020, 276, 111211. [CrossRef]
26. Robertson, M.J.; Preston, N.P.; Bonnett, G.D. Costs and benefits of food production in contrasting agro-ecological production

systems. In Food Production and Nature Conservation: Conflicts and Solutions; Gordon, I.J., Prins, H.T., Squire, G.R., Eds.; Routledge:
Oxford, UK, 2017; pp. 155–172.

27. Squire, G.R. Limits to crop production. In Food Production and Nature Conservation: Conflicts and Solutions; Gordon, I.J., Prins, H.T.,
Squire, G.R., Eds.; Routledge: Oxford, UK, 2017; pp. 41–67.

28. Lobell, D.B.; Cassmann, K.G.; Field, C.B. Crop yield gaps: Their importance, magnitude and causes. Annu. Rev. Environ. Resour.
2009, 34, 179–204. [CrossRef]

29. Mueller, N.D.; Gerber, J.S.; Johnston, M.; Ray, D.K.; Ramankutty, N.; Foley, J.A. Closing yield gaps through nutrient and water
management. Nature 2012, 490, 254–257. [CrossRef]

30. van Ittersum, M.K.; Cassman, K.G.; Grassini, P.; Wolf, J.; Tittonell, P.; Hochman, Z. Yield gap analysis with local to global
relevance—A review. Field Crops Res. 2013, 143, 4–17. [CrossRef]

31. Tittonell, P.; Giller, K.E. When yield gaps are poverty traps: The paradigm of ecological intensification in African smallholder
agriculture. Field Crops Res. 2013, 143, 76–90. [CrossRef]

32. Neumann, K.; Verburg, P.H.; Stehfest, E.; Muller, C. The yield gap of global grain production: A spatial analysis. Agric. Syst. 2010,
103, 316–326. [CrossRef]

33. Squire, G.R. Defining sustainable limits during and after intensification in a maritime agricultural ecosystem. Ecosyst. Health
Sustain. 2017, 3, 1368873. [CrossRef]

34. Lilly, A.; Baggaley, N.J.; Edwards, A.C. Changes in the carbon concentrations and other soil properties of some Scottish agricultural
soils: Evidence from a res-sampling campaign. Soil Use Manag. 2019, 36, 299–307. [CrossRef]

35. Dobbie, K.E.; Bruneau, P.M.C.; Towers, W. (Eds.) The State of Scotland’s Soil; Natural Scotland: Edinburgh, UK, 2011; Available
online: https://www.sepa.org.uk/media/138741/state-of-soil-report-final.pdf (accessed on 10 June 2023).

36. Valentine, T.A.; Hallett, P.D.; Binnie, K.; Young, M.W.; Squire, G.R.; Hawes, C.; Bengough, A.G. Soil strength and macropore
volume limit root elongation rates in many UK agricultural soils. Ann. Bot. 2012, 110, 259–270. [CrossRef]

37. Hawes, C.; Squire, G.R.; Hallett, P.D.; Watson, C.A.; Young, M. Arable plant communities as indicators of farming practice. Agric.
Ecosyst Environ. 2010, 138, 17–26. [CrossRef]

38. Benaud, P.; Anderson, K.; Evans, M.; Farrow, L.; Glendell, M.; James, M.R.; Quine, T.A.; Quinton, J.N.; Rawlins, B.; Rickson, R.J.;
et al. National-scale geodata describe widespread accelerated soil erosion. Geoderma 2020, 371, 114378. [CrossRef]

39. Ferrier, R.C.; Edwards, A.V.; Hirst, D.; Littlewood, I.G.; Watts, C.D.; Morris, R. Water Quality of Scottish Rivers: Spatial and
Temporal Trends. Sci. Total Environ. 2001, 265, 327–342. [CrossRef]

40. Squire, G.R.; Young, M.W.; Hawes, C. Agroecological management and increased grain legume area needed to meet nitrogen
reduction targets for greenhouse gas emissions. Nitrogen 2022, 3, 539–554. [CrossRef]

41. Fenton, A. The Food of the Scots; Compendium of Scottish Ethnology; John Donald: Edinburgh, UK, 2007; Volume 5.
42. Gregory, P.J.; McGowan, M.; Biscoe, P.V.; Hunter, B. Water relations of winter wheat. 1. Growth of the root system. J. Agric. Sci.

1978, 91, 91–102. [CrossRef]
43. Reynolds, M.; Foulkes, M.J.; Slafer, G.A.; Berry, P.; Parry, M.J.; Snape, J.W.; Angus, W.J. Raising yield potential in wheat. J. Exp.

Bot. 2009, 60, 1899–1918. [CrossRef] [PubMed]
44. Bingham, I.J.; Karley, A.J.; White, P.J.; Thomas, W.T.B.; Russell, J.R. Analysis of improvements in nitrogen use efficiency associated

with 75 years of spring barley breeding. Eur. J. Agron. 2012, 42, 49–58. [CrossRef]
45. Grandy, A.S.; Robertson, G.P. Land-Use Intensity Effects on Soil Organic Carbon Accumulation Rates and Mechanisms. Ecosystems

2007, 10, 58–73. [CrossRef]

https://doi.org/10.1016/S0378-4290(98)00080-X
https://doi.org/10.1016/j.foodpol.2009.11.004
https://doi.org/10.1016/S0378-4290(00)00075-7
https://doi.org/10.2134/agronj2013.0381
https://doi.org/10.1146/annurev.environ.032108.105046
https://doi.org/10.1021/es303804g
https://doi.org/10.1016/j.envpol.2015.02.011
https://doi.org/10.1038/s41467-017-01321-w
https://doi.org/10.1016/j.jenvman.2020.111211
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1038/nature11420
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1016/j.fcr.2012.10.007
https://doi.org/10.1016/j.agsy.2010.02.004
https://doi.org/10.1080/20964129.2017.1368873
https://doi.org/10.1111/sum.12562
https://www.sepa.org.uk/media/138741/state-of-soil-report-final.pdf
https://doi.org/10.1093/aob/mcs118
https://doi.org/10.1016/j.agee.2010.03.010
https://doi.org/10.1016/j.geoderma.2020.114378
https://doi.org/10.1016/S0048-9697(00)00674-4
https://doi.org/10.3390/nitrogen3030035
https://doi.org/10.1017/S0021859600056653
https://doi.org/10.1093/jxb/erp016
https://www.ncbi.nlm.nih.gov/pubmed/19363203
https://doi.org/10.1016/j.eja.2011.10.003
https://doi.org/10.1007/s10021-006-9010-y


Plants 2023, 12, 2742 18 of 18

46. Blair, N.; Faulkner, R.D.; Till, A.R.; Crocker, G.J. Long-term management impacts on soil C, N and physical fertility: Part III:
Tamworth crop rotation experiment. Soil Tillage Res. 2006, 91, 48–56. [CrossRef]

47. Soussana, J.-F.; Loiseau, P.; Vuichard, N.; Ceschia, E.; Balesdent, J.; Chevallier, T.; Arrouays, D. Carbon cycling and sequestration
opportunities in temperate grasslands. Soil Use Manag. 2004, 20, 219–230. [CrossRef]

48. Lugato, E.; Bampa, F.; Panagos, P.; Montanarella, L.; Jones, A. Potential carbon sequestration of European arable soils estimated
by modelling a comprehensive set of management practices. Glob. Chang. Biol. 2015, 20, 3557–3567. [CrossRef]

49. Valkama, E.; Kunypiyaeva, G.; Zhapayev, R.; Karabayev, M.; Zhusupbekov, E.; Perego, A.; Schillaci, C.; Sacco, D.; Moretti, B.;
Grignani, C.; et al. Can conservation agriculture increase soil carbon sequestration? A modelling approach. Geoderma 2020,
369, 114298. [CrossRef]

50. Rahmati, M.; Eskandari, I.; Kouselou, M.; Feiziasl, V.; Mahdavinia, G.R.; Aliasgharzad, N.; McKenzie, B.M. Changes in soil
organic carbon fractions and residence time five years after implementing conventional and conservation tillage practices. Soil
Tillage Res. 2020, 200, 104632. [CrossRef]

51. Rees, R.M.; Bingham, I.J.; Baddeley, J.A.; Watson, C.A. The role of plants and land management in sequestering soil carbon in
temperate arable and grassland ecosystems. Geoderma 2005, 128, 130–154. [CrossRef]

52. Newton, A.C.; Guy, D.C. Assessing effects of crop history and soil amendments on yields of subsequent crops. Agric. Sci. 2020,
11, 100495. [CrossRef]

53. Leip, A.; Weiss, F.; Lesschen, J.P.; Westhoek, H. The nitrogen footprint of food products in the European Union. J. Agric. Sci. 2014,
152, S20–S33. [CrossRef]

54. Norton, J.; Ouyang, Y. Controls and adaptive management of nitrification in agricultural soils. Front. Microbiol. 2019, 10, 3389.
[CrossRef]

55. Subbarao, G.V.; Rao, I.M.; Nakahara, K.; Sahrawat, K.L.; Ando, Y.; Kawashima, T. Potential for biological nitrification inhibition to
reduce nitrification and N20 emissions in pasture crop-livestock systems. Animal 2013, 7, 322–332. [CrossRef]

56. Whetton, R.L.; Harty, M.A.; Holden, N.M. Communicating Nitrogen Loss Mechanisms for Improving Nitrogen Use Efficiency
Management, Focused on Global Wheat. Nitrogen 2022, 3, 213–246. [CrossRef]

57. Stagnari, F.; Maggio, A.; Galiena, A.; Pisante, M. Multiple benefits of legumes for agricultural sustainability: An overview. Chem.
Biol. Technol. Agric. 2017, 4, 2. [CrossRef]

58. Maluk, M.; Ferrando Molina, F.; Lopez del Egido, L.; Langarica Fuentes, A.; Yohannes, G.G.; Young, M.W.; Martin, P.; Gantlett, R.;
Kenicer, G.; Hawes, C.; et al. Fields with no recent legume cultivation have sufficient nitrogen fixing rhizobia for crops of faba
bean (Vicia faba L.). Plant Soil 2022, 472, 345–368. [CrossRef]

59. Lynch, J.P.; Doyle, D.; McAuley, S.; McHardy, F.; Danneels, Q.; Black, L.C.; White, E.M.; Spink, J. The impact of variation in grain
number and individual grain weight on winter wheat yield in the high yield potential environment of Ireland. Eur. J. Agron. 2017,
87, 40–49. [CrossRef]

60. Florence, A.; Ennos, R.A.; Hoad, S.P.; Hoebe, P.N. Variation in light interception traits in European spring barley landraces. Field
Crops Res. 2019, 21, 107549. [CrossRef]

61. Foulkes, M.J.; Hawkesford, M.J.; Barraclough, P.B.; Holdsworth, M.J.; Kerr, S.; Kightley, S.; Shewry, P.R. Identifying traits to
improve the nitrogen economy of wheat: Recent advances and future prospects. Field Crops Res. 2009, 114, 329–342. [CrossRef]

62. Nourish Scotland: A Charity Focusing on Food Policy and Practice. Available online: https://www.nourishscotland.org/
(accessed on 10 June 2023).

63. Gu, B.; van Grinsven, H.J.; Lam, S.K.; Oenema, O.; Sutton, M.A.; Mosier, A.; Chen, D. A credit system to solve agricultural
nitrogen pollution. Innovation 2021, 2, 100079. [CrossRef]

64. Squire, G.R.; Quesada, N.; Begg, G.S.; Iannetta, P.P.M. Transitions to a greater legume inclusion in cropland: Defining opportunities
and estimating benefits for the nitrogen economy. Food Energy Secur. 2019, 8, e00175. [CrossRef]

65. Economic Report on Scottish Agriculture 2020, and All Previous Annual Reports in This Series, Edinburgh, Scottish Government.
Available online: https://www.gov.scot/collections/economic-report-on-scottish-agriculture/ (accessed on 1 June 2023).

66. Fertiliser Practice. British Survey of Fertiliser Practice 2020 (and All Previous Yearbooks). Available online: https://www.gov.uk/
government/statistics/british-survey-of-fertiliser-practice-2020 (accessed on 10 June 2023).

67. Squire, G.R.; Young, M.; Ford, L.; Banks, G.; Hawes, C. Defining targets for reversing declines of soil carbon in high-intensity
arable cropping. Agronomy 2020, 10, 973. [CrossRef]

68. Bailey, N.T.J. Statistical Methods in Biology, 3rd ed.; Online Publication; Cambridge University Press: Cambridge, UK, 2012.
[CrossRef]

69. Mony, C.; Reay, G.; Wardlaw, J. Pesticide Usage in Scotland: Arable Crops 2014. Science and Advice for Scottish Agriculture,
Edinburgh UK. 2014. Available online: https://www.sasa.gov.uk/document-library/arable-crops-and-potato-stores-2014
(accessed on 10 June 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.still.2005.11.003
https://doi.org/10.1079/SUM2003234
https://doi.org/10.1111/gcb.12551
https://doi.org/10.1016/j.geoderma.2020.114298
https://doi.org/10.1016/j.still.2020.104632
https://doi.org/10.1016/j.geoderma.2004.12.020
https://doi.org/10.4236/as.2020.115032
https://doi.org/10.1017/S0021859613000786
https://doi.org/10.3389/fmicb.2019.01931
https://doi.org/10.1017/S1751731113000761
https://doi.org/10.3390/nitrogen3020016
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1007/s11104-021-05246-8
https://doi.org/10.1016/j.eja.2017.05.001
https://doi.org/10.1016/j.fcr.2019.06.006
https://doi.org/10.1016/j.fcr.2009.09.005
https://www.nourishscotland.org/
https://doi.org/10.1016/j.xinn.2021.100079
https://doi.org/10.1002/fes3.175
https://www.gov.scot/collections/economic-report-on-scottish-agriculture/
https://www.gov.uk/government/statistics/british-survey-of-fertiliser-practice-2020
https://www.gov.uk/government/statistics/british-survey-of-fertiliser-practice-2020
https://doi.org/10.3390/agronomy10070973
https://doi.org/10.1017/CBO9781139170840
https://www.sasa.gov.uk/document-library/arable-crops-and-potato-stores-2014

	Introduction 
	Results 
	Soil Carbon and Nitrogen 
	Crop Carbon and Nitrogen 
	Crop C and N as a Percentage of Soil C and N 
	Variation and Limitation in Yield 
	Estimation of Yield Potential from the Reproductive Sink 

	Discussion 
	Regenerating Soil and Reducing the Nitrogen Footprint 
	Managing the Yield Gap 

	Materials and Methods 
	Study Region and Crops 
	Crop Sequence and Nitrogen Inputs 
	Sampling and Processing Soil and Plants 

	Conclusions 
	References

