
agronomy

Article

Modelling the Interactions of Soils, Climate, and Management
for Grass Production in England and Wales

Michail L. Giannitsopoulos 1,* , Paul J. Burgess 1 , Goetz M. Richter 2 , Matt J. Bell 3 ,
Cairistiona F. E. Topp 4 , Julie Ingram 5 and Taro Takahashi 6,7

����������
�������

Citation: Giannitsopoulos, M.L.;

Burgess, P.J.; Richter, G.M.; Bell, M.J.;

Topp, C.F.E.; Ingram, J.; Takahashi, T.

Modelling the Interactions of Soils,

Climate, and Management for Grass

Production in England and Wales.

Agronomy 2021, 11, 677. https://

doi.org/10.3390/agronomy11040677

Academic Editor: Danilo Scordia

Received: 13 February 2021

Accepted: 30 March 2021

Published: 2 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Soil and Agrifood Institute, Cranfield University, Cranfield, Bedfordshire MK43 0AL, UK;
p.burgess@cranfield.ac.uk

2 Rothamsted Research, Sustainable Agriculture Sciences, Harpenden AL5 2JQ, UK;
goetz.richter@rothamsted.ac.uk

3 Agriculture Department, Hartpury University, Gloucester GL19 3BE, UK; matt.bell@hartpury.ac.uk
4 SRUC, Peter Wilson Building, West Mains Rd, Edinburgh EH9 3JG, UK; kairsty.topp@sruc.ac.uk
5 Countryside & Community Research Institute, University of Gloucestershire, Gloucestershire GL50 4AZ, UK;

jingram@glos.ac.uk
6 Rothamsted Research, Sustainable Agriculture Sciences, North Wyke, Okehampton EX20 2SB, UK;

taro.takahashi@rothamsted.ac.uk
7 Bristol Veterinary School, Cabot Institute for the Environment, University of Bristol, Langford House,

Langford, Somerset BS40 5DU, UK
* Correspondence: m.giannitsopoulos@cranfield.ac.uk

Abstract: This study examines the effectiveness of a model called LINGRA-N-Plus to simulate
the interaction of climate, soil and management on the green leaf and total dry matter yields of
ryegrass in England and Wales. The LINGRA-N-Plus model includes modifications of the LINGRA-N
model such as temperature- and moisture-dependent soil nitrogen mineralization and differential
partitioning to leaves and stems with thermal time from the last harvest. The resulting model was
calibrated against the green leaf and total grass yields from a harvest interval x nitrogen application
experiment described by Wilman et al. (1976). When the LINGRA-N-Plus model was validated
against total grass yields from nitrogen experiments at ten sites described by Morrison et al. (1980), its
modelling efficiency improved greatly compared to the original LINGRA-N. High predicted yields,
at zero nitrogen application, were related to soils with a high initial nitrogen content. The lowest
predicted yields occurred at sites with low rainfall and shallow rooting depth; mitigating the effect of
drought at such sites increased yields by up to 4 t ha−1. The results highlight the usefulness of grass
models, such as LINGRA-N-Plus, to explore the combined effects of climate, soil, and management,
like nitrogen application, and harvest intervals on grass productivity.

Keywords: LINGRA; nitrogen; soil moisture deficit; soil organic matter; water stress

1. Introduction

Grasslands in England and Wales are used to feed dairy cows, beef cattle, and sheep
and effective grass management is a key determinant of farm income on most livestock
farms. Grasslands also provide environmental benefits such as carbon storage, biodiversity
maintenance and erosion control [1–3]. In the context of climate change, there is a need to
determine the efficacy of adaptation strategies to increase the productivity and resilience of
grass production, while also enhancing the essential ecosystem services they provide [4–6].

Based on modelled predictions, grassland productivity could be enhanced under fu-
ture climate, i.e., rising temperatures and potentially longer cropping seasons [7]. However,
reduced soil water availability in summer may also limit the growing season [8], reducing
forage productivity and increasing the variability of yield [9]. In the short-term in England
and Wales, Rounsevell et al. [10] predicted that climate change was unlikely to have a
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negative impact on grasslands, although, across Europe, the impact of climate change is
likely to vary significantly between regions [11,12].

Soil characteristics, such as soil type, depth, and texture, can affect grass production
as they modify the level of soil water storage, nutrient retention, and soil organic matter
content [13]. Research at Hurley in Southern England showed that perennial ryegrass could
use soil water to a depth of about 90 cm [14]. Soils with high soil water storage capacity
can moderate the effect of drought stress, with the exact effect dependent on site-specific
climate and topography [15]. Soil moisture can also affect the level of microbial biomass
and activity [8].

Two major management decisions that determine the capacity of grass to achieve its
pedo-climatic production potential are the cutting or grazing intensity and nutrient addi-
tion. The frequency of grass harvests affects both the yield and partitioning of harvested
green leaf and total dry mass. With long harvest intervals, the yield of green leaf tends to
decrease, whilst total dry matter yields tend to increase reaching a plateau [16–18]. The fre-
quency of cutting also affects leaf area, changing soil water extraction, with more frequent
cuts progressively reducing regrowth, and severe defoliation reducing or temporally stop-
ping root growth [19,20]. Thus, frequent cutting or over-grazing will eventually degrade
the soil, reducing its organic matter content and thereby the water and nutrient availability.

The second major management decision affecting yield is the availability of nutrients.
Grass is generally very responsive to nitrogen (N) application as it increases the number of
leaf primordia, leaf extension rate and the number of green leaves harvested per tiller [21].

In consideration of the above challenges, reliable quantitative methods are needed
to predict grass growth and yield at the field- and farm-level [22]. Process-based plant
growth models are important tools in agricultural and environmental research to predict
local responses in time and space, and to assess the interactions of climate, soil, and agri-
cultural practices with crop development and growth [23–25]. The algorithms used in
the grass models typically include the best working assumptions of how the physiology
and ecology of swards respond to environmental variables such as temperature, water
and nitrogen availability, and carbon dioxide concentration in the atmosphere. Many
of the available models are based on the LINGRA (LINTUL-GRASS) model, developed
in the Netherlands [26,27]. A subsequent version of the model, LINGRA-N, was devel-
oped to describe the growth and development of perennial ryegrass under N-limited
growing conditions [28].

Hence, the objectives of this study are (1) to develop and calibrate the LINGRA-N
model in relation to an existing nitrogen x harvest interval study in Wales, (2) to validate the
resulting model using historic grassland experiments from a range of sites in England and
Wales, and (3) to demonstrate the difference in grass yields across a range of N availabilities
and pedo-climatic conditions. We will discuss our results in the context of optimizing
sustainable grassland management for different pedo-climatic conditions.

2. Methodology
2.1. Model Development and Calibration

The first stage was to create a working version of the LINGRA-N model in Microsoft
Excel. Initial analyses were undertaken which demonstrated that our initial version of
LINGRA-N gave similar results to those derived from the original version of the model pro-
duced by Wolf [28]. Starting from this basis, an updated model, called LINGRA-N-Plus [29],
was developed and calibrated using the results from a nitrogen application x harvest-
interval experiment on perennial ryegrass (Lolium perenne) described by Wilman et al. [17].
The experiment examined harvest intervals ranging from 21 to 70 days (Appendix A—
Table A1) and nitrogen application rates of 0, 262 and 525 kg N ha−1 at Aberystwyth in
Wales in terms of their effect on the yields of green leaf, stem, inflorescence, and total
dry matter. In developing and calibrating the model, three major changes were made:
(1) a change in the calculation of nitrogen availability, (2) a thermal time approach was
used to describe grass development, and (3) changes in the assumptions regarding the
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proportion of stems and dead leaves removed at each harvest. These modifications are
briefly described in turn.

2.1.1. Soil Nitrogen Availability

The original LINGRA-N model [28] assumed that in the soil, a proportion of decom-
posable N compounds became available to the grass crop each day. Available N for the
crop could come from the total soil mineral N available at the start of growing period
(Nmins) and from fertilizer application, and it was assumed that 70% of applied N could
be recovered from the soil. In the LINGRA-N-Plus model, two additional sources were
included, nitrogen from recalcitrant plant material (Nrpm) and nitrogen from decomposable
plant material (Ndpm) [30]. The assumption in LINGRA-N-Plus is that the net mineral-
ization of organic N (Nmin) is calculated by the first order kinetics using the two pools of
mineralisable nitrogen, Ndpm and Nrpm, where T is the soil temperature (Equation (1)).

Nmin(t) = Nmin(t−1) + 0.70 Nfert + Nrpm ∗
[
1 − exp

(
−krpm (T)

)
t

]
+ Ndpm ∗

[
1 − exp

(
−kdpm (T)

)
t

]
(1)

The rate constants (krpm, kdpm) in Equation (1) can be determined from the soil tempera-
ture (T; ◦C), the actual moisture content (θ), and the moisture contents at permanent wilting
point (θPWP) and field capacity (θFC) according to the Arrhenius relationship (Equations (2)
and (3); [30,31]).

krpm(T) = 4.0 ∗ 109 ∗ exp
(
− 8400

T + 273

)
∗ (θ − θPWP)

θFC
(2)

kdpm(T) = 5.6 ∗ 1012 ∗ exp
(
− 9800

T + 273

)
∗ (θ – θPWP)

θFC
(3)

The amount of total soil N (kg ha−1) per site, was calculated from the percentage of N
in the top 20 cm of soil, assuming a bulk density of 1.2 g cm−3. The nitrogen in recalcitrant
plant materials (Nrpm) was assumed to comprise 2% of the total soil N [32,33], which in turn
was derived from a reported measurement [34], while the nitrogen in decomposable plant
materials (Ndpm) was assumed to be dependent on the previous land use, being 20 kg ha−1

for previously arable land and 40 kg ha−1 for previously permanent grassland sites [35].
The experiment described by Wilman et al. [17] was a recently cultivated grassland on a
gley soil, so the N content is likely to have been high [36].

2.1.2. Thermal Time Functions for Above-Ground Partitioning

The original LINGRA-N model assumed that a constant proportion of the above-
ground dry matter was partitioned to green leaves. In order for the LINGRA-N model
to describe the decline in green leaf yields with increasing harvest intervals (HI; days),
we included a dynamic function to describe the changing partitioning of above-ground
biomass with time after each harvest. A thermal time approach was used that assumed
variable allocations to green leaves, stem, and inflorescences based on the BBCH scale for
grasses [37] (Appendix A—Table A2). The calibrated model assumes that until it reached
the tillering to stem elongation stage (BBCH 21–30), the grass would partition 90% of
the above-ground biomass to green leaves and 10% to stems. By contrast, between grain
filling and maturity (BBCH 65–90), the grass would partition 5% to leaf, 80% to stem, and
15% to seeds. Unlike the original LINGRA-N model, within the LINGRA-N-Plus, it was
assumed that the development of the grass was reset to tillering (BBCH 21) immediately
after harvest.

2.1.3. Composition of the Harvested Yield

The results from Wilman et al. [17] demonstrate that a proportion of the total harvested
biomass comprises stems and dead leaves, and that the proportion of dead leaves increased
with the time from the last harvest. In the final calibration of LINGRA-N-Plus, for each cut,
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we assumed that the same proportion of the standing stem and green leaf was harvested.
We also assumed that the amount of dead leaf (expressed as a proportion of the total
weight of green leaves and stems) was equal to 0.0035*(HI—21). It was assumed that when
the harvest interval was greater than 70 days, the proportion of dead leaf remained at
0.1715. Implementing the above changes, the results from the LINGRA-N-Plus model were
compared to the yield measurements reported by Wilman et al. [17].

2.2. Validation of LINGRA-N-Plus

The calibrated model, called LINGRA-N-Plus, was validated using the National Grass-
land Manuring Trial GM20 for a late flowering perennial ryegrass [34], which investigated
the response of ryegrass to N application rates of 0, 150, 300, 450, 600, and 750 kg N ha−1, at
a 28-day cutting interval from May to September or October (Appendix A—Table A3). The
yields were measured in terms of total dry matter. For the validation, only N applications
up to 450 kg N ha−1 were considered (Appendix A—Table A4).

The selected validation sites covered 10 locations across England and Wales (Figure 1).
The level of drought stress experienced by the grass at each site is a function of the climate
and soil conditions. Rainfall across the 10 sites in 1973 ranged from 408 mm at Cambridge
in Eastern England to 869 mm at Newton Abbot in South-West England (Table 1). The
soil texture across the 10 sites ranged from sandy loam to clay loam (Table 2) and the clay
contents ranged from 10% at Newton Abbot to 53% at Winchester (Table 3). The rooting
depths ranged from 45 cm at High Mowthorpe to 100 cm at six of the sites, and the available
water capacity (AWC) within the rooting depth ranged from 24 to 188 mm (Table 1).

Figure 1. Grassland yield data for calibration were derived from Aberystwyth (Site 1; [17]) and
validation data from 10 other sites in England [34].

The AWC at each site was derived from the soil water release curves (water contents at
saturation, field capacity, and permanent wilting point; Appendix A—Table A5). The plant
AWC of the profile was assumed to be the sum of soil moisture between field capacity and
permanent wilting point accumulated across the horizons accessible to roots. The sites were
also characterized in terms of a Drought Stress Index (DSI) [38], defined as the outcome
of subtracting the AWC from the potential soil moisture deficit (PSMD; Equation (4)) [39],
with positive values indicating “droughty” conditions. If the sum was negative, the site
was categorized as “non-droughty” and the DSI was assumed to be zero.

PSMD[i] = PSMD[i−1] + ET[i] − R[i] (4)
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where ET[i] and R[i] refer to crop evapotranspiration and rainfall amount for the particular
day [i], respectively.

Table 1. Annual rainfall, mean annual temperature, and total annual solar radiation for the calibration site of Aberystwyth
in 1973, and for the 10 validation sites in 1972 and 1973, the rooting depth, the available water capacity (AWC), the annual
maximum potential soil moisture deficit (PSMD), and a Drought Stress Index (DSI).

Site

Total
Rainfall

(mm)

Mean
Temperature

(◦C)

Total
Radiation
(GJ m−2)

Rooting
Depth
(cm)

AWC

(mm)

Max
PSMD
(mm)

DSI

(mm)

1972 1973 1972 1973 1972 1973 1972 1973 1972 1973

Aberystwyth - 1055 - 9.8 - 3.16 125 160 - 74 - 0
Morpeth 577 522 8.0 8.4 2.78 2.87 100 140 125 87 0 0
High Mowthorpe 633 613 7.8 8.2 2.87 2.93 45 81 120 75 39 0
Leeds 544 505 8.8 9.2 2.81 3.26 100 188 107 116 0 0
Cambridge 419 408 9.6 9.9 3.24 3.51 60 24 220 217 196 193
Newton Abbot 1341 869 9.9 10.4 3.42 3.42 100 128 91 73 0 0
Oxford 576 495 9.9 10.2 3.01 3.42 100 180 225 202 45 22
Hurley 596 548 9.5 9.7 3.33 3.28 60 60 226 141 166 81
Ashford 717 583 9.1 9.6 3.29 3.54 90 115 170 209 55 94
Stratford 593 482 9.1 9.5 3.47 3.54 100 160 75 54 0 0
Winchester 813 546 9.4 10.3 3.22 3.54 100 160 150 52 0 0

AWC: Available water capacity at the start of the year; PSMD: Potential soil moisture deficit; DSI: Drought stress index = PSMD-AWC; if
—AWC < 0, then the stress index was assumed to be zero.

The level of recalcitrant plant material N ranged from 86 to 163 kg N ha−1 (Table 2).
For most sites, Morrison et al. [34] provided values of the total soil N content (Table 2).
If data, were not available, then other references were used. For example, the soil at
Morpeth in Northeast England, belongs to the Dunkeswick Series which is classified as a
“gley” [40,41]. The LINGRA-N-Plus model also includes a total mineral soil N available
at start of growth period (Nmins), which was assumed to be 75 kg ha−1 for the permanent
grassland sites (Aberystwyth and Morpeth) and zero for the arable and ley-arable sites.
The above values compare to a calculated mean annual contribution of N from the soil of
60 kg ha−1 reported by Morrison et al. [34].

Table 2. The soil series, texture, previous cropping, total nitrogen (N) content in the top 20 cm of soil, and the assumed level
of recalcitrant plant material nitrogen (Nrpm) at the calibration site in Aberystwyth and 10 validation sites.

Site Series Soil Texture Previous Crop *
Total Soil N Nrpm

(kg ha−1) (kg ha−1)

Aberystwyth Conway # Silt PG 8160 163
Morpeth Dunkeswick Sandy loam over silt loam PG 7920 163
H. Mowthorpe Andover Silt to silty clay AR, PR 8400 158
Leeds Aberford Clay loam over clay AR 4800 96
Cambridge Landbeach Sandy loam over sandy clay loam AR 6960 139
N. Abbot HighWeek Silt Ley, AR 8160 163
Oxford Thames Loam AR 6960 139
Hurley Frilsham Sandy loam AR 4320 86
Ashford Thorne Silt loam AR 5520 110
Stratford Evesham Clay loam Ley, AR 8160 163
Winchester Winchester Clay loam AR 6240 125

# [41]; * PG: Permanent grassland; AR: Arable; PR: Perennial ryegrass.

Using the above information, the LINGRA-N-Plus model was used to predict the total
dry matter yield at each of the 10 validation sites. Statistical analysis was carried out using
R [42]. Linear regression was described using the R2, root mean square error (RMSE), and
modelling efficiency (EF). EF provides a comparison of the efficiency of the chosen model
to the efficiency of describing the data as the mean of the observations [43]. Values for EF
can be positive or negative with a maximum value of 1. A positive value indicates that
the simulated values describe the trend in the measured data better than the mean of the
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observations. Smaller and negative values indicate that the simulated values describe the
data less well compared to the mean of the observations.

2.3. Analysis of Soil and Climate Factors

The last part of analysis comprised an analysis of the effects of climate and soil factors,
water, and N availability, on the predicted yields. The sites were grouped according to
the value of soil organic carbon (SOC) divided by the clay content, which is a potential
index of soil health [44,45]. The values for SOC were derived from soil organic matter
(SOM) values reported by Morrison et al. [34] (Table 3). As no SOM content was reported
for Morpeth, we assumed a mean of 10.5%, the mid-point of typical SOM contents for the
Dunkeswick series [40]. A SOM content of 10.5% was assumed for the gley soil (Conway
series) at the Aberystwyth site [17,41]. This study used the same classes for the SOC/clay
values as Prout et al. [45], with values >0.12, 0.12–0.10, 0.10–0.07 and <0.07 representing
the boundaries between ”very good”, “good”, “moderate” and “degraded” levels of a soil
structural condition/soil health.

Table 3. The soil organic matter (SOM), Total nitrogen (%), the resulting C:N ratio, the proportion clay, SOC/clay and its
designation for the calibration site in Aberystwyth and 10 validation sites.

Site
SOM Total N C:N * Clay + SOC/Clay * SOC/Clay

Designation

(%) (%) (%)

Aberystwyth 10.5 0.34 18.0 31 0.20 Very good
Morpeth 10.5 0.33 18.5 24 0.25 Very good
H. Mowthorpe 6.2 0.35 10.3 41 0.09 Moderate
Leeds 3.2 0.20 9.3 25 0.07 Moderate
Cambridge 4.5 0.29 9.0 12 0.22 Very good
N. Abbot 5.6 0.34 9.6 10 0.33 Very good
Oxford 4.8 0.29 9.6 52 0.05 Degraded
Hurley 2.6 0.18 8.4 26 0.06 Degraded
Ashford 3.7 0.24 9.0 14 0.15 Very good
Stratford 5.9 0.34 10.1 52 0.06 Degraded
Winchester 3.9 0.26 8.7 53 0.04 Degraded

* Based on a SOM to SOC conversion factor of 1.72. + Derived as the average value per soil series across soil profile—[41]”.

3. Results
3.1. Development and Calibration of the Model

Using the weather and soil conditions at Aberystwyth, the LINGRA-N-Plus model
predicted that the maximum green leaf yield occurred at cutting intervals of 21 and
28 days, and a maximum dry matter yield at an interval of 70 days (Figure 2; Appendix A—
Table A6), matching the experimental evidence [17]. With no N application, at a harvest
interval of 21 days, the predicted and observed total dry biomass yields were 4.66 t ha−1

and 4.73 t ha−1, respectively.
The corresponding predicted and observed total dry biomass yields with 262 kg N ha−1

were 10.20 t ha−1 and 9.36 t ha−1 and the change in total dry matter yield and green leaf
yield with increasing HI was well described by the model (Figure 2). At a nitrogen applica-
tion of 525 kg N ha−1, the predicted and actual yields of 10.30 t ha−1 and 10.85 t ha−1 were
also similar.



Agronomy 2021, 11, 677 7 of 21

Figure 2. Effect of harvest interval (March to October) on the green leaf (green highlighted) and total dry biomass (blue
highlighted) yields at Aberystwyth as observed by Wilman et al. [17] (data points) and predicted by LINGRA-N-Plus
(solid lines).

Overall a correlation of 94% was obtained between the observed and the predicted
green leaf and total yields modelled using LINGRA-N-Plus at applications of 0, 262 and
525 kg N ha−1 (Figure 3).

Figure 3. Linear regression analysis of predicted and observed dry matter yields of green leaf (#)
and total dry matter (4) from Wilman et al.’s [17] experiment at Aberystwyth. Dashed line: 1:1;
RMSE: Root Mean Square Error; EF: Modelling efficiency.

3.2. Validation of the LINGRA-N-Plus Model (Morrison Experimental Data)

Overall, the LINGRA-N-Plus model predicted similar yields to those reported by
Morrison et al. [34] (Appendix A—Table A7). The level of correlation (R2) between the
predicted and actual results was 77% in 1972 and 84% in 1973 (Figure 4). The root mean
square error (RMSE) was 2.45 t ha−1 in 1972 and 1.98 t ha−1 in 1973. The modelling
efficiency (EF) ranged from 0.58 in 1972 to 0.65 in 1973 (Figure 4).
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Figure 4. Linear regression analysis of the predicted yields using the LINGRA-N-Plus model with
observed yields from Morrison et al.’s [34] experiment (Dashed line: 1:1; RMSE: root mean square
error; EF: Modelling efficiency).

A feature of the results reported by Morrison et al. [34] is high yields at zero nitrogen
application for the site at Morpeth of 7.1 t ha−1 in 1972 and 8.0 t ha−1 in 1973. For this
situation, the LINGRA-N-Plus predicted 5.5 and 5.9 t ha−1, respectively (Appendix A—
Table A7). Like the calibration at Aberystwyth, Morpeth had been a permanent grassland
site with high SOM content, and hence a high initial soil mineral nitrogen of 75 kg N ha−1

was assumed.

3.3. Comparison of the Results from LINGRA with Those from LINGRA-N-Plus

Comparing the yields simulated using LINGRA-N and LINGRA-N-Plus, showed
that for the calibration data set [17] the model improvement was considerable (R2 of 94%
compared to 74% using LINGRA-N; Table 4). The RMSE with LINGRA-N of 2.22 t ha−1

was reduced to 1.08 t ha−1 with LINGRA-N-Plus. The EF increased from 0.67 to 0.92. When
comparing the linear regression results for LINGRA-N and LINGRA-N-Plus, it is evident
that the original LINGRA-N model was unable to accurately predict the yields described
in the Morrison experimental data, resulting in negative modelling efficiency (EF) and a
very high RMSE (3.21–3.91 t ha−1; Table 4).

Table 4. Linear regression summary for LINGRA-N and LINGRA-N-Plus against the observed green leaf and total dry
matter yields (t ha−1) at Aberystwyth in 1973 [17] and against total dry matter yields (t ha−1) for the Morrison et al. [34]
dataset in 1972 and 1973.

Descriptive
Statistics

1973 1972

Wilman et al. Morrison et al. Morrison et al.

LINGRA-N-Plus LINGRA-N LINGRA-N-Plus LINGRA-N LINGRA-N-Plus LINGRA-N

Constant −0.03 0.74 0.25 −0.65 1.66 1.32
Slope 0.93 *** 0.79 *** 1.12 *** 1.38 *** 0.96 *** 1.21 ***
R2 0.946 0.748 0.844 0.821 0.775 0.743
RMSE 1.08 2.22 1.98 3.21 2.45 3.91
EF 0.92 0.67 0.65 −0.06 0.58 −0.06

Note: * p < 0.1; ** p < 0.05; *** p < 0.01. RMSE: root mean square error; EF: Modelling efficiency.
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At 0 kg N ha−1, LINGRA-N-Plus was unable to approach the observed grass yields
at the same level of precision as for N applications greater than zero. A linear regression
analysis per N application, showed that LINGRA-N-Plus resulted in improved predictions
(RMSE = 1.57 t ha−1; R2 = 0.821; EF = 0.57) at all N applications compared to the original
LINGRA-N model (RMSE = 1.81 t ha−1; R2 = 0.754; EF = 0.43; Appendix A—Table A8).

3.4. Climate, Soil, and Nitrogen Interactions on Grass Yields

In the last part of the analysis, the 10 experimental sites were grouped according to year
and the Drought Stress Index (DSI). The analysis of variance for all sites highlighted that
there was a significant DSI effect (p < 0.05) on the observed dry matter yields (Appendix A—
Tables A9 and A10). The multiple comparisons indicated high grass yields at Morpeth in
both years, and low yields at Cambridge, Ashford, and Leeds.

In 1972 at the same N application of 300 kg N ha−1 under “non-droughty” condi-
tions Morpeth showed higher yields (13.2 t ha−1) than Leeds, Newton Abbot, Stratford,
and Winchester (8.6–9.5 t ha−1). Winchester designated a “non-droughty“ site, receiving
300 kg N ha−1 resulted in significant higher yields (8.6 t ha−1) than at Cambridge, desig-
nated a “droughty” site, even at an application of 450 kg N ha−1 (4.9 t ha−1). In 1972, at a
zero-nitrogen application, with the exception of Morpeth, the yields at “non-droughty” and
“droughty” sites were similar. The reported rooting depth at Morpeth of 100 cm was higher
than that at some sites and the mean temperature (8 ◦C) was relatively low. However, the
major difference, particularly with no nitrogen application, was the assumption of a high
initial soil nitrogen content.

In 1973 at 300 kg N ha−1 amongst the “non-droughty” sites, Newton Abbot resulted
in significantly higher yields (12.6 t ha−1) than Winchester, High Mowthorpe and Stratford
(8.5–9.0 t ha−1) (Appendix A—Table A10). Newton Abbot’s annual rainfall and solar
radiation was 869 mm and 3.42 GJ m−2, respectively, which was greater than that at High
Mowthorpe’s (613 mm, 2.93 GJ m−2) (Table 1). In addition, the higher yield at Newton
Abbot was associated with a high SOC/clay value (Table 3), compared to lower SOC/clay
values at High Mowthorpe, Stratford and Winchester.

It is also noteworthy that in 1972 and at 150 kg N ha−1, Morpeth with a “very good”
SOC/clay and “non-droughty” conditions, resulted in higher yields (9.6 t ha−1) than those
in Winchester and Stratford (5.2–5.7 t ha−1) also with non-droughty conditions, but with
“degraded” SOC/clay values. The overall effect of different levels of drought stress on
grass yields (Table 5), demonstrates that dry matter yields were typically higher at “non-
droughty” rather than “droughty” sites for all N applications, apart from 0 kg N ha−1

where no statistical effect was apparent.

Table 5. Effect of “droughty” and “non-droughty” sites on observed total dry matter yields in 1972 and 1973 reported by
Morrison et al. [34].

N Applied
(kg N ha−1)

Total Harvested Yield (t ha−1)
1972 1973

“Non-Droughty” Sites “Droughty” Sites “Non-droughty” Sites “Droughty” Sites

0 2.96 de 1.52 e 3.10 e 1.92 e
150 6.14 c 4.08 d 6.50 cd 5.30 d
300 9.74 ab 6.90 c 10.05 a 7.80 bc
450 11.14 a 8.92 b 10.55 a 9.25 ab

Same letters per year indicate not significantly different (at p < 0.05).

Another output of the model is the estimate of the incremental N uptake efficiency
(NUpE) which was defined as the N uptake between two levels of application, divided
by the change in N application. Between 0 and 150 kg N ha−1, the NUpE at each site
(with the exception of Morpeth) ranged from 0.76 to 0.89 kg N uptake (kg N applied)−1.
As the N rate was further increased (with the exception of Morpeth), the NUpE declined
to 0.41–0.46 kg kg−1 between 150 and 300 kg N ha−1, and to 0.12–0.32 kg kg−1 between
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300 and 450 kg N ha−1 (Table 6). N uptake and incremental N uptake efficiency for the
remaining sites, were similar with those at Hurley (Appendix A—Table A11).

Table 6. Nitrogen uptake and incremental N uptake efficiency for five selected sites and four N applications in 1973.

N Application
(kg N ha−1) Morpeth * High

Mowthorpe Cambridge Oxford Hurley

N uptake 0 39 24 13 32 21
(kg N ha−1) 150 215 128 115 135 124

300 296 233 196 239 228
450 296 266 225 343 333

Incremental N 0 to 150 0.48 0.81 0.89 0.76 0.83
uptake efficiency 150 to 300 0.27 0.45 0.41 0.44 0.46
(kg N (kg N)−1) 300 to 450 0.00 0.12 0.13 0.30 0.32

* Morpeth: assumed 75 kg soil mineral N ha−1 at the start of the season.

4. Discussion

The results are discussed in terms of the objectives of the study: model improvement
and calibration and validation of the LINGRA-N-Plus model, the effects of climate, soil
and their interaction with management, harvest interval, and nitrogen availability on crop
yields, and finally examination of how quantitative evaluation can improve grassland
management.

4.1. Improvement and Validation of the Model

The original LINGRA-N model was developed to simulate the growth of frequently cut
and intensively managed, i.e., N-fertilized grassland, such as found in the Netherlands. In
practice, much of grassland in England and Wales is not as frequently cut and less fertilized,
and therefore N availability is often a limitation to growth, dependent on N-mineralization.
Therefore, we added in LINGRA-N-Plus a modified soil N availability function. Together
with the differential partitioning of above-ground dry matter and updated algorithms to
describe the amount of stem and dead leaves in the harvested dry matter, these changes
resulted in improved grass yield predictions for both the calibration [17] and validation
data [34]. In particular, the improved model was able to describe the plateauing of total
dry matter yields as the harvest interval increased. It was also able to describe the peak in
the yield of green leaf at an interval of 21–28 days. The practice of harvesting the grass at
an interval of 21–28 days during the main growing season is a feature of intensive grazing
systems for dairy cattle in England and Wales [21,46].

The LINGRA-N-Plus model sometimes underestimated the yields from non-fertilized
plots, for example at Aberystwyth (Appendix A—Table A6) and Morpeth (Appendix A—
Table A7) where the soil had a high soil organic matter content. However, LINGRA-N-Plus
had a lower bias compared to the original LINGRA-N (Appendix A—Table A8). The
underestimated yields could be a result of underestimates of the N pools, as such soils can
show a high level of organic N turnover due to the large microbial biomass [36].

The LINGRA-N-Plus was also able to predict the total dry matter yield. Qi et al. [24]
reported the development at Rothamsted of a LINGRA-based model of grass growth to
describe the total dry matter yield of different types of grassland in the UK. This model
when calibrated against a subset of the same experimental data [34] resulted in a mean
RMSE of 1.58 t ha−1. Although different sites were modelled by Qi et al. [24] and the current
study, LINGRA-N-Plus showed a similar response with an average RMSE of 1.83 t ha−1,
whilst the original LINGRA-N showed an average RMSE of 3.11 t ha−1.

4.2. Effect of Climate, Soil, Harvest Interval and Nitrogen on Yields

The LINGRA-N-Plus model allows the determination of the effect of drought stress
on yields as the user can set the level of drought stress in the model to zero. The results
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show that a curvilinear relationship between the predicted yield reduction and the DSI
value (potential soil moisture deficit minus the available water capacity; Figure 5).

The three sites showing the largest drought response were all based in eastern part of
England: Cambridge, Hurley, and Ashford (Figure 5), whilst the remaining sites showed
minimal or no response (Appendix A—Table A12). The yield loss due to drought at Cam-
bridge was 3.30–4.05 t ha−1, compared to 0.25–2.27 t ha−1 at Hurley, and 0.58–1.50 t ha−1

at Ashford. The lower response at Hurley in 1973 (0.25 t ha−1) than in 1972 (2.27 t ha−1)
is associated with a lower soil moisture deficit (141 mm) in 1973 than in 1972 (226 mm;
Table 1). In England and Wales, those locations which are furthest west tend to have small
PSMDs and hence are less likely to demonstrate yield losses due to drought.

A well-calibrated model can be useful in examining the key effects of climate, soil
type, and nitrogen availability on yields. The lowest observed and predicted yields in
the Morrison et al. [34] data were obtained at Cambridge, which was the driest site with
shallow rooting to a depth of 60 cm, compared to 100 cm at most other sites. Dry soil
conditions have a direct effect on the soil water balance, but drought can also limit yield by
reducing N uptake by the crop [47–49]. The effect of drought on grass yields in England
and Wales is likely to increase in coming decades as climate change is expected to result in
higher summer temperatures and more frequent summer droughts [50].

Figure 5. Modelled effect of the level of drought stress (defined as the potential soil moisture deficit
minus the available water capacity) on the reduction in total dry matter yield, relative to the potential.

In addition to being a dry site, the soil series at Cambridge (Landbeach) comprises
a non-alluvial permeable topsoil without significant clay enrichment [41]. This lack of
clay, combined with the shallow rooting depth, results in a low available water capacity.
In the UK, irrigation of grass is generally uneconomic except for the most intensively
managed grazing systems [51]. One method to reduce the effect of drought would be to
increase the rooting depth of the grass, perhaps by selecting deeper rooting varieties or by
removing barriers to deeper root growth (such as an impermeable soil layer). Although
not considered by the model, there is also the potential to include deeper rooting forage
species as a mixture with the ryegrass. By using the LINGRA-N-Plus model, and assuming
a consistent N application of 300 kg N ha−1 and a harvest interval of 28 days, increasing
the rooting depth at Cambridge from 60 cm to 90 cm was predicted to increase yields from
7.3 t ha−1 to 8.4 t ha−1 (Table 7). A second way to increase total dry matter yield could
be to increase the harvest interval. However, assuming 300 kg N ha−1 and a soil depth of
60 cm, increasing the harvest interval from 28 days to 35 days only marginally increased
the yield from 7.3 t ha−1 to 7.6 t ha−1. There was also minimal effect of increasing the
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harvest interval from 28 days to 35 days at zero nitrogen application or an application of
150 kg N ha−1.

Table 7. Modelling the effect of rooting depth (RD) and harvest interval (HI) on the predicted total grass yield at Cambridge.

Nitrogen
Application
(kg N ha−1)

Observed Yield (t ha−1) Predicted Yield (t ha−1)

HI = 28 d;
RD = 60 cm

HI = 28 d;
RD = 60 cm

HI = 28 d;
RD = 90 cm

HI = 35 d;
RD = 60 cm

HI = 35;
RD = 90 cm

0 2.7 1.0 1.0 0.9 0.9
150 4.1 5.8 6.2 5.7 6.3
300 7.2 7.3 8.4 7.6 8.4
450 7.6 7.6 8.9 8.0 9.2

HI: Harvest interval; RD: Rooting depth.

One other potential method to increase yields under dry conditions is to increase the
organic matter content of the soil, thereby increasing the available water capacity. Across
the 10 sites, there was a variation in the SOC/clay value from “degraded” to “very good”
(Table 3). The five sites categorized as “very good” included Aberystwyth and Morpeth,
which were previously permanent grassland sites. There is an argument that sites with
a high SOC/clay value have a stable soil structure with well-developed macropores that
creates favourable soil hydraulic properties in both the uppermost A horizon in the soil
and the deeper Bt1 horizon [52,53].

4.3. Soil and Nitrogen Uptake Efficiency

An analysis of the nitrogen uptake efficiency (NUpE) indicated that across 10 sites
(with the exception of Morpeth), the NUpE decreased from 0.76–0.89 kg kg−1 between
0 and 150 kg N ha−1, to 0.41–0.46 kg kg−1 between 150 and 300 kg N ha−1, and to
0.12–0.32 kg kg−1 between 300 and 450 kg N ha−1 (Table 6). This reduction is in line with
previous studies [54,55] and is a result of the yields increasingly becoming constrained
by factors other than N availability. The predicted NUpE at Morpeth was substantially
lower. This is because, we assumed that at Morpeth, unlike the other sites, the soil mineral
N available at the start of the season was 75 kg ha−1. Such an analysis demonstrates the
potential importance of recent site history in determining N responses. At present the
LINGRA-N-Plus model does not specifically account for increased leaching losses of N with
high rainfall, instead assuming that only 70% of the applied N is available. The inclusion
of such a leaching effect could be feature of future enhancements of the model, and it is
possible that relative N uptake efficiencies may be overestimated under high rainfall. For
LINGRA-N-Plus to become a more detailed model of N dynamics, N transformations such
as denitrification, volatilization or urea hydrolysis could enhance its grass yield and N
uptake/losses predictions.

The importance of the initial soil mineral N in determining the response of grass
yields to N suggests that grassland fertilizer management would benefit from pre-season
assessments of soil N status. Where the initial soil N content is high, lower than default
fertilizer applications could reduce management costs and N losses to the environment. The
appropriate N application may also depend on the soil texture, with the response to added
N being generally greater in fine-textured than in medium-textured [56,57]. This may be
related in turn to the available water capacity, or the observation that the decomposition of
nitrogen from residues is slower in anaerobic rather than drier and well-aerated soils [58].
The availability of N to recently established grass may also depend on the type and quantity
of residue from the previous crop. A previous crop residue that has a low C:N ratio may be
easily mineralized and provide more N in the soil in the following season [59].
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5. Conclusions

The results show that LINGRA-N-Plus is a useful model for predicting the effects
and interactions of different pedoclimatic conditions with management decisions, such as
harvest intervals and N application rates, on both annual green leaf and total dry matter
grass yields in England and Wales. Including a temperature and moisture dependent soil
N mineralization routine and a modified algorithm to describe partitioning and harvest
of stems, green and dead leaves, improved the predictions of the grass yields from an
N fertilizer experiment across England over the original LINGRA-N model. The model
highlighted the role of drought stress in limiting yields at sites with low rainfall, aggravated
by shallow rooting depths, and low available water capacities. At such sites, dry matter
yields could be increased by selecting varieties or species with a deeper rooting depth,
removing soil-based limitations to rooting depth, adapting the harvest interval, and using
management practices that enhance soil health, although these may also affect forage
composition and quality. Modelled estimates of N uptake demonstrated a decline in
efficiency per unit application with increasing application rates. Under zero-N application
conditions, the (assumed) initial mineral N content in the soil becomes a major determinant
of yield.
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Appendix A

Table A1. Harvesting regime for Wilman et al. [17].

Harvest Interval (Weeks) 3 4 5 6 8 10

Number of Harvests 10 8 * 6 5 3 + 3

Date **

16 April 1st - - - - -
23 - 1st - - - -
30 - - 1st - - -

07 May 2nd - - 1st - -
21 - 2nd - - 1st -
28 3rd - - - - -

04 June - - 2nd - - 1st
18 4th 3rd - 2nd - -

09 July 5th - 3rd - - -
16 - 4th - - 2nd -
30 6th - - 3rd - -

13 August - 5th 4th - - 2nd
20 7th - - - - -

10 September 8th 6th - 4th 3rd -
17 - - 5th - - -

01 October 9th - - - - -
8 - 7th - - - -
22 10th 8th 6th 5th 4th 3rd

* Final interval 2 weeks. + Final interval 6 weeks ** N applications took place a day post cutting.

Table A2. Summary of selected part of the BBCH development stages of forage grasses (after
Gustavsson 2011).

BBCH Stage Description

0 Germination
9 Emergence of seedling at soil surface
10–19 Leaf development
21 Beginning of tillering; main shoot and one tiller detectable
30 Beginning of stem elongation
50 First spikelet of the inflorescence is just visible
60 Beginning of flowering
65 Full flowering; half of anthers mature
90 Grain fully ripe
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Table A3. Harvest regime for Morrison et al. [34].

Site Cutting Dates

Morpeth 16 May 13 Jun 11 Jul 8 Aug 5 Sep 3 Oct

High Mowthorpe 14 May 11 Jun 9 Jul 6 Aug 3 Sep 1 Oct

Leeds 12 May 9 Jun 7 Jul 4 Aug 1 Sep 29 Sep

Cambridge
Stratford upon Avon 10 May 7 Jun 5 Jul 2 Aug 30 Aug 27 Sep

Newton Abbot 6 May 3 Jun 1 Jul 29 Jul 26 Aug 23 Sep

Oxford

8 May 5 Jun 3 Jul 31 Jul 28 Aug 25 SepHurley
Ashford
Winchester

Table A4. Nitrogen applications for Morrisson et al. [34] experiment.

