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Abstract

Radioisotopes of caesium (Cs) and strontium (Sr) have been distributed in the
environment due to weapons testing, nuclear power production and
accidents at nuclear facilities. Radiocaesium and radiostrontium are of major
concern in the medium to long term following accidental releases as they
have high energies, long half lives (3’Cs=30 years; °°Sr=29 years) and their
easy assimilation into biological systems due to their similarity to the
biologically important elements potassium (K) and calcium (Ca), respectively.
Radio-caesium and -strontