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Abstract

Crop yields are affected by many variables. In the context of climate change, higher tempera-
tures tend to reduce yield. The Rothamsted Long-Term Experiments on winter wheat (Triticum
aestivum) (in Broadbalk), spring barley (Hordeum vulgare) (Hoosfield), and herbage (Park
Grass) are some of the world’s oldest continuous agricultural experiments. This Thesis in-
vestigates inter-annual variability in yield in the response to climate change, and principally,

variations in weather.

A multivariate approach to quantify climate change was developed in which 10 different clusters
of similar annual weather characteristics from 1892 to 2016 were identified. Most years in the
21% century had their own distinct cluster of a generally warmer climate, which occurred infre-
quently in the 20" century. FYM treatments of wheat and barley from these warm and dry years
had a total biomass of 3.05 and 1.18 t ha'! lower compared to years from a typical 20tk century
climate. Between-year variations in temperature and rainfall were associated with variations in
the yield of wheat, barley and forage. Warmer temperatures in the early-summer were shown
to have a negative effect on the yield of cereal crops. By modelling variations in a Nitrogen
response curve, annual yields of wheat and spring barley to Nitrogen were also influenced by
variations in rainfall and temperature, where warmer temperatures reduced asymptotic yield of
the response to Nitrogen. Simulated wheat yields were estimated to increase by 9.12 to 9.87%
from 1892 to 2016 due to rises in atmospheric CO2 when all other variables were fixed, but this

effect was largely negated by the actual rise in temperature over this period.

The Rothamsted Long-Term Experiment data provided a unique insight into the association
between weather and yield and potential mitigations to increase food production. The statis-
tical approaches developed within this Thesis may be applied to other long-term crop-weather

datasets.
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Chapter 1

Introduction

By 2050 the world population is projected to reach 9.8 billion and 11.2 billion by 2100 (UN,
DESA, 2017). Ending hunger and achieving food security for all is recognised as the second
Sustainable Development Goal by the United Nations (UN, 2018). Food security was defined
by the World Food Summit (1996) as ”when all people, at all times, have physical and economic
access to sufficient, safe and nutritious food to meet their dietary needs and food preferences for
an active and healthy life”. Therefore, to meet the food demand of a growing global population
crop production worldwide will need to increase 60% by 2050, in comparison with today, with
farmers required to produce more with fewer inputs and no more land (FAO, 2017).

This intensification of agriculture must be achieved during a period of global climate change;
as 2016 saw the average global land temperature rise to 1.43°C above the 20" century average
(NOAA, 2017). In 2015, the Paris Climate Agreement (UNFCCC, 2015) was agreed by the
United Nations Framework Convention on Climate Change (UNFCCC) to limit the rise of global
temperatures this century well below 2°C above pre-industrial levels and to pursue efforts to

limit the temperature increase even further to 1.5°C (UNFCCC, 2015).

1.1 Crop Production and Food Security

Globally, the total area of harvested cereals in 2016 was 718 million ha, with world wheat
and barley yields at 3,405 and 3,011 kgha™!, respectively (FAOSTAT, 2018b). The top three
highest yielding crops in 2016 were maize (5,640 kgha—1), rice (4,637 kgha~') and wheat (3,405
kgha—1) (FAOSTAT, 2018b). In the UK, 71% of land is used for farming, with 19% of land

used for arable farming (National Statistics, 2016). In 2016, milk, wheat and barley production
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Figure 1.1: Mean long-term grain yields of the Broadbalk winter wheat experiment from 1852
to 2016, illustrating the effects of changes in agricultural practice (arrows) on wheat production

(Rothamsted Research, 2017a).

were the three highest agricultural outputs in the UK, with a production of 14.9, 14.4 and 6.7
million tonnes (FAOSTAT, 2018a). With the production of these agricultural outputs, any change
could threaten food security within the UK. The five-year harvest mean (2012 to 2016) for
wheat (Triticum aestivum) and barley (Hordeum vulgare) in the UK was 14.5 and 7.4 million
tonnes, with an 5.4% and 10.6% increase in 2017 compared to 2016, respectively (National
Statistics, 2017a). In 2017, 10,124 thousand ha of agricultural land in the UK was permanent
grassland with a 0.4% increase compared to 2016 (National Statistics, 2017b). The current
global agricultural output from harvested land will have to increase by 2050 to meet a growing
population demand and any threats to crop production could have disastrous effects on the global

food security.

The Green Revolution of Agriculture in the 1960s saw an increase in the agricultural pro-
duction of cereals through the use of short-strawed cultivars and the use of agrochemicals such
as pesticides. Short-strawed cultivars were bred to include semi-dwarfing genes and allowed

higher applications of Nitrogen to be applied with a lower risk of lodging. The effects of the



Hoosfield. Mean long-term spring barley grain yields 1852-2015
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Figure 1.2: Mean long-term grain yields of the Hoosfield spring barley experiment from 1852
to 2016, illustrating the effects of changes in agricultural practice (arrows) on spring barley

production (Rothamsted Research, 2017b).

Green Revolution, together with changes in agricultural management practices from 1852 to
2016, can be seen in the yields of the Rothamsted Long-Term Experiments of wheat (Broad-
balk) and spring barley (Hoosfield) in Figures 1.1 and 1.2. Broadbalk and Hoosfield have been
sown continuously since 1843 and 1852, respectively, and provide an invaluble resource to show
and understand how the agricultural outputs of wheat and spring barley have changed since the

mid-19" century.

Between 1968 and 1996, the UK production of wheat and barley increased. But, since 1997
onwards the production of these cereals has stagnated (FAOSTAT, 2018b). Rice and wheat
yields remained relatively constant in 72% and 85% of long-term rice and wheat experiments in
Bangladesh, China, India and Nepal (Ladha et al., 2003). In France, climate has been considered
an important factor in the stagnation of yield, however, agronomic changes, such as the decline

in legumes in cereal rotation, may have contributed to yield stagnation (Brisson et al., 2010).



Increasing night-time temperatures have been shown to negatively influence yields from
1988 to 2002 from a study of climate trends in Mexico (Lobell et al., 2005). Although the
stagnation of crop production has occurred on a national level, any trend in local UK yields, due
to yearly and spatial variations in weather or changes in climate, may have been smoothed-out
resulting in no change in crop production being observed over time.

It has been estimated that for every 1°C increase in mean global temperature, global wheat
production is estimated to fall, on average, by 6% (Asseng et al., 2015). Overall, there has been
a rise in food insecurity due to weather-related events affecting food availability (FAO, IFAD,
UNICEF, WFP and WHO, 2017). The overall impact of climate change on food production
will vary globally (Lobell et al., 2011) and food security will differ among global and socio-

economic regions (Schmidhuber & Tubiello, 2007).

1.2 An Introduction to Climate Change

Earth is considered to have a rare balance of life-supporting conditions such as heat, liquid wa-
ter and its atmospheric composition. Any changes to the balance of these optimal conditions
on Earth could impact climate and world food security, where climate change was shown to
increase food production in developed countries and reduce it production in developing coun-
tries (Rosenzweig & Parry, 1994). The Intergovernmental Panel on Climate Change (IPCC) was
founded in 1988 by the United Nations Environmental Programme (UNEP) and the World Me-
teorological Organization (WMO) with the objectives that the IPCC would assess “’the scientific
basis of risk of human-induced climate change, its potential impacts and options for adaptation
and mitigation” (IPCC, 2013).

In the 5" IPCC assessment, the global mean surface temperature anomalies (where anoma-
lies were defined as the annual temperature differenced from a relative period of climatology),
relative to a 1961-1990 climatology, have increased at a positive linear rate between 1951 and
2012 of 0.106 °C per decade (Hartmann et al., 2013). In 2016, the average global temperature
was 1.43 °C above the 20" century average (NOAA, 2017), with temperatures predicted to rise
throughout the 21 century, depending on future climate emissions scenarios (Kirtman et al.,

2013). Kovats et al. (2014) observed a greater change of European temperature over the last
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decade, with the decadal average European temperature between 2002-2011 being 1.3 °C (%
0.11 °C) above the 1850-1899 average. The Mean UK decadal temperatures between 2007 and
2016 was 9.1 °C compared to a 1961 to 1990 average of 8.3 °C (Kendon et al., 2017).

The global air temperature over the last 30 years has been increasing faster than any other
period over the last 150 years, with night-time temperatures rising at a faster rate than daytime
temperatures (Hartmann et al., 2013). In 2010 the occurrence of warmer night anomalies in-
creased by approximately 20 days, compared to the 1961-1990 average, and the occurrence of
colder night anomalies decreased by approximately 15 days, compared to the 1961-1990 aver-
age (Hartmann et al., 2013).

There has been evidence to show that over a shorter period of 25 years in Holbart, Australia
average temperature has not increased compared to a 1964 to 2013 dataset (Keatinge et al.,
2015). This hiatus has also been detected and explained by the strong relationship between El
Nifio Southern Oscillation (ENSO) and temperature, and once the ENSO variation has been
removed, temperature has been shown to increase at a linear rate from 1970 to 2012 (Trenberth
and Fasullo, 2013). This is an example of the complexity surrounding the variability associated
with rising temperatures and climate change.

One human contributing factor linked to the rise in global temperature includes the increas-
ing amounts of greenhouse gas emissions in the atmosphere. The total UK greenhouse gas emis-
sions in 2016 was an estimated 467.9 MtCOze (million metric tons of CO2 equivalent) which
was down 5.0% from 2015 (National Statistics, 2018). Although the annual UK greenhouse
gas emissions seems to have fallen, the cumulative greenhouse gas emissions in the Earth’s at-
mosphere have increased. Atmospheric CO2 emissions were first measured in 1959 at 315.97
ppm by the Mauna Loa Observatory in Hawaii, with the amount of atmospheric CO2 passing
350 ppm in the mid-1990s and 400 ppm in April 2014 (NOAA, 2018). Etheridge et al. (1998)
conducted a study in the Law Dome, East Antarctica from 1987 to 1993 to extract atmospheric
COg, reconstructions from 1006 A.D. to 1978 A.D. The reconstructed CO5 estimate in 1892 was
295.6 ppm (Etheridge et al., 1998), which was less than the first observed atmospheric CO9
level of 315.97 ppm (NOAA, 2018).

The IPCC (2014) has predicted CO; levels to rise by 2050 and 2100, with predictions vary-

ing depending on future scenarios of economic and population growth. High population growth



and less emphasis on the use of cleaner technologies would result in higher levels of atmo-
spheric CO2 by the end of the 21% century (IPCC, 2014). With increases in atmospheric COo,
global mean surface temperatures between 2081 and 2100 would rise between 1.1 to 2.6°C for
Representative Concentration Pathway (RCP) 4.5 and 2.6 to 4.8°C for RCP 8.5, compared to a
1986 and 2005 average (Collins et al., 2013).

1.3 Influence of Climate Change on Crop Production

Crop yields are affected by many variables, principally: soils and crop nutrition, previous
cropping, the cultivar and its agronomy, the impact of pests and diseases and the effect of
climate and weather. Generally, climate change will influence agriculture and global food
security through changes in agroecological conditions (Schmidhuber & Tubiello, 2007).
However, the impact of one variable, such as increases in temperature, on crop production over

a long-time series may be confounded by potential variations of abiotic and biotic stresses.

Increases in temperature, at the time of flowering, have been shown to reduce the poten-
tial number of grains that contribute to crop yield (Wheeler et al., 2000). The impact of
increasing temperatures from anthesis to harvest maturity have further been shown to reduce
the seed dry weight of winter wheat (Wheeler et al., 1996). It has also been suggested that grain
fertilisation was sensitive to high temperatures at the mid-anthesis stage of wheat development
(Ferris et al., 1998). Other phenological stages of crop development, such as the vernalisation of
winter wheat tends to occur most effectively at 3°C but can occur very slowly at 0°C (Gooding
& Davies, 1997).

Plant phenology has also been impacted by the rise in night-time temperatures. Spring
wheat experienced a decrease of 0.25 grain dry weight (g plant™!) for every 1°C increase
in night-time temperature (Prasad et al., 2008). Rice leaves respired more in the early grain
fill period of plant growth in higher night-time temperatures compared to ambient night-time
temperatures (Mohammed & Tarpley, 2009). Therefore, any impacts of temperature on yield

may be confounded by within-day variations of temperature.



A positive trend of some crop yields over time within Northern Europe may be explained
by how the impact of increasing temperatures are being negated by the positive effects of
increasing COo within the atmosphere (Olesen et al., 2011; Schmid et al., 2015; Wheeler et
al., 2000). Crops grown in increased CO9 experience a higher rate of photosynthesis and a
greater water-use efficiency (Beadle et al., 1993). Review studies from the 1980s showed that
the doubling of CO2 from ambient levels resulted in a 29% to 33% increase in grain yield (Cure
& Adcock, 1986; Kimball, 1983). More recent studies have shown an increase of 17% in crop
yields with an enrichment (475 to 600 ppm) of CO2 (Ainsworth & Long, 2005). A review
study, across multiple experimental methods, detected a 31% increase in wheat yield from the
doubling of COy from 350 ppm to 700 ppm (Amthor, 2001). A comparison between different
methodologies in identifying a CO4 response in controlled experiments was given by Long
et al. (2006) and Tubiello et al. (2007). A doubling of COs, from 350 ppm to 700 ppm, was
shown to increase potential crop growth by 25% in C3 crops and 10% in C4 crops (Tubiello et
al., 2000). Where C3 crops were shown to benefit more from elevated levels of CO, compared

to C4 crops (Bowes, 1993).

Furthermore, wheat grown in an enrichment of CO2 (comparison of ambient levels to 700
pmol mol™') was shown to increase grain weight across multiple temperatures (Wheeler et al.,
1996). But generally, European agricultural systems will see an increase in productivity due to
climate change effects and further developments of in technology and crop management (Olesen
& Bindi, 2002). Overall, crop biomass was shown to increase with CO2 and decrease with

higher temperatures (Batts et al., 1997).

The use of process-based models allows the identification of the potential impacts of
climate change on crop productivity given known studied and modelled biological processes.
Process-based models coupled with future climate projections can inform the state of crop
productivity, given future emission scenarios, and the potential mitigation against a loss in
future crop yield. Generally, in the absence of enriched COs2, a simulation-based approach
of future weather scenarios showed, future yields at Rothamsted in 2055 are expected to
decrease (Semenov & Shewry, 2011). A further simulation study in Southern Denmark
showed, across several wheat models, without the increase of atmospheric COy over the 21%

century there was an observed yield reduction (Ozturk et al., 2017). The development of



heat-tolerant idiotypes for southern and central Europe suggest, to cope with an acceleration
of crop physiology due to higher temperatures, higher and more stable wheat yields could
be achieved by adapting wheat to extend the duration of the grain filling period (Semenov
et al., 2014; Stratonovitch & Semenov, 2015). Although process-based models may inform
about how the potential losses of yield due to climate change directly influence the crop, other

sources of variability may indirectly influence crop growth through a change in the environment.

Soil water content falling outside the least limiting water range has been shown to con-
tribute to moisture conditions which limit plant growth (da Silva & Kay, 1997). Changing
weather patterns can increase the vulnerability of crops by infection, pest infestations, and
weeds (Rosenzweig et al., 2001). Any direct gains in yield due to increasing atmospheric COq
could be offset by the growth of weeds (Coakley et al., 1999). Overall the estimated losses of
yield due to weeds was approximately US$4.9 billion in Europe and US$8.4 billion in North
America between 1988 and 1990 (Rosenzweig et al., 2001). By analysing weed populations
on the Long-Term Broadbalk experiment high spring temperatures and milder winters saw
an increase in the weed species Tripleurospermum inodorum and Rosa arvensis, respectively,
with weed communities becoming more competitive during mild springs resulting in a higher
wheat yield loss (Garcia De Le6n et al., 2014). Therefore, if the environment is becoming more

suited to increase plant growth we may expect to see more competition between crops and pests.

The use of controlled experiments and simulation-based modelling approaches, to iden-
tify the effects of climate change on crop production, provide valued insight into the biological
processes driving crop growth in different environmental conditions. However, the study of
crop variability on long-term field trials may provide further insight into how climate change
has and will affect crop production on an agricultural system, rather than a reduced hypothesis
driven approach of well-designed experiments. Long-term field experiments allow for the
investigation of the effects of climate change, and the biological responses found in controlled
experiments, on a larger scale, where these effects may be occurring in the presence of other
abiotic or biotic stresses. Therefore, any impact of one variable on crop production due to

climate change may be confounded by one or many other variables, which may or may not be



influenced by variations in weather or climate change.

1.4 Studies in Crop Yield Variation

The influence of weather on crop production and variability was investigated before the discov-
ery of human induced climate change in the mid to late-20™ century. Two Victorian scientists,
John Bennet Lawes and Joseph Henry Gilbert devised the Broadbalk Experiment (hereafter
Broadbalk) at Rothamsted in 1843 to test the effects of inorganic fertilisers and organic manures
on the growth of wheat (Lawes, 1847) in response to a theory of agricultural chemistry and
the acquisition of Nitrogen in crops given by Justus Freiherr von Liebig at that time (Lawes &
Gilbert, 1851). It was in Lawes & Gilbert (1851) where the yearly variations in yield (since 1843
Broadbalk has been in continuous wheat) of continuously sown crops can be first observed.

A drought year in 1870 resulted in a comparison of the effects of drought on crop yields
across multiple years at Rothamsted by Lawes & Gilbert (1871), with an absence of rainfall
over a harvest season leading to a reduction in yield, where the magnitude of yield loss varied
between wheat, barley and grassland. The harvest season 1879 saw excess rainfall at Rotham-
sted and across Hertfordshire. This, combined with a decline in agricultural production of the
Long-Term Experiments from 1868 to 1879, led to a publication on how climate influences
the wheat yield of Broadbalk, “’climate have been exhibited in unusual frequency” which con-
tributed to ’the worst for the wheat-crop since the commencement of our experiment” (Lawes
& Gilbert, 1880b). In 1919, Rothamsted hired their first statistician, Ronald J. Fisher, to inves-
tigate if more information could be obtained from the accumulation of data from Rothamsted’s
Long-Term Experiments. This appointment lead to a study in crop variation (Fisher, 1921) and
later the influence of rainfall on the yield of wheat, where variations in weather within the early
harvest season of wheat are negatively associated with yield (Fisher, 1925a). The motivation for
some of the methodology within Fisher (1925a), was driven from Hooker (1907), where similar
results of variations in weather and their associations with yield were found.

Further studies in crop variation at Rothamsted showed how rainfall influenced the grain
yield of the Hoosfield Barley Experiment (Wishart & Mackenzie, 1930) and hay yield of the

Park Grass Experiment (Cashen, 1947). Previous studies into variations in grassland yield have



determined excess rainfall led to increased biomass and the dominance of grasses over other
species on the Park Grass Experiment (Silvertown et al., 1994). The influence of maximum
May and June temperatures have been shown to be negatively correlated with wheat yields,
from 1854 to 1967 (Chmielewski & Potts, 1995). It should be noted that crop processes may
be affected by temperature and temperature variability, but this may not necessarily be the same
process, such as the rate of crop development, photosynthesis and respiration (Porter & Se-
menov, 2005). These relationships must be considered when analysing long-term yield datasets.
Further associations in larger climate systems, such as the North Atlantic Oscillation, and the
summer to autumn grassland (Park Grass) growth rate (Kettlewell et al., 2006) have been ob-

served.

In previous studies of crop yield variability at Rothamsted, rainfall was identified as the most
studied meteorological variable. Consideration as to why rainfall may have been the most stud-
ied may be because mean surface temperatures at Rothamsted may not have increased for there
to be an adequate variability to determine a yield and temperature correlation (Chmielewski &
Potts (1995) was the most recent study in crop variation on Broadbalk). Although, inter-year
variation in rainfall and not temperature was shown to explain significant levels of wheat yield
variability across the Great Plains of the United States of America from 1952 to 2016 (Hatfield
& Dold, 2018). A similar comment could be made about the effect of CO5 on the Rothamsted
LTEs. No influence of the increase in atmospheric CO2 was observed on the Park Grass
Experiment between 1891 and 1992 (Jenkinson et al., 1994). However, there was no variation
around the increasing trend of atmospheric COo, as there has been an increase every year since
1959 (NOAA, 2018). Therefore, due to a lack of variability around increasing atmospheric CO2
and how the effect of increased CO5 are masked in the observed data, identifying an associ-

ation between increases in CO5 and yield from long-term experiment data may become difficult.

Although the Rothamsted Long-Term Experiments have a long data time-series, they
were devised before the development of the statistical principles of designed experiments
(Fisher, 1926; 1925b). Some of the issues with the design of the LTEs are the lack of
replication, but more importantly randomization of treatments (see Sections 2.2, 2.3 and 2.4).

Other issues with continuously cropped experiments is the serial auto-correlation of yields,
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where auto-correlation of yield is defined as the correlation of yield in time at year t with year
t — 1. The auto-correlation of Park Grass herbage yields was found and discussed by Coleman

et al. (1987), Jenkinson et al. (1994) and Kettlewell et al. (2006).

1.5 The Value of Long-Term Experiments

The Rothamsted LTEs have provided a unique insight into the effects of long-term environ-
mental changes on crop production from shortly after their inception (Lawes & Gilbert, 1880a;
Lawes & Gilbert, 1871) to the present day. I have previously discussed the effects of weather
variability on crop yields from the Rothamsted LTEs. However, other long-term changes have
been shown to influence the LTEs. Changes in our climate has lead to an environment where
weed competitiveness has increased (Storkey et al., 2018). The presence of antimicrobial
resistance in fungal pathogens of barley has increased since 1985 (Hawkins et al., 2014). The
decline of Nitrogen deposition in the atmosphere since the 1980s has led to an increase in the
species diversity of grasses on some parts of the Park Grass Experiment (Storkey et al., 2015).
Several of the Rothamsted Experiments have been used to examine the potential for increasing
soil organic carbon as a method for mitigation against climate change (Poulton et al., 2018).
The strength of the Rothamsted LTEs is their longevity and not their design. These resources
make it possible to test hypotheses how long-term variation in the crops environment influences
the agricultural system, although the Rothamsted LTEs are located on one site at Rothamsted,

Hertfordshire, England.

The data from Rothamsted LTEs is widely disseminated. Requests for data from the
Electronic Rothamsted Archive have increased in recent years, with data mainly being used in
research applications (Perryman et al., 2018). Although the Rothamsted LTEs are the oldest
agricultural field experiments in the world they are a living scientific resource which has
adapted over time (Owens, 2013). In a review of the Rothamsted LTEs, Johnston & Poulton
(2018) concluded that the value of the Rothamsted long-term experiments increases over time,
and the experiments provide an invaluable resource and insight in the sustainability of food

production and the associated impacts of climate change.
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1.6 Objectives

The Rothamsted LTEs allow for studies in inter-annual crop variation, whether they be soil, pest
or weather orientated. Studies into crop variation provide insight into how long-term experi-
ments are influenced by weather and climate. They do not provide the degree of accuracy of
well-designed, hypothesis driven experiments discussed in Section 1.3, but provide a resource to
identify agricultural and environmental trends over time, which would not otherwise be possible

(Figures 1.1 and 1.2).

The study undertaken within this PhD attempts to identify how much of the yield variability
of Broadbalk (wheat), Hoosfield (spring barley) and Park Grass (grassland) can be explained by
climate change and principally variations in weather, notwithstanding the variability associated
with changes in management or experiment methodology. Various statistical methodologies
have been applied, such as: multivariate analyses, response function analyses and multiple re-
gression. Criticism of the use of statistical methods to detect the effects of climate change on
crop production have been given by Katz (1977), where some of these criticisms include the
non-linearity of yield and explanatory variables and correlated predictor variables. Consider-
ations and explorations of these criticisms will be given within the General Discussion where
other issues with statistical methods to detect the effect of climate change on crop production
will be given, such as: auto-correlation of yields at lag 1, gained inference between treatments,
a confounding of explanatory variables and smoothing-out local variability from national yield
statistics. Other methods of detecting the effects on climate change involve the use of process-
based models. Both methods ask different questions. One asks how much of the variability
of observed yield can be associated with other variables. The other asks how much variability
in yield do we observe given a known studied biological process under given constraints and
projections of climate change. Both are needed to understand the full complexity of the relative
impacts of climate change on crop production. A comparison between both methodologies and a
review of statistical approaches to identifying the effects of climate change on crop development

is given in the General Discussion.

Although there may be many sources of variation influencing crop yield, to observe an

association between variations in weather and yield illustrates the precedence of how changes in
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climate can be detrimental to agricultural production. Within this Thesis, multivariate methods,
response surface functions, multiple regression modelling and a mechanistic process model of

wheat, Sirius, were used.

1.6.1 Research Aims

Research Aim 1: The effects of human induced climate change over multiple variables
have been observed in univariate analysis, therefore the effect of a changing climate
can be observed through a multivariate study, where the effects of climate are classified

objectively through the clustering of years.

The IPCC reports have shown how climate has changed, over multiple variables, from
the late 20" and early-21° century (see Section 1.2). However, crop development has been
shown to be influenced by many weather variables, for example rainfall and temperature (see
Section 1.4). Understanding how climate has changed across multiple weather variables com-
bined provides an understanding of how the agricultural climate has changed, in comparison to
univariate analysis, and how this influences yield.

Multivariate methods have been applied to previous climate studies. Cluster analysis
was used to partition climate zones of the Conterminous United States over temperature and
precipitation variables from 1931 to 1980 (Fovell & Fovell, 1993). Using data from 1950 to
2002, cluster analysis was used to describe cyclone trajectories in the western North Pacific,
(Camargo et al., 2007). The use of multivariate methods can provide insight into how the
whole climate system is changing, and not just over one variable. The clustering of years based
on their weather will be addressed in Chapter 3, along with a comment on the current use of
clustering indices, where a change in cluster membership over time will illustrate how climate
has changed over multiple variables. Chapter 3 will also involve a comparison of the yields
from clustering of years from Broadbalk, Hoosfield and Park Grass, to determine if there has
been a similar response to climate between cereals and herbage, and among treatments. A
univariate analysis of the Rothamsted Meteorological Station data will be provided in Chapter

2, as an overview of the climate of Rothamsted.
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Research Aim 2: Given that environmental stresses, such as temperature and rain-
fall, on crop development have been shown to affect yield in controlled experiments, then
the year-to-year variability in the yields of wheat, spring barley and permanent pastures,
from the Rothamsted Long-Term Experiments, will also be associated with increases in

temperature and variations in rainfall.

Previous studies into the yield response of LTEs to weather, at Rothamsted and else-
where, have shown increases in temperature, but more importantly, variations in rainfall, to
influence crop productivity (see Section 1.4). The latest studies on the influence of weather on
Rothamsted crop yield variability of wheat, barley and pastures were by Chmielewski & Potts
(1995), Wishart & Mackenzie (1930) and Sparks & Potts (2003), respectively. (Rothamsted
LTE data has been used in other studies to identify the influences of climate change on crop
production, most importantly the influence on soil characteristics, but are the most recent

regarding the direct comparison between yield and weather data.)

Since these studies, global temperatures have risen further and there has been a greater
understanding of the effects of climate on crop production through well-designed controlled
experiments (see Section 1.2. and 1.3). With an increase in the length of yield data and weather
time-series, the associations between yield and weather variations may differ from previous
studies, and the associations may differ in magnitude. Can the associations between yield
and weather be explained by the influences of climate found on crop production within the
literature, such as sensitive stages of crop development (see Section 1.3). This research aim
will be first addressed in Chapter 3, after the clustering of years (see Research Aim 1), to
determine if climate change, over multiple variables, can be observed. In Chapters 4, 5 and
6, the association between total rainfall and mean temperatures, summarised monthly, will be

addressed. This research aim is the foundation of Research Aim 3 below.

Research Aim 3: Year-to-year and within-year variations in temperature and rain-

fall over a harvest season (October to September) affect the Nitrogen response of

Broadbalk wheat and Hoosfield spring barley.
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The Rothamsted LTEs were never designed to test the effects of weather variability or
climate change on crop production, although shortly after their inception yearly variations in
yield were observed (see Section 1.4). The longevity and standardisation of treatments from
each experiment allows for the investigation of sources of weather variability that influence
crop development (see Research Aim 2). As previously mentioned the LTEs were devised
to test the effects of organic and inorganic fertilisers on crop growth, and therefore careful

consideration of the year-to-year variability in fertiliser response should be considered.

From Research Aim 2, there are stages of crop development which have associations with
increases in temperature and variations in rainfall (Chapters 3, 4 and 5). Also, the functional
response of yield to Nitrogen has been shown to vary depending on the year, soil, crop and
weather (Roques et al., 2017; Sylvester-Bradley & Kindred, 2009; Vold, 1998). The yield
response to weather variability has been shown to be greater in unfertilized plots compared
to treatments with higher nutrient availability (van der Bom et al., 2017). The crop response
to Nitrogen can be modelled by the Linear-By-Exponential function (George, 1982) using
fewer parameters and allows for a more comparable biological interpretation. In this method
of statistical modelling, the Nitrogen response curve for each year becomes the unit variable.
And 3-dimensional surface plots can be obtained to understand the crop response to Nitrogen
with increases in temperature and variations in rainfall. This research aim will be addressed in

Chapter 4 (for Broadbalk wheat) and Chapter 5 (for Hoosfield barley).

Research Aim 4: An increase in yield over 125 years, from 1892 to 2016, is associ-
ated with rises in atmospheric CO, and any future rise in CO, will influence the crop

productivity of Broadbalk yields at least till the end of the 21 century.

From Hypotheses 1, 2 and 3 the association between weather and crop yield variability
on the Rothamsted Long-Term Experiments have been discussed. However, the potential
influence of increases in atmospheric COy on Rothamsted LTE yields has not. 2016 saw
atmospheric COy levels reach 404.21 ppm compared to 315.97 ppm in 1959 (NOAA, 2018).
The influence of the negative effects of climate change on crop production, such as increases in

temperature, could be outweighed by the positive effects of an enrichment of CO5 (see Section
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1.4).

This research aim intends to investigate the potential increase in yield due to rises in atmo-
spheric CO5 at Rothamsted from 1892 to 2016. Further analysis investigates the potential future
influence of atmospheric CO2 on grain yield at Rothamsted using data from the Coupled Model
Intercomparison Project phase 5 from the mid (2041 to 2060) to late (2081 to 2100) 21% cen-
tury. This research aim will be addressed in Chapter 7. The overall influences of weather and
COa, their modelling implications and sources of variability, will be addressed in the General

discussion.
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Chapter 2

The Rothamsted Long-Term

Experiments

This Chapter provides a summary of the Rothamsted Long-Term Experiments (LTEs), where an
attempt was made for the reader to understand the design and data before the analysis Chapters

3,4,5 and 6.

2.1 Introduction

Founded in 1843, Rothamsted Research, previously known as Rothamsted Experimental Station
and The Institute of Arable Crops Research, is located in Harpenden, Hertfordshire and is home
to three long-term agricultural experiments on wheat, barley and permanent pasture, named
Broadbalk, Hoosfield and Park Grass, respectively. These experiments, together with several
others are known as the Classical Field Experiments. They were originally established by John
Lawes and Henry Gilbert to examine the effect of inorganic fertilisers and organic manures on
crop yield (Lawes, 1847; Lawes & Gilbert, 1859; Lawes & Gilbert, 1857). The same crop has
been grown each year (with the exception of a few years) on each of the three experiments, but
in Broadbalk additional crops have been introduced on some sections. Samples of the crop from
each year have been collected and stored in the Rothamsted Sample Archive; it now contains
more than 300,000 samples. The Rothamsted Electronic Archive (e-RA) stores experiment data,

especially yield and weather data.
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Along with physical samples of the crop, soil samples of have been kept for chemical anal-
ysis, such as Soil Organic Carbon (SOC) and soil pH. The Rothamsted LTEs have not been
immune to changes in agricultural practice. Some examples of changes, over the lifetime of
these experiments, include the introduction of a tractor pulled plough, the application of pes-
ticides and the introduction of semi-dwarf varieties during the green revolution. Weather data
at Rothamsted has been collected by the Rothamsted Meteorological Station (RMS) since the
1850s. It was recognised in 2017 by the World Meteorological Organisation as a Long-Term
Observing Station (WMO, 2018). The RMS first started collecting daily rainfall measurements
in 1853, followed by temperature and sunlight in subsequent years, to understand how weather
contributed to the yield of crops. In a review of the Rothamsted LTEs by Johnston & Poulton
(2018), they concluded the value of the Rothamsted long-term experiments increases over time,
and the experiments provide an invaluable resource and insight in the sustainability of food
production and the associated impacts of climate change. A map of Rothamsted Research is
given in Figure 2.1. All data within this Chapter and within this Thesis was provided by e-RA.

I derived my hypotheses by reviewing the literature and used the data within e-RA to test them.
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2.2 The Broadbalk Experiment

2.2.1 Introduction

The Broadbalk Experiment (hereafter Broadbalk) was first sown in the autumn of 1843, and
harvested in the following year, to measure the effect of and inorganic fertilisers and organic
manures on the yield of continuous winter wheat (Lawes, 1847). Although the experiment
started in 1843 it was not until 1852 that a full set of treatments was decided upon (Garner &
Dyke, 1968). The Broadbalk Experiment originally had 19 treatment strips, the current amount
of treatment strips is 20 (Figure 2.2). In 1926, Broadbalk was divided into five sections in an
attempt to reduced yield loss due to weeds, by fallowing one section each year in rotation. In
the 1960s other major changes were implemented to keep the experiment relevant to modern
agricultural practices. The implementation of herbicides was introduced in 1964 followed by
the introduction of modern, short-strawed cultivars in 1968 (Table 2.1). The National Institute
of Agricultural Botany (NIAB) variety descriptions are given in Table 2.1 for wheat varieties
grown since 1968. Broadbalk is currently separated into 10 sections (See the Broadbalk plan
Figure 2.2). Sections 0, 1 and 9 are all continuous wheat sections. Section 0 has had straw from
the previous crop incorporated into the soil since 1986. Sections 6 and 8 are also in continuous
wheat, with the absence of fungicides and herbicides, respectively. Sections 2, 3, 4, 5 and 7 are
the rotational sections of Broadbalk. Rotational cropping was introduced in 1968. Since 1968
the highest N application on Broadbalk was 192 kg N ha~!, in the 1985 N applications of 240
and 288 kg N ha~! were added. More information about the Broadbalk treatment plan can be
seen in Figure 2.2 and Table 2.3. Since 2001, P has been withheld from some plots. This was
because of a build-up of P within the soil (Table 2.3). The level of P currently within the soil in
these plots is not considered limiting for crop growth. Since 1968, sowing of continuous wheat
on Broadbalk occurs in October (however, it has occurred in the last and first days of September
and November, respectively). The application of N occurs in March or April and harvest occurs
in late-August to early-September. In 2013 winter wheat was sown very late, but in 2015 a

spring variety was sown due to the wet autumn.
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Table 2.1: Wheat varieties grown on Broadbalk from 1968 to 2016.

Year Cultivar Description

1968-1978 Cappelle desprez  Short and moderately stiff straw variety with a high
resistance to eyespot but susceptible to yellow rust
(NIAB, 1968).

1979-1984 Flanders High grain protein with moderately high bread
making quality and high resistance to yellow rust
(NIAB, 1982).

1985-1990 Brimstone High yielding and high bread making quality variety,
with weak straw and a potential risk of lodging
(NIAB, 1986).

1991-1995 Apollo Good grain quality and early maturing variety with
susceptibility to mildew, yellow and brown rust
(NIAB, 1993).

1996-2012 Hereward Good bread making variety which is susceptible to
yellow rust (NIAB, 1993).
2014, 2016 Crusoe Short, relatively stiff straw variety with good grain

quality and protein content with resistance to
mildew, yellow rust and Septoria tritici
(NIAB TAG Network, 2014).

2.2.2 Soil Properties and Yields

The soil on Broadbalk is a flinty silty clay loam overlying chalk at a depth of about 2 m (Avery
and Catt, 1995). The top-soil (0 - 23 cm) texture, is 25% sand, 50% silt and 25% clay (Gregory et
al., 2010). The clay content of Broadbalk soil ranges from 19 to 39%, with the mean clay content
for Section 1 being about 28% (Watts et al., 2006). The soil pH of Broadbalk is maintained at
around 7.0 to 7.5. The soil organic carbon (SOC) content of selected plots from 1966 to 2010
is given in Table 2.2. The Farm Yard Manure (FYM) treatment on Broadbalk has the largest %
SOC in contrast, the plot which receives no inputs had the lowest SOC, whereas the plot with
the highest Nitrogen inputs (since 1987) has the highest SOC of the inorganic fertilisers. From
Table 2.3 the changes in plant available P (Olsen P) in the soil on selected plots on Section 1 of

Broadbalk can be observed.

The grain yield and total biomass from Broadbalk Section 1, from 1968 to 2016, are given
in Figure 2.4 (a), (b), (c), (d), (e), (f), (g), (h) and (i), respectively. The mean grain yield
for treatments Nil, FYM, PKNaMg, 48 kgNha~! + PKNaMg, 96 kgNha~! + PKNaMg, 144
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kgNha—! + PKNaMg, 192 kgNha—! + PKNaMg, 240 kgNha~! + PKNaMg and 288 kgNha !
+ PKNaMg between 1968 and 2016, were 1.27, 5.51, 1.34, 3.26, 5.04, 5.61, 6.21, 6.73 and 7.01
tha1i, respectively. The mean total biomass for treatments nil, FYM, PKNaMg, 48 ngha_1
+ PKNaMg, 96 kgNha—! + PKNaMg, 144 kgNha~! + PKNaMg, 192 kgNha~! + PKNaMg,
240 kgNha~! + PKNaMg and 288 kgNha~! + PKNaMg between 1968 and 2016, were 1.97,
9.53, 2.12, 5.24, 7.98, 8.96, 9.95, 10.17 and 10.73 t ha—!, respectively. From Figure 2.4, large
year-to-year variability in grain yield and total biomass can be observed, with larger variability

for treatments which have a higher yield.

Table 2.2: The top-soil (0 - 23 cm) organic carbon content (% in air-dry soil) on selected plots

on the Broadbalk experiment, Section 1.

Treatment 1966 1987 1992 1997 2000 2005 2010
FYM 249 284 270 294 283 303 281
Nil 0.88 098 081 071 089 0.8 0.88
PKNaMg 090 094 101 08 090 0.89 0.88

48kgNha~! + PKNaMg | 0.96 1.00 1.03 094 103 100 1.03
96kgNha~! + PKNaMg | 1.04 1.16 1.08 1.02 112 112 1.06
144kgNha—! + PKNaMg | 1.10 1.18 1.05 1.00 1.13 107 1.04
192kgNha—! + PKNaMg | 0.92 1.07 1.04 1.02 113 110 1.05
240kgNha~! + PKNaMg | 0.94 1.05 1.13 101 112 109 1.04
288kgNha~! + PKNaMg | 0.95 1.04 1.04 106 120 1.14 1.12

Table 2.3: The amount of Olsen P (mgkg ™) in 0 to 23 cm of the Broadbalk experiment Section

1.

Treatment 1966 1987 1992 1997 2000 2005 2010 2015
FYM 79 87 85 95 91 96 103 123
Nil 6 4 7 7 5 7 8 11
PKNaMg 63 72 96 94 95 82 84 74

48kgNha~!+PKNaMg | 75 65 99 95 100 8 8 82
96kgNha—! + PKNaMg | 88 98 115 100 101 87 90 75
144kgNha—' +PKNaMg | 80 79 83 8 77 70 69 59
192kgNha—' +PKNaMg | 71 51 76 73 73 61 55 50
240kgNha~! +PKNaMg | 73 67 80 75 71 64 65 57
288kgNha~! +PKNaMg | 67 65 73 66 67 53 47 48
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Figure 2.2: The current treatment plan of the Broadbalk Wheat Experiment from Macdonald et

al. (2018).
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Figure 2.3: The reference table of treatments of the Broadbalk Experiment from 1852 to 2016

from Macdonald et al. (2018).

Treatmants Treatments Treatments Treatments
Strip until 1967 from 1968 from 1985 from 2001
01 - FYM N2 PK FYM N4 PK (FYM) N4
2.1 FYM since 1885 FYM N2 FYM N2 FYM N3®W
2.2 FYM FYM FYM FYM
03 Nil Nil Nil Nil
05 PKNaMg PK(Na)Mg PKMg (P)KMg
06 N1 PKNaMg N1 PK(Na)Mg N1 PKMg N1 (P)KMg
07 N2 PKNaMg N2 PK(Na)Mg N2 PKMg N2 (P)KMg
08 N3 PKNaMg N3 PK(Na)Mg N3 PKMg N3 (P)KMg
09 N*1 PKNaMg N4 PK(Na)Mg N4 PKMg N4 (P)KMg
10 N2 N2 N2 N4
11 N2 P N2 P N2 P N4 P Mg
12 N2 P Na N2 P Na N2 P Na N1+3+1(P)KMg(2)
13 N2 PK N2 PK N2 PK N4 PK
14 N2 P Mg* N2 PK Mg* N2 PKMg* N4 PK*(Mg*)
15 N2 PKNaMg N3 PK(Na)Mg N5 PKMg N5 (P)KMg
16 N*2 PKNaMg N2 PK(Na)Mg N6 PKMg N6 (P)KMg
17 N2(A) N2 %[PK(Na)Mg] NO+3 %[PKMg](A) N1+4+1 PKMg
18 PKNaMg(A) N2 %[PK(Na)Mg] N1+3 %5[PKMg](A) N1+2+1 PKMg
19 C C (C) N1+1+1 KMg
20 N2 KNaMg N2 K(Na)Mg N2 KMg N4 KMg

(A) Treatment to strips 17 & 18 alternating each year. From 1968 both strips received N2 and %-rate PK(Na)Mg;
from 1980 wheat on strips 17 & 18 received N1+3 i.e. autumn N1 in alternate years plus N3 in spring.

Annual treatment per hectare

FYM : Farmyard manure at 35t
(FYM):  Farmyard manure at 35t 1968-2000 only

N to wheat as single applications (mid-April)
N1, N2, N3, N4, N5, N6 : 48, 96, 144, 192, 240, 288 kgl

P: 35kgP as triple superphosphate
(P): 35kgP as triple superphosphate until 2000; Split N to wheat (mid-March, mid-April, mid-May)
to be reviewed in 2021 N1+1+1: 48+48+48 kgN (strip 19)
K: 90kgK as potassium sulphate N1+2+1 : 48+96+48 kgN (strip 18)
K2: 180kgK as potassium sulphate, 2001-2005. N1+3+1:48+144+48 kgN (strip 12)
(plus 450 kgK in autumn 2000 only) N1+4+1:48+192+48 kgN (strip 17)
K* : 90kgK as potassium chloride
Mg: 12kgMg as Kieserite.Was 35kgMg every 3rd N to oats at %-rate, as a single application (mid-April)

year 1974-2000.Previously 11kgMg as
magnesium sulphate until 1973
Mg2 : 24kgMg as Kieserite, 2001-2005.
(plus 60 kg Mg in autumn 2000 only)
(Mg*):  30kgMg as Kieserite 1974-2000.Previously
31kgMg as magnesium sulphate until 1973
(Na) : 16kgNa as sodium sulphate until 1973;
55kgNa on strip 12 only until 2000 (57kgNa
until 1973)
(C): Castor meal to supply 96kgN until 1988

': FYM N2 from 1968-2004
21 N1+3+1 (P)K2Mg2 from 2001-2005

%N1, %N2, %N3, N4, %N5, %N6 : 24, 48, 72, 96,

120, 144 kgN

Oats on strips 19, 18, 12 and 17 also receive N as a sing
application; %2N3, %2N4, %:N5, N6 respectively

No N or FYM to beans from 2018
N as ammonium nitrate (Nitram, 34.5% N) since 1986;

calcium ammonium nitrate (Nitro-chalk, c.26% N) 196¢
ammonium sulphate or sodium nitrate (N*) until 1967

Note : S has been added, by default (except on strip 14 since 2001), as part of the potassium sulphate, magnesium sulphate, Keiserite, FYM
and ammonium sulphate applications. S last applied to strip 14 in 2000.

In 2018 the rotation on five sections of the experiment changed to Wheat, Wheat, Oats, Wheat, Beans. The oats will receive N at half of the
normal rate (see above); the beans will not receive N or FYM.

In the previous rotation, Wheat, Wheat, Wheat, Oats, Maize from 1996-2017, oats did not receive N or FYM.

In earlier rotations from 1968-1995, beans did receive N, FYM (and PK etc.); fallows in the rotations (and on Section 8)

did receive FYM, PK etc. but no N was applied. Between 1926-1967 no fertilisers or manures were applied to those sections which were fallov
to control weeds. For detailed information on treatments and management until 1967, see Rothamsted Report for 1968, Part 2, pp215.
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Figure 2.4: Winter wheat grain yield and total biomass from Section 1 of the long-term Broad-

balk Experiment, from 1968 to 2016 (excluding 2013 and 2015 because of late sowing). Nine

different treatments are shown here, Nil (a), PKMaNg (b), FYM (c), 48kgNha—! + PKNaMg

(d), 96kgNha—! + PKNaMg (e), 144kgNha—! + PKNaMg (f), 192kgNha~! + PKNaMg (g),

240kgNha—! + PKNaMg (h) and 288kgNha~! + PKNaMg (i).
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2.3 The Hoosfield Experiment

2.3.1 Introduction

The Hoosfield Spring Barley Experiment (hereafter Hoosfield) was first sown in 1853 to mea-
sure the effects of mineral fertilisers and organic manures on the yield of spring barley (Lawes
& Gilbert, 1857). From 1852 to 1967, Hoosfield comprised of four main fertiliser treatments
(0, P, KMgNa and PKMgNa) crossed with three series Nitrogen treatments (Figure 2.5) and two
different organic amendments; farm yard manure and rape cake. Treatments included: Series
O (no N); Series A (N as ammonium sulphate); Series AA (N as sodium nitrate); and Series
C (rape cake, later replaced by castor meal. Similar to Broadbalk, Hoosfield was modified in
1968, when modern short-strawed cultivars were introduced (Table 2.4) and each plot was sub-
divided to included different rates of N application (OkgNha~!, 48kgNha~!, 96kgNha—! and
144kgNha~'). The NIAB information about the modern spring barley varieties are given in
Table 2.4. Initially (1968 - 1973) N rates were fixed for each plot, but rates of N have rotated in
the order 144-96-48-0 kgNha~!, with a transitional period between 1974 and 1980. Since 2001,
P has been withheld from some plots. Similar to Broadbalk, this was because of a build-up
of P within the soil (Table 2.6). Information about the rates and application of N and mineral
fertilisers on Hoosfield can be found in Table 2.6. Since 1968, the sowing of continuous spring
barley occurred in either February or March (Although in 1979 the crop was sown in April), N
application occurs in April or early May and harvest occurs in August or early September (in

1976 the harvest was in late-July).

2.3.2 Soil Properties and Yields

The soil on Hoosfield is a flinty silty clay loam overlaying chalk at a depth of about 2 m (Avery
and Catt, 1995). The top-soil (0 - 23 cm) texture of plots 42 and 72 (see Figure 2.5) is 28% sand,
52% silt and 20% clay (Blake et al., 2003). The soil pH of Hoosfield is maintained at about 7.0
to 7.5. The Hoosfield plan (Figure 2.5) shows the current experimental design together with the
old series. Some key soil properties, including SOC and Olsen P have been determined in soils
collected from the experiment. The FYM plot has the highest % SOC and Olsen P from 1965

to 2013 (Tables 2.5 and 2.6). The no fertiliser plot has the lowest % SOC and Olsen P. The plot
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Table 2.4: Spring barley varieties grown on Hoosfield from 1968 to 2016.

Year Cultivar Description
1968-1969 Maris Badger High malting quality (NIAB, 1968).
1970-1979 Julia Liable to ear loss when ripe and susceptible to mildew and
and yellow rust (NIAB, 1978).
1980-1983 Georgie Short strawed variety which is susceptible to mildew

(NIAB, 1982).
1984-1991 Triumph High yield and high malting quality with a resistance to
yellow rust but very susceptible to mildew (NIAB, 1986).

1992-1995 Alexis Malting variety with a high resistance to mildew (NIAB,
1993).
1996-1999 Cooper Short, stiff straw malting variety with good ear retention

and resistance to brown rust but susceptible to
Rhynchosporium (NIAB, 2001).

2000-2007 Optic Good malting quality with resistance to brown and yellow
rust but very susceptible to Rhynchosporium (NIAB,
2001).

2008-2015 Tipple Very short, stiff malting variety with good resistance to

mildew and brown rust but is susceptible to yellow rust
and Rhynchosporium (NIAB Association, 2008).

2016 Irina Very high yielding, short, stiff variety with good resistance
to mildew but is susceptible to Rhynchosporium
(NIAB TAG Network, 2016)

which receives both P and KMgNa fertiliser has the highest % SOC and Olsen P, from 1965 to
2013, compared to other inorganic fertilisers.

The grain yield and total biomass, between 1968 and 2016 from Hoosfield, are given in
Figure 2.7 (a), (b), (¢), (d) and (e). The FYM treatment had the highest mean grain yield of
5.53 t ha=! from 1968 to 2016. The highest grain yield from an inorganic treatment was 144
kg N ha~—! + PKNaMg of 5.05 t ha—!. The lowest grain yield was 0.99 t ha—! from the nil plot.
Across all N rates, PK had the highest grain yield of 3.73 t ha~!, compared to 2.95, 2.13 and
1.48tha~! from P, K and no mineral fertiliser, respectively. The highest average total biomass,
between 1968 and 2016, was 8.21tha~! on the FYM plot. The total biomass from the nil plot,
from 1968 to 2016, was the lowest, on average, of 1.34 t ha—!. The highest mean total biomass
from inorganic fertiliser was 7.64 t ha—! from plot 144 kg N ha—! + PKNaMg. Across all N
rates, the average total biomass, from 1968 to 2016, was 5.48, 4.16, 3.10 and 2.12 t ha~! for

treatments PKNaMg, P, KNaMg and no mineral inputs.
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Table 2.5: Top-soil (0 - 23 cm) organic carbon content (% air-dry soil) on selected plots on the

Hoosfield experiment sections 11 (Nil), 21 (P), 31 (KMg), 41 (PKMg) and 72 (FYM).

Treatment | 1965 1982 1998 2008 2013
FYM 337 326 358 353 3.74
Nil 0.81 078 092 0.82 0.89
P 082 0.84 095 085 0.85
KMgNa 091 093 1.09 094 095
PKMgNa | 097 099 112 1.04 1.04

Table 2.6: The amount of Olsen P (mgkg~!) in the top-soil (0 - 23 cm) on selected plots of the

Hoosfield experiment sections 11 (Nil), 21 (P), 31 (KMg), 41 (PKMg) and 72 (FYM).

Treatment | 1965 1982 1998 2008 2013
FYM 102 137 95 98 144
Nil 5 2 2 3 2
P 78 94 89 73 76
KMgNa 9 7 4 5 5
PKMgNa | 126 138 115 100 99
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Figure 2.5: The current treatment plan of the Hoosfield Spring Barley Experiment from Mac-

donald et al. (2018).
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Figure 2.6: The reference table of treatments of the Hoosfield Experiment from 1852 to 2016

from Macdonald et al. (2018).

Annual treatment per hectare

Nitrogen (applied in spring)

NO,1,2,3 0, 48, 96, 144 kg N as calcium ammonium nitrate (Nitro-chalk)
N rates rotate in the order: N3 > N2 > N1 > NO

Organics (applied before ploughing in autumn)

FYM 1852 Farmyard manure at 35 t since 1852

FYM 2001 Farmyard manure at 35 t since 2001

FYM 1852-71 Farmyard manure at 35 t, 1852-1871 only
Minerals (applied before ploughing in autumn)

P2 4 kg P as triple superphosphate since 2001
P) 35 kg P until 2002 (to be reviewed for 2020)
K 90 kg K as potassium sulphate

(Mg) 35 kg Mg as Kieserite every 3 years until 2002 (to be reviewed for 2020)
Mg 35 kg Mg as Kieserite since 2001

Si 450 kg sodium silicate since 1980

(Si) 450 kg sodium silicate 1862-1979

Note: Na as sodium sulphate discontinued in 1974 (applied with K and Mg),
P, K and Mg last applied to Series C for 1979

Series treatments (last applied 1966; 1967 for parts of Series C)

0 None

A 48 kg N as ammonium sulphate
AA 48 kg N as sodium nitrate

C 48 kg N as castor bean meal

Note: Old Series C and Strip 5 used as a “P” Test since 2003. These plots and those on the Silicate Test (on old Series AA) receive 144 kg basal N
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Figure 2.7: Spring barley grain yield and total biomass from Series O (for the inorganic treat-

ments) and Series A (for the FYM treatment) of the long-term Hoosfield Experiment. Yields

from five different treatments were shown here, FYM (a), Nil (b), KNaMg (c), P (d), and

PKNaMg (e). Mineral treatments for the inorganic Nitrogen applications are 0 kg N ha~! (dots),

48 kg N ha! (crosses), 96 kg N ha—! (diagonal crosses), and 144 kg N ha~! (triangles).
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2.4 The Park Grass Experiment

2.4.1 Introduction

The Park Grass Experiment (hereafter Park Grass) started in 1856 to measure the effects of
inorganic fertilisers and organic manures on permanent grassland (Lawes & Gilbert, 1859). This
is still a current aim of the experiment, but the effects of liming have also been included (Anon,
1971). Fertiliser treatments include different amounts and combinations of N, P, K, Na, Mg
and Si. In addition, some plots measure organic manures, including FYM and poultry manure
(replaced by fishmeal in 2003). Before 1856, the experiment had been in permanent pasture
for 100 years. Shortly after the experiment was implemented, it became apparent that different
fertiliser treatments affected the species diversity of the plots (Lawes & Gilbert, 1880a; Lawes
& Gilbert, 1859). The experiment design is shown in Figure 2.8 and further information about
the fertiliser treatments can be found in Table 2.9. Since 2001 P applications have been withheld
on selected plots due to a build-up of P within the soil.

Liming was introduced on Park Grass in 1903 in an attempt to maintain the soil pH, where
plots were split into limed (b) and unlimed (b) halves. In 1965, plots were split again and lime
applied to maintain a target soil pH of 7 (a), 6 (b), 5 (c) and unlimed (d). Park Grass differs from
Broadbalk and Hoosfield as two separate cuts of herbage are taken from Park Grass each year.

The first cut is in mid-June whilst the second cut is in the autumn.

2.4.2 Soil Properties and Yields

The soil of Park Grass is classified as silty clay loam (Avery & Catt, 1995). The soil texture
of plots 3a & d, 4.1a and 4.2d (see Figure 2.8) are 23% clay, 58% silt and 19% sand (Blake et
al., 2003). The soil pH of plots 12, 3, 2.2, 13, 7.2, 16 and 14.2 can be seen in the Appendix
Tables A.1, A.2, A3, A4, A5, A.6 and A.7. Since 1960, the soil pH of subplots a, b and ¢
are maintained at 7, 6, and 5, respectively. Subplot d is unlimed. Plot 12d has never received
any fertiliser or lime since 1853. The soil pH of d subplots of 12, 3, 2.2, 13, 7.2 and 16 has
been around 5 since 1876. Plot 14.2d has the highest soil pH, of around 6, compared to other d
subplots. Before the separation of plots from limed and unlimed to a, b, ¢ and d, the soil pH of

the limed plots (12, 3, 2.2, 13, 7.2, 16, 16.2) had a range of 5.70 to 7.30.
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From 1856 to 1900 the harvesting of Park Grass was done by hand with scythes. A mowing
machine was first used for the first cut in 1901, although this method of harvesting was used
for the second cut since 1881. Before 1960, hay from the whole plot was weighted for the first
cut. Since 1960, this method of harvesting has been replaced by a forage harvester, where a
strip of the plot is cut and weighed fresh and a subsample is dried to calculate yield at 100%
dry matter. To adjust for the changes in harvesting methods in 1960, a correction factor based
on the relationship between herbage yield (YHerbage) and hay yield (Ypay) has been derived by

comparing both methods in four harvest seasons (1992, 1993, 1994 and 1959),

(Vitay) = 0.2743 x (Y382,) (2.1)

erbage

(Bowley et al., 2017). The second cut data from 2003 is missing.

The first cut hay yields and total cut herbage yields of plots 12, 3, 2.2, 13, 7.2, 16 and 14.2
of Park Grass are given in Figure 2.10 (a), (b), (¢), (d), (e), (f) and (g). Hay yields from limed
plots start from 1903. All hay yields from 1960 onward have been adjusted from herbage yields
(Equation 2.1). 12b is omitted here due to the treatment being introduced in 1965. The hay
yields from the first cut of the limed plots (b) were, on average, higher than the unlimed plots
(d), across all treatments. The lowest yielding limed plot was 3b (no fertiliser treatment), with
ayield of 1.21 tha~!, compared to 4.51 t ha—! from plot 14b (96 kg N ha~! + PKNaMg). The
lowest yielding unlimed plot was 3d (no fertiliser treatment), with a yield of 0.82 t ha™!, plots
12d (no fertiliser treatment) and 2.2d (no fertiliser treatment) had similar low yields of 0.99 t
ha=! and 0.93 t ha—!, respectively. Plot 14d had the highest mean hay yield of 4.48 t ha—!. The
yield from plot 13d (FYM unlimed) was 3.26 t ha—! compared to 3.52 t ha=! from plot 13b

(FYM limed).

From the total cut, yields from subplot d were, on average, the lowest across all treatments
from 1960 to 2016. The highest yielding subplot from Park Grass, between 1960 and 2016,
was 13b (FYM, pH 6). Plots which had no inputs (12, 3 and 2.2) were the lowest yielding on
average compared to plots 13, 7.2, 16 and 14.2. The relative difference in herbage yield between
subplots ¢ and d were larger than those between subplots a and b. However, the difference in

herbage yields between subplots b and ¢ were the largest. In this Thesis only a study of yield
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in relation to weather parameters was considered. A discussion of the potential for species

diversity to affect yield in given in Chapter 6 and in the General Discussion.
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Figure 2.8: The current treatment plan of the Park Grass Experiment from Macdonald et al.

(2018). (Note: The alignment of Plots 14.2, 14.1, 15, 16 and 17 should be aligned with the left

column of Plot 1.)

Park Grass

18b
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19/1
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19/3 These areas used for microplot experiments
20/1
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20/3
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Figure 2.9: The reference table of treatments of the Park Grass Experiment from 1856 to 2016

from Macdonald et al. (2018).

Nitrogen (applied in spring)

N1, N2, N3 48, 96, 144 kg N as ammonium sulphate
N*1, N*2, N*3 48, 96, 144 kg N as sodium nitrate
(N2) (N*2) last applied 1989

Minerals (applied in winter)
17 kg P as triple superphosphate since 2017, previously 35 kg P

K 225 kg K as potassium sulphate

Na 15 kg Na as sodium sulphate

Mg 10 kg Mg as magnesium sulphate

Si 450 kg of sodium silicate

Plot 20 30 kg N*, 15 kg P, 45 kg K in years when FYM is not applied

In 2013, plot 7 was divided into 7/1 and 7/2; P applications on 7/1 stopped
Since 2013, plot 15 has also received N*3 (previously PKNaMg but no N)

Organics (applied every fourth year)
FYM 35 t ha* farmyard manure supplying c.240 kg N, 45 kg P, 350 kg K, 25 kg Na, 25 kg Mg, 40 kg S, 135 kg Ca
PM Pelleted poultry manure (replaced fishmeal in 2003) supplying c.65 kgN

On plot 13/2 FYM and PM (previously fishmeal) are applied in a 4-year cycle i.e.:
FYM in 2017, 2013, 2009, 2005 etc.
PM in 2015, 2011, 2007, 2003, fishmeal in 1999, 1995 1991 etc.

(FYM/Fishmeal) FYM and fishmeal last applied in 1993 and 1995 respectively
Lime (applied every third year)
Ground chalk applied as necessary to maintain soil (0-23 cm) at pH 7, 6 and 5

on sub-plots “a”, “b” and “c”.
Sub-plot “d” does not receive any chalk
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Figure 2.10: First cut hay yields (where yields between 1901 and 1959 have been adjusted) and
total cut herbage yields of the Park Grass Experiment from 1901 to 2016 and 1960 to 2016,
respectively. Yields from seven different treatments are shown here, Nil;, (a), Nilz (b), Nil;,
(c), FYM (d), PKNaMg (e), 48 kg N ha—! + PKNaMg (f) and 96 kg N ha—! + PKNaMg (g).
Hay yields from 1901 to 2016 were limed (crosses) and unlimed (dots) compared to herbage

yields with a pH of 7.2 (triangles), 6 (diagonal crosses), 5 (crosses) and unlimed (dots).
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2.5 Rothamsted Meteorological Station

2.5.1 Introduction

The Rothamsted Meteorological Stations (RMS) first started recording total daily rainfall in
1853 and by 1890, the RMS was recording hours of direct sunlight (started 1890) along with
maximum and minimum temperature (started 1878). With advances in technology, RMS joined
the Environmental Change Network in 1992 and became fully automated, with electronic sen-
sors, in 2004 (Scott et al., 2015). Rothamsted is a unique resource in identifying the effects
of weather variability and climate change on crop yield development as Rothamsted has been
recording long-term meteorological data (RMS) in parallel with the LTEs on the same site since
1853 (Figure 2.1). All information about the recording of meteorological data from the RMS

was provided by Scott et al. (2015), unless stated otherwise and all data was provided by e-RA.

2.5.2 Rainfall Records

First recorded in 1853, the five-inch rain gauge measurements have been updated several times.
The first change to the five-inch rain gauge measurements came in 1948 where the five-inch rain
gauge was replaced with a five-inch copper rain gauge, of the Meteorological Office standard
(type, MKII), and surrounded by a turf wall. Further changes to the recording of rainfall data
came in 2004 where the rainfall measurements became automated and a ten-inch aerodynamic
ARG100 tipping bucket rain gauge was installed within the turf wall.

The five-inch copper rain gauge is still in use today, however, data is recorded every several
days whilst the data from the ten-inch tipping bucket is recorded every day. Due to the change in
rain gauge size in 2004 there has been an observed increase, of approximately 10.54%, in rainfall
capture per year by the ten-inch tipping bucket rain gauge compared to the five-inch copper rain
gauge. The 10.54% increase in rainfall, due to the increased efficiency of the measurements
since 2004, was derived by the RMS Caretaker by a method of double-mass curves (Scott,
personal communications). All rainfall recordings from before 2004 were adjusted up.

The total annual rainfall throughout a harvest season (October to September) at Rothamsted
from 1892 to 2016 is given in Figure 2.11a. Since 1892 there has been no trend in the amount

of rainfall over time, with a mean of 766.66mm of total rainfall over a harvest season. The min-
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imum rainfall measured in a harvest season was 432.87mm in 1976 with most rainfall observed,
over a harvest season, in 2001 with 1217.71mm. Compared to total annual rainfall from Figure
2.11a, the mean total Autumn, Winter, Spring and Summer rainfall were 216.39, 200.87, 162.52
and 186.61mm, respectively (Figure 2.12a, b, ¢ and d). Although there was no trend in rainfall
over time, there was a large amount of year-to-year variability compared to average temperature

(Figure 2.11 (b)) and total hours of direct sunlight (Figure 2.11 (c)).

Figure 2.11: Yearly summary of mean (solid), maximum (dashed) and minimum (dots) temper-

ature at Rothamsted, for each year (black) and five-year means (red), from 1892 to 2016.
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2.5.3 Temperature Records

Rothamsted started recording temperature measurements in 1878. Since 2004 maximum and

minimum temperatures (°C) have been measured by a single dry bulb thermistor (Campbell

45



Figure 2.12: Seasonal summaries of total Autumn (a), Winter (b), Spring (c) and Summer (d)

rainfall at Rothamsted, for each year (black) and five-year means (red), from 1892 to 2016.
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Scientific, type 107) replacing the glass sheathed mercury bulb maximum thermometer and a
glass sheathed spirit bulb minimum thermometer. Only caretaker measurements, twice weekly,
are made using the glass thermometers now to validate measurements from the electronic ther-
mistor. Both thermometers are enclosed within a Stevenson Screen. This is to shield the in-
struments against precipitation and direct heat radiation in order to gain true estimates of air
temperature. The process of recording temperature measurements was automated in 2004 with
manual measurements still being recorded by Rothamsted’s Meteorological caretaker. Manual
measurements are still recorded as a way to validate measurements from the automated ther-

mometers.
The 2007 to 2016 decadal mean annual mean temperature at Rothamsted was 10.19 °C
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compared to the 100-year average (1892 to 1991) of 9.16 °C (Figure 2.11 (b)). In comparison,
the decadal average (2007 to 2016) for mean minimum and maximum annual temperature was
0.88 °C and 1.17 °C above the 1892 to 1991 average of 13.10°C and 5.23 °C. The hottest
recorded mean annual temperature, between 1892 and 2016 at Rothamsted, was 11.08 °C in
2016, where 1963 had the coldest recorded mean temperature of 7.66 °C. The mean autumn,
winter, spring and summer decadal (2007 to 2016) temperature was 11.11, 4.51, 9.18 and 16.08
°C compared to the century mean (1892 to 1991) of 9.74, 3.47, 8.05 and 15.27 °C. The mean
decadal minimum temperature of autumn, winter, spring and summer was 1.63, 1.04, 1.14 and
1.13 °C higher than the 1892 to 1991 average of 6.03, 0.64, 3.67 and 10.45 °C, where the mean
decadal maximum temperatures were 1.12, 1.05, 1.13 and 0.49 °C in autumn, winter, spring
and summer, compared to the 1892 to 1991 mean (13.45, 6.29, 12.43 and 20.08 °C). Therefore,
from 2007 and 2016, across the seasons, minimum temperatures increased more than maximum

temperatures.

2.5.4 Sunlight Records

Sunshine recordings were first recorded at Rothamsted in 1890 by a Campbell-Stokes recorder.
The Campbell-Stokes recorder consists of a glass sphere through which sunlight passes burning
a trace onto a sunshine card appropriate to the time of year. Cards are measured to the hour,
noon is located in the centre, and the card is burnt by the sunlight depending on the time of
day. The length of the burn mark therefore depicts how long (in hours) there was direct sunlight
on that day. Since the automation of the RMS in 2004 the hours of direct sunlight have been
calculated from the total solar radiation per day (J cm~?2). Solar radiation is measured using
a pyranometer. The calculation takes into account the time of sunrise and sunset and Earth’s
latitude and longitude.