Application Date *

Morpeth High
Mowthorpe Leeds Cambridge Newton

Abbot Oxford Hurley Ashford Stratford Winchester

29 Mar 26 Mar 23 Mar 13 Mar 01 Mar 27 Mar 19 Mar 21 Mar 05 Apr 19 Mar
17 May 15 May 13 May 11 May 07 May 09 May 09 May 09 May 11 May 09 May
14 Jun 12 Jun 10 Jun 08 Jun 04 Jun 06 Jun 06 Jun 06 Jun 08 Jun 06 Jun
12 Jul 10 Jul 08 Jul 06 Jul 02 Jul 04 Jul 04 Jul 04 Jul 06 Jul 04 Jul
09 Aug 07 Aug 05 Aug 03 Aug 30 Jul 01 Aug 01 Aug 01 Aug 03 Aug 01 Aug
06 Sep 04 Sep 02 Sep 31 Aug 27 Aug 29 Aug 29 Aug 29 Aug 31 Aug 29 Aug

* Application date is the same for all N applications (0, 150, 300 and 450 kg N ha−1) and the amount of N is distributed equally per
application day.

Table A5. Assumed soil moisture contents factors *.

Site SMFC (pF = 2.3) SMPWP (pF = 4.2) SMDRY (pF = 6)

(mm3 mm−3) (mm3 mm−3) (mm3 mm−3)

Aberystwyth 0.32 0.19 0.03
Morpeth 0.25 0.11 0.10
High Mowthorpe 0.36 0.18 0.15
Leeds 0.38 0.19 0.15
Cambridge 0.17 0.13 0.10
Newton Abbot 0.32 0.19 0.03
Oxford 0.28 0.10 0.10
Hurley 0.19 0.09 0.03
Ashford 0.32 0.19 0.03
Stratford 0.36 0.20 0.15
Winchester 0.36 0.20 0.15

* According to water release curve per soil texture. SM0: Soil moisture at saturation assumed 0.45 mm3 mm−3.
SMFC: Soil moisture content at field capacity. SMPWP: Soil moisture content at wilting point. SMDRY: Soil moisture
content at air dry.
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Table A6. Effect of harvest interval on the green leaf and total dry biomass yields (t ha−1) at Aberystwyth as (a) observed
by Wilman et al. [17] and (b) predicted by LINGRA-N-Plus.

Nitrogen
(kg N/ha)

Harvest Interval (days)
2 4 7 14 21 28 35 42 56 70

(a) Observed
0 Green leaf 3.41 3.91 4.23 4.06 3.64 3.29

Total 4.73 5.92 7.03 8.22 9.10 10.73
262 Green leaf 7.04 7.23 7.18 7.15 4.86 3.66

Total 9.36 10.88 12.45 13.93 14.19 14.57
525 Green leaf 8.2 8.59 8.49 7.19 5.01 3.65

Total 10.85 12.81 14.54 14.86 14.77 15.02

(b) Predicted
0 Green leaf 2.62 3.22 3.23 3.36 3.42 3.56 3.23 3.45 2.66 1.67

Total 2.98 3.69 3.75 4.07 4.66 5.59 5.71 7.10 7.21 6.48
262 Green leaf 2.62 3.89 4.93 6.69 7.40 7.51 7.35 6.98 5.55 3.32

Total 2.98 4.43 5.60 8.04 10.20 11.37 12.40 13.15 13.54 13.72
525 Green leaf 2.62 3.89 4.93 6.69 7.48 7.94 7.92 7.43 5.68 3.32

Total 2.98 4.43 5.60 8.04 10.30 11.93 13.16 13.77 13.75 13.72

Table A7. Effect of N applications on the total dry matter yields in 1972 and 1973 at 10 sites reported by Morrison et al. [34]
as observed (Obs.) and predicted (Pred.) by the LINGRA-N-Plus.

N app.
(kg ha−1) Morpeth

High
Mow-
thorpe

Leeds Cambridge Newton
Abbot Oxford Hurley Ashford Stratford Winchester

1972

0 Obs. 7.1 1.6 0.4 1.4 3.8 2.6 1.3 0.7 1.4 2.1
Pred. 5.5 1.5 1.3 1.0 1.7 2.1 1.5 1.3 1.6 1.5

150 Obs. 9.6 4.3 4.2 2.5 6.0 6.2 3.0 4.4 5.2 5.7
Pred. 9.7 7.1 7.0 4.8 8.3 8.1 6.7 7.5 8.0 7.8

300 Obs. 13.2 6.4 9.5 4.3 8.7 10.2 5.8 7.8 8.7 8.6
Pred. 11.9 9.9 9.8 5.7 12.8 11.5 8.9 10.8 12.2 11.9

450 Obs. 14.3 6.4 11.7 4.9 9.9 15.0 7.9 10.4 9.6 10.2
Pred. 12.1 10.7 10.6 5.9 14.8 12.6 9.7 11.9 13.9 13.5

1973

0 Obs. 8.0 3.5 0.8 2.7 2.8 2.9 1.6 0.5 1.3 2.2
Pred. 5.9 1.4 1.4 1.0 1.6 2.3 1.5 1.2 1.6 1.7

150 Obs. 7.2 7.2 5.9 4.1 7.3 7.3 6.2 3.6 5.1 6.3
Pred. 9.8 7.2 7.6 5.8 7.9 8.7 7.7 6.9 7.9 8.3

300 Obs. 11.1 8.6 10.5 7.2 12.6 10.0 8.1 5.9 8.5 9.0
Pred. 11.1 9.3 10.8 7.3 11.7 12.7 11.2 9.3 11.6 12.5

450 Obs. 10.2 9.9 12.1 7.6 11.1 10.8 11.2 7.4 9.9 10.1
Pred. 11.1 9.6 11.7 7.6 12.9 14.2 12.1 10.2 12.8 14.3

Table A8. Linear regression summary for LINGRA-N and LINGRA-N-Plus with Wilman et al. [17] (green leaf and dry
matter yields; t ha−1) per amount of applied N (kg N/ha).

Descriptive
Statistics

N Application

0 kg ha−1 262 kg ha−1 525 kg ha−1

LINGRA-N-Plus LINGRA-N LINGRA-N-Plus LINGRA-N LINGRA-N-Plus LINGRA-N

Constant 0.80 1.81 *** 0.79 1.13 0.64 * 1.59
Slope 0.66 *** 0.48 *** 0.91 *** 0.81 *** 0.87 *** 0.71 ***
R2 0.821 0.754 0.981 0.741 0.991 0.618
RMSE 1.57 1.81 0.54 1.95 0.85 2.78
EF 0.57 0.43 0.97 0.70 0.95 0.48

Note: * p < 0.1; ** p < 0.05; *** p < 0.01. RMSE: root mean square error; EF: Modelling efficiency.
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Table A9. Observed dry matter grass yields (DM) in 1972, as reported by Morrison et al. [34] and the associated nitrogen
applications and levels of drought stress index.

Site kg N ha−1 DSI + SOC/clay DM Yield (t ha−1)

Oxford 450 Droughty Degraded 15.0 a
Morpeth 450 Non-droughty Very good 14.3 a
Morpeth 300 Non-droughty Very good 13.2 ab
Leeds 450 Non-droughty Moderate 11.7 abc
Ashford 450 Droughty Very good 10.4 bcd
Oxford 300 Droughty Degraded 10.2 bcd
Winchester 450 Non-droughty Degraded 10.2 bcd
Newton Abbot 450 Non-droughty Very good 9.9 bcde
Morpeth 150 Non-droughty Very good 9.6 bcdef
Stratford 450 Non-droughty Degraded 9.6 bcdef
Leeds 300 Non-droughty Moderate 9.5 cdef
Newton Abbot 300 Non-droughty Very good 8.7 cdefg
Stratford 300 Non-droughty Degraded 8.7 cdefg
Winchester 300 Non-droughty Degraded 8.6 cdefg
Hurley 450 Droughty Degraded 7.9 defgh
Ashford 300 Droughty Very good 7.8 defghi
Morpeth 0 Non-droughty Very good 7.1 defghij
H.Mowthorpe 300 Droughty Moderate 6.4 efghijk
H.Mowthorpe 450 Droughty Moderate 6.4 efghijk
Oxford 150 Droughty Degraded 6.2 fghijkl
Newton Abbot 150 Non-droughty Very good 6.0 fghijklm
Hurley 300 Droughty Degraded 5.8 ghijklm
Winchester 150 Non-droughty Degraded 5.7 ghijklmn
Stratford 150 Non-droughty Degraded 5.2 ghijklmno
Cambridge 450 Droughty Very good 4.9 hijklmnop
Ashford 150 Droughty Very good 4.4 hijklmnop
Cambridge 300 Droughty Very good 4.3 hijklmnopq
H.Mowthorpe 150 Droughty Moderate 4.3 hijklmnopq
Leeds 150 Non-droughty Moderate 4.2 ijklmnopq
Newton Abbot 0 Non-droughty Very good 3.8 jklmnopqr
Hurley 150 Droughty Degraded 3.0 klmnopqr
Oxford 0 Droughty Degraded 2.6 lmnopqr
Cambridge 150 Droughty Very good 2.5 mnopqr
Winchester 0 Non-droughty Degraded 2.1 nopqr
H.Mowthorpe 0 Droughty Moderate 1.6 opqr
Cambridge 0 Droughty Very good 1.4 pqr
Stratford 0 Non-droughty Degraded 1.4 pqr
Hurley 0 Droughty Degraded 1.3 pqr
Ashford 0 Droughty Very good 0.7 qr
Leeds 0 Droughty Moderate 0.4 r

+ DSI = PSMD-AWC: if values > 0 then ‘Dry’, if values < 0 then ‘Wet’; Sites with the same letter are not significantly different.
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Table A10. Observed dry matter grass yields (DM) in 1973, as reported by Morrison et al. [34] and the associated nitrogen
applications and levels of water stress index.

Site kg N ha−1 DSI + SOC/clay DM Yield (t ha−1)

Newton Abbot 300 Non-droughty Very good 12.6 a
Leeds 450 Non-droughty Moderate 12.1 ab
Hurley 450 Droughty Degraded 11.2 abc
Morpeth 300 Non-droughty Very good 11.1 abcd
Newton Abbot 450 Non-droughty Very good 11.1 abcd
Oxford 450 Droughty Degraded 10.8 abcde
Leeds 300 Non-droughty Moderate 10.5 abcdef
Morpeth 450 Non-droughty Very good 10.2 abcdef
Winchester 450 Non-droughty Degraded 10.1 abcdef
Oxford 300 Droughty Degraded 10 abcdef
H.Mowthorpe 450 Non-droughty Moderate 9.9 abcdef
Stratford 450 Non-droughty Degraded 9.9 abcdef
Winchester 300 Non-droughty Degraded 9.0 bcdefg
H.Mowthorpe 300 Non-droughty Moderate 8.6 bcdefgh
Stratford 300 Non-droughty Degraded 8.5 cdefgh
Hurley 300 Droughty Degraded 8.1 cdefgh
Morpeth 0 Non-droughty Very good 8.0 cdefgh
Cambridge 450 Droughty Very good 7.6 defghi
Ashford 450 Droughty Very good 7.4 efghi
Newton Abbot 150 Non-droughty Very good 7.3 efghi
Oxford 150 Droughty Degraded 7.3 efghi
Cambridge 300 Droughty Very good 7.2 fghi
H.Mowthorpe 150 Non-droughty Moderate 7.2 fghi
Morpeth 150 Non-droughty Very good 7.2 fghi
Winchester 150 Non-droughty Degraded 6.3 ghij
Hurley 150 Droughty Degraded 6.2 ghijk
Ashford 300 Droughty Very good 5.9 ghijk
Leeds 150 Non-droughty Moderate 5.9 ghijk
Stratford 150 Non-droughty Degraded 5.1 hijkl
Cambridge 150 Droughty Very good 4.1 ijklm
Ashford 150 Droughty Very good 3.6 jklmn
H.Mowthorpe 0 Non-droughty Moderate 3.5 jklmn
Oxford 0 Droughty Degraded 2.9 jklmn
Newton Abbot 0 Non-droughty Very good 2.8 jklmn
Cambridge 0 Droughty Very good 2.7 klmn
Winchester 0 Non-droughty Degraded 2.2 lmn
Hurley 0 Droughty Degraded 1.6 lmn
Stratford 0 Non-droughty Degraded 1.3 mn
Leeds 0 Non-droughty Moderate 0.8 mn
Ashford 0 Droughty Very good 0.5 n

+ DSI = PSMD-AWC: if values > 0 then ‘Dry’, if values < 0 then ‘Wet’; Sites with the same letter are not significantly different.



Agronomy 2021, 11, 677 19 of 21

Table A11. Nitrogen uptake and incremental N uptake efficiency for the remaining sites and four N applications in 1973.

N Application
(kg N ha−1) Leeds Newton Abbot Ashford Stratford Winchester

N uptake 0 21 24 19 25 24
(kg N ha−1) 150 125 128 120 129 128

300 230 233 224 234 233
450 319 338 287 338 338

Incremental N 0 to 150 0.83 0.81 0.84 0.81 0.81
uptake efficiency 150 to 300 0.46 0.45 0.46 0.45 0.45
(kg N (kg N)−1) 300 to 450 0.28 0.31 0.22 0.31 0.31

Table A12. Comparing the effect of water-stress versus non-limiting water conditions on the site’s
total dry matter (DM) yields.

Site Year DM Yield Decrease

Cambridge 1972 4.05 a
Cambridge 1973 3.30 ab
Hurley 1972 2.27 bc
Ashford 1973 1.50 cd
Ashford 1972 0.58 de
Hurley 1973 0.25 de
Oxford 1972 0.20 de
H.Mowthorpe 1972 0.20 de
Oxford 1973 0.02 de
Winchester 1973 0.02 de
Stratford 1972 0.02 de
Stratford 1973 0.02 de
Morpeth 1973 0.02 de
H.Mowthorpe 1973 0.00 de
Leeds 1972 0.00 de
Leeds 1973 0.00 de
Morpeth 1972 0.00 de
Newton Abbot 1972 0.00 de
Winchester 1972 0.00 de
Aberystwyth 1973 0.00 e
Newton Abbot 1973 0.00 e

Sites with the same letter are not significantly different.
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