From 1892 to 1968 the annual total hours of direct sunlight at Rothamsted decreased from
1565.29 hours (1892 to 1900 mean) to 1416.99 hours (1958 to 1968 mean). The 2007 and 2016
decadal mean of total annual direct sunlight was 1650.66 hours and has been increasing steadily
since 1968 (Figure 2.11 (c)). The lowest recorded annual hours of direct sunlight over a harvest
season was 1954 of 1256.10 hours. 1995 was the harvest season with the most recorded hours of

direct sunlight of 1858.2 hours. The increase in hours of direct sunlight after 1968 was thought
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Figure 2.13: Seasonal summaries of mean Autumn (a), Winter (b), Spring (¢) and Summer (d)

mean (solid), maximum (dashed) and minimum (dots) temperature at Rothamsted, for each year

(black) and five-year means (red), from 1892 to 2016.
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to be a response to the Clean Air Act of 1956 and 1968. The 2007 to 2016 decadal average for
autumn, winter, spring and summer total hours of direct sunlight were 19.41, 63.53, 126.22 and
24.36 hours greater than the 1958 to 1968 mean of 301.97, 162.57, 417.43 and 537.81 hours

(Figure 2.14 (a), (b), (c) and (d)). Winter and spring have the greatest increase in hours of direct

sunlight compared to all other seasons.
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Figure 2.14: Seasonal summaries of total Autumn (a), Winter (b), Spring (c) and Summer (d)

hours of direct sunlight at Rothamsted, for each year (black) and five-year means (red), from

1892 to 2016.
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Chapter 3

A multivariate study into Rothamsted’s
weather from 1892 to 2016 and the

yield of the Long-Term Experiments

3.1 Introduction

In 2016, the average global temperature was 1.43°C above the 20" century average (NOAA,
2017), with temperatures predicted to rise throughout the 21 century, depending on future cli-
mate emissions scenarios (Kirtman et al., 2013). The UK decadal average temperature between
2007 and 2016 was 9.1°C compared to a 1961 to 1990 average of 8.3°C (Kendon et al., 2017).
At Rothamsted, the decadal temperature between 2007 and 2016 was 1.03 °C greater than a
1961 to 1990 average with no consistent increasing or decreasing trend in rainfall at Rotham-

sted since 1892 (Chapter 2).

Studies into crop variation from time-series yield data show associations between variations
in weather with these in the yield of wheat, barley and pastures (Chmielewski & Potts, 1995;
Fisher, 1925a; Hatfield & Dold, 2018; Hooker, 1907; Silvertown 1994; Wishart & Mackenzie,
1930). Understanding how climate has changed across multiple weather variables provides an
understanding of how the agricultural climate has changed, in comparison to univariate analysis,

and potentially how this influences yield. Multivariate methods have been applied to previous
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climate studies. Cluster analysis was used to partition climate zones of the conterminous United
States over temperature and precipitation variables from 1931 to 1980 (Fovell & Fovell, 1993).
Using data from 1950 to 2002, cluster analysis was used to describe cyclone trajectories in the
western North Pacific (Camargo et al., 2007). The use of multivariate methods can provide
insight into how the whole climate system has changed over several variables.

Rothamsted Meteorological Station (RMS) has weather records dating back to 1853. From
1890, the RMS started collecting hours of direct sunlight records to add to the rainfall (1853)
and maximum and minimum temperature (1878) records already being measured (Chapter 2).
The purpose of this study was to apply multivariate analysis to monthly summarised rainfall,
temperature and sunlight duration data, from the RMS, to see if climate could be objectively
categorised and to test how climate has change, over multiple variables, from 1892 to 2016.
This study also used wheat, barley and pasture total biomass data from the Rothamsted Long-
Term Experiments (Broadbalk, Hoosfield and Park Grass) to investigate if and how the yield

from years within different defined clusters varies.

3.2 Aims and Objectives

3.21 Aim

This study aims to investigate, objectively, how the climate at Rothamsted has changed, from
1892 to 2016, over multiple variables using multivariate analysis. I investigated the impacts
of climate change on wheat, spring barley and herbage yields from Rothamsted’s Long-Term

Experiments and identified how the interaction between climate and yields of these crops differs.

3.2.2 Objectives

Within this chapter I:

* Identified the key components of variations in weather over years by reducing the dimen-

sionality of the Rothamsted weather data by the use of Principal Components Analysis.

* Identified clusters of years with different characteristics depending on their weather pat-

terns to understand how climate had change across multiple variables at Rothamsted since
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1892.

* Given the clustered years, I assessed whether the yields of wheat, spring barley and
herbage from the Broadbalk, Hoosfield and Park Grass experiments varied across these
defined clusters over five common treatment groups PKNaMg (Mineral), 48 kg N ha'! +
PKNaMg (N1 + Mineral), 96 kg N ha'! + PKNaMg (N2 + Mineral), farmyard manure

and no inputs (Nil).

3.2.3 Hypotheses

» Univariate analyses of the RMS data show increasing temperatures in the late-20™ and
early-21™ century, therefore objectively classifying these changes in climate through clus-

ter analysis showed distinct weather characteristics from other years in the 20" century.

* The classification of years based on weather showed a loss in the yield of wheat, spring
barley and herbage in clusters which had weather characteristics which were less suited

to crop growth, such as those in in the early-21%.

3.3 Methods

3.3.1 Rothamsted Meteorological Data

To form a complete dataset, rainfall, temperature and sunlight data from 1892 to 2016 were
used. In this analysis, I considered seven meteorological variables, summarised for each month
over a growing year from October to September. Some meteorological variables included: total
rainfall (mm), rain intensity (mm/days), mean daily maximum temperature (°C), mean daily
minimum temperature (°C), and total sunlight hours. To include the amplitude of low and high
temperatures within a month, minimum daily minimum temperature (°C) and days maximum
temperature was over 31°C were considered. Heat stress over 31°C was known to lead to a loss
in crop growth. Only four months had an observed temperature over 31(°C), these were June,
July, August and September. Monthly summaries of weather were chosen because phenological
data was not collected on the Rothamsted LTEs and larger windows would smooth-out within

year variability. In total 76 variables (12 x 7 4 4) were selected over 125 years.
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3.3.2 Rothamsted Long-Term Experiment Data

To make comparisons across experiments over multiple years, total biomass (85% dry matter)
was used from Broadbalk wheat Section 1, Hoosfield spring barley Series O and Park Grass
Section A from 1968 onwards (see Section 2). Treatments PKNaMg (Mineral), 48 kg N ha! +
PKNaMg (N1 + Mineral), 96 kg N ha'! + PKNaMg (N2 + Mineral), farmyard manure and no
inputs (Nil) were considered for this analysis because they were consistent across experiments.
Total biomass was considered for this analysis to minimise the cultivar effect of Broadbalk
and Hoosfield. An example of this was a comparison between short-strawed and long-strawed
cultivars showed no clear difference in total biomass on the Broadbalk experiment within the
same years (Austin & Ford, 1989). Although we have clustered weather data since 1892, yield
data before 1968 was not considered due to a lack of homogeneity of agricultural practices such

as the introduction of herbicides and short strawed cultivars in the 1960s.

3.3.3 Statistical Analysis

Principal components (PCs) analysis was used as a dimension reduction tool to identify key
sources of variability within the dataset. Due to the seven underlying variables being measured
on different scales, PCs were constructed from the correlation matrix. A k-means clustering
procedure (Hartigan & Wong, 1971), where data was clustered into 2 to 50 clusters to determine
the optimum cluster number, was used on the scores of the PC analysis to group years together
dependent on their weather. The Hartigan & Wong (1971) procedure results in minimising the
within-cluster sum of squares by the following algorithm: 1. partition the data at random into k
sets, 2. calculate the centroid of each set, 3. assign each point to a cluster corresponding to the
closest centroid, and 4. repeat stages 2 and 3 until convergence is met or the maximum iterations
has been met.

Multiple indices were considered for optimum cluster number. However, due to the large
variability of the Rothamsted weather data few gave an optimum cluster number which did not
result in clusters having very small membership or years being allocated their own cluster. The
optimum cluster number should result in clusters having a large enough size to include multiple

years but not so big that few clusters were observed. The R package clusterCrit was used to
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investigate indices which could optimise cluster number. Multiple indices were considered for
optimum cluster number. However, some cluster indices were based on the within-cluster sums
of squares and therefore the C-Index was preferred as it considers the range of values within a
cluster. The within-cluster sum of squares and the C-Index were both used to choose an optimum
cluster number. The C-Index was used alongside the within-cluster-sum-of-squares figure as an
index to define optimum clusters size. The C-Index is defined by Desgraupes (2013) as

SW - Smm

Sma:r - szn

C =

Where: Sy is the sum of the distances between all pairs of points within each cluster; Sy
is the sum of the smallest distances within each cluster; and .S,,,4. is the sum of the maximum
distances within each cluster. The C-Index was calculated for all clusters, 2 to 50. The optimum
cluster number was chosen from an elbow in the within-cluster-sum-of-squares and C-Index
plot. It should be stated that cluster analysis and selecting optimum cluster number is subjective,
given multiple indices available, and it is my opinion that further methodological developments
are needed. The issue of optimum cluster number links with the philosophy of these type of
analyses, years do not naturally form clusters, the approach taken was a method of objectively
classifying changes in climate and sources of weather variability. Further analyses show how

the climate within these clusters influences the yield over three crops.

Once a cluster number was achieved, by viewing the within-cluster sums of squares and
the C-Index, a linear mixed model (LMM) (Equation 3.1) was used to determine if there was a
difference between total biomass across clusters, experiments (Broadbalk, Hoosfield and Park
Grass) and treatments (Nil, PKNaMg, 48 kg N ha™! + PKNaMg, 96 kg N ha'! + PKNaMg and
FYM)

y=Xp+Uy+e¢ 3.1

with y the response variable yield, X the fixed effects design matrix, 3 the fixed effects, U the
random effects design matric, -y the random effects and ¢ the associated error. A LMM was
preferred due to the lack of cluster membership within clusters. Without a LMM, a year effect

could confound a cluster effect and therefore lead to a bias analyses. The fitted model was
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expressed as

Yijkim =Bo + Briwi + Bojxj + Bk + BaijTij + BikTik + BejkTik + BrijkTijr+ 32)

YU = V2um W Um + Eijkim

with, y;jkim the yield for the i cluster, /™ experiment (j = 1,2,3; 1 = Broadbalk, 2 =
Hoosfield, 3 = Park Grass), k™ treatment (k = 1,2,3,4,5; 1 = Nil, 2 = PKNaMg, 3 =
48 kg N ha! + PKNaMg, 4 = 96 kg N ha! + PKNaMg, 5 = FYM), I'" plot, and m™ year
(m = 1968, ...,2016). The overall mean was [y, 51 the effect of cluster, 35 the effect of
experiment, 33 the effect of treatment, 34 the interaction between cluster and experiment, 55 the
interaction between cluster and treatment, g the interaction between experiment and treatment,
and (7 the three way interaction between cluster, experiment and treatment. ~y; was the fixed
effect of plot and ~» the nested effect of year within plot. Years were clustered regarding their
weather, therefore any variability associated with year must be taken into account within the
random model. Model validation was achieved. Total biomass from all experiments was square
rooted to satisfy the assumption of homogeneous variance of the residuals across all treatment

groups.

3.4 Results

3.4.1 Principal Components Analysis

The first 19 PCs explained 70% of the overall variability of the weather dataset. PC1 explained
10.00% of the variability whilst PC2 and PC3 explained 6.53% and 5.80%. The loadings of to-
tal rainfall, mean daily maximum temperature, mean daily minimum temperature, total sunlight,
rain intensity and minimum daily minimum temperature and days over 31°C for each month are
provided in Figure 3.1 (a), (b), (¢), (d), () and (f). The first 16 PCs are given in the Appenix Ta-
bles A.10 and A.10. PC1 had a negative loading for mean maximum and minimum temperature
for every month (Figure 3.1 (b) and (c)). PC1 separated out a temperature effect. Therefore, due
to the negative loadings of temperature, years which had warmer months had a negative score

over PC1. PC2 had a positive loading for mean maximum and minimum temperature for April,
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May, June, July, August, September and November, and a negative loading for December, Jan-
uary, February and March. Therefore, PC2 separates out a seasonal effect of temperature. The
magnitude of loadings, over PC1 and PC2, for January, February, July and August temperature
were large (September minimum temperature and November maximum temperature also have
large loadings over PC1 and PC2), and therefore years with warmer temperatures within these
months were given larger scores. A seasonal effect in temperature was also observed in the load-
ings of minimum daily temperature and days over 31°C (3.1f). December, January, February
and March loadings were negative for minimum daily minimum temperature and were positive
for all other months.

The months June, July and August had positive loadings for total rainfall and negative load-
ings for December, January and February over PC1 (3.1a and e). Therefore, PC1 is separating a
seasonal effect of rainfall and rain intensity. All months, except October and May had negative
loadings for hours of direct sunlight (3.1 (d)), therefore, PC1 not only separated out a temper-
ature effect, but also a sunlight effect. PC2 had a positive loading for November and March
rainfall and rain intensity, and August and October sunlight. December, February, August and
September rainfall had negative loadings over PC2 (Figure 3.1a), and November sunlight had a
negative loading over PC2 (Figure 3.1 (d)). PC1 and PC2 therefore separated a temperature and
sunlight effect, and seasonal effect of weather of temperature, rainfall and sunlight, respectively.

PC3 separated out a seasonal effect but gave more magnitude to maximum temperature
variables and hours of direct sunlight in July, August and September. Temperature variability
within the early growing was captured in PC4 and 7, where PC7 also captures rainfall variability
in the early harvest season, with wetter October, November and December had a larger negative
score. PC5 separated out a seasonal spring effect, where April mean daily maximum temper-
ature was given a positive loading and spring rainfall variables given a negative loading. The
seasonal effect of temperature in early-summer was separated out in PC6, PC8, 9 and 11. PC9
and 12 separated out the seasonal effect of rainfall and rain intensity in the winter and spring,
respectively. Seasonal variation in rainfall and rain intensity around the early harvest season and
summer were explained by PC10 and 19.

Interpretation of the loadings proved more difficult the more PCs included. The PC load-

ings are given in the Appendix. A cut-off of 70% was preferred because before 70% some
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informative PC may have been lost in further analyses, a cut-off after 70% may have resulted
in non-informative information dominating the cluster analysis. From the first 19 PC, all PCs
explained variations in temperature but separated a within-year effect. For example, PC3 sepa-
rated out a seasonal effect of temperature but also a maximum and minimum temperature effect,
giving more magnitude to mean daily maximum temperature for August and July compared to

daily minimum temperature.

3.4.2 Cluster Analysis

From Figure 3.2 (a) and Figure 3.2 (b) the within-cluster sum of squares and C-Index relation-
ship as cluster number increases. No distinct elbow from Figure 3.2 (a) was observed, although
the rate of decline of the within-cluster sum of squares changed between a cluster number of
7 to 15, there was an elbow at cluster number 5, 7 and 10 from the C-Index in Figure 3.2 (b).
From combining 3.2a and 3.2 (b), a cluster number of 10 was chosen as the optimum number of
clusters with C-Index of 0.19. A cluster number of 7 could have been proposed but was rejected
because the rate of decline of the within-cluster sum of squares around a cluster number of 7
was still high in comparison to cluster number 10. The membership of clusters since 1892 is
shown in Figure 3.3 (a) and are given explicitly in Table 3.1. Years throughout the 20 century
tended to be within Cluster 2, 3, 7 and 10, with their score across PC1 being more positive than
negative (see score Figure 3.3). 25, 16 and 23 out of 100 years, between 1900 to 1999, were in
Cluster 2, 3 and 10, respectively (Table 3.1). The scores from years within Cluster 1 tended to
be more negative on the PC1 axis (Figure 3.3 (b)). With the negative loadings of temperature
variables from the loadings plot (Figures 3.1 (b) and (c)) over PC1, years within Cluster 1 were
generally warmer.

From Figures 3.4, 3.5, 3.6, and 3.7 the weather characteristics of monthly mean daily max-
imum and minimum temperature, total rainfall, rain intensity and hours of sunlight for each
cluster are given. Generally, Cluster 1, which most membership years fall within the 21 cen-
tury, had the highest mean daily maximum temperature from November to February compared
to all other clusters. Cluster 1 also had a higher mean daily maximum temperature across all
months compared to Cluster 10, who’s membership spans the 20" century. The hottest and

coolest mean daily maximum temperature was 23.29°C and 2.17°C from August Cluster 9 and
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Figure 3.1: A representation of the loadings of (a) total rainfall, (b) mean daily maximum
temperature, (c) mean daily minimum temperature, (d) total sunlight, (e) rain intensity, and
(f) minimum daily minimum temperature (black) and days over 31°C (grey) weather variables

summarised each month over PC1 and PC2 at Rothamsted (1892 to 2016).
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February Cluster 4, respectively. Cluster 4 had the coldest January and February mean daily
maximum temperature, whereas Cluster 8 had the coldest and July to August mean daily max-
imum temperature period. The daily mean daily minimum temperature for Cluster 1 was the
warmest for all months compared to Clusters 2, 3, 7, 8 and 10. Cluster 4 had the coldest De-
cember to March mean daily minimum temperatures compared to all other clusters. The cluster
which had the coldest late-spring to early-summer period was Cluster 2, where Cluster 8 had the
summer period late-summer. Summarised days where temperature went over 31°C and mini-
mum daily minimum temperature captured the same information as the mean daily maximum
and minimum temperature. For example, Cluster 9 had the warmest mean daily maximum Au-
gust temperature compared to the other clusters of 23.29°C. It also had the most days where
temperature went over 31°C of 10. Therefore, mean daily maximum and minimum temperature
captured the same variability as days when temperature went over 31°C and monthly minimum

daily minimum temperature.

Cluster 1 had the wettest harvest season of 848.92mm of rainfall, compared to 671.95mm
from the driest Cluster 7. Clusters 5 and 6 had a total rainfall of 643.88 and 432.87mm, but
these clusters were omitted from further summaries due to their cluster size of four and one,
respectively. The wettest month for a cluster was December Cluster 1 with 104.48mm. the
driest month was August from Cluster 9, where only 27.92mm of rain fell. The radar plots from
Figure 3.5 show the distribution of rainfall across all clusters, where Cluster 1 was generally
wetter across all months. Cluster 8 had the wettest late-summer period compared to all other
clusters. However, Cluster 3 had the wettest June where Cluster 1 experienced the wettest May.
The driest late-summer period was Cluster 9, with Cluster 1 having the driest June and Cluster 4
having the driest May. In collusion with rainfall, Cluster 1 had the most intense rainfall harvest
season of 6.66mm days™!, so when rainfall occurred it happened, on average, over a shorter
period than any other cluster. The most intense rainfall month within Cluster 1 was October,
with an intensity of 9.74mm days!. The least intense rainfall month, over all clusters, was
February from Cluster 4 with a rain intensity of 3.91mm days™. Cluster 9 had the most hours
of direct sunlight, across the whole harvest season, of 1681.66 hours. The cluster with the least
hours of direct sunlight was Cluster 10 of 1426.18 hours. June, from Cluster 1 had the longest

hours of direct sunlight of 216.37 hours compared to any other cluster and month. The month
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and cluster with the shortest duration of sunlight hours was December, Cluster 3 with 36.92
hours.

A summary of each cluster is given in Table 3.2. Generally, k-means cluster analysis does
not consider potential outliers and clusters them on their own or with other outliers. For example,
the membership of Cluster 6 was one. This was the year 1976. Within 1976, there was less
rainfall in October through to August than there was in any other cluster (August had only
9.84mm of rain), there was also more rainfall in September compared to any other cluster.
Also, Cluster 6 had the most hours of direct sunlight from June to August, with the warmest
mean June and July maximum and minimum temperature compared to all other clusters of
25.10°C. Although the harvest year 1976 had a warm dry summer, the winter was relatively cool
compared to other warmer clusters, such as 1, 7 and 9. Also, for months October, November,
February, March, April, August and September, the mean minimum temperature for 1976 was
less than those of Cluster 7 and 9. Therefore, 1976, and Cluster 6, could be defined as a year of
extreme drought and intense sunlight and temperature in the summer, with a cool winter. This
resulted in 1976 being closer to the centroid of Cluster 6 (1976) than any other cluster. An
opposite to this result was 1943. Although 1943 was not as warm as 1976, the harvest season
was generally wetter and had characteristics of a warm-wet year, therefore clustered within

Cluster 1.
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Table 3.1: The cluster membership of years between 1892 and 2016 after a cluster number of

10 was chosen.

Cluster Year
1 1943, 1994, 1999, 2000, 2001, 2002, 2004, 2005, 2006, 2007, 2008, 2014, 2015

2 1892, 1900, 1901, 1904, 1907, 1908, 1909, 1915, 1928, 1929, 1941, 1946, 1954,
1955, 1956, 1962, 1969, 1971, 1977, 1978, 1979, 1980, 1985, 1987, 1991, 1996,
2013
3 1896, 1897, 1902, 1903, 1905, 1912, 1913, 1916, 1920, 1921, 1923, 1935, 1938,
1948, 1957, 1960, 1974, 1984
1895, 1940, 1942, 1947, 1963, 1964
1898, 1906, 1911, 1990
1976
1893, 1914, 1934, 1945, 1952, 1982, 1992, 1997, 2009, 2010, 2011
1917, 1919, 1922, 1924, 1931, 1965, 1966, 1970, 1986
1899, 1933, 1949, 1959, 1975, 1983, 1989, 1995, 1998, 2003, 2012, 2016
1894, 1910, 1918, 1925, 1926, 1927, 1930, 1932, 1936, 1937, 1939, 1944, 1950,
1951, 1953, 1958, 1961, 1967, 1968, 1972, 1973, 1981, 1988, 1993
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Figure 3.2: Scree plots of the within-cluster sums of squares (a) and C-Index (b) as cluster
number varies from 0 to 50. The vertical line at cluster number 10 is discussed in the text. The

red symbol in Figure b represents the C-Index value of 0.19 at cluster 10.
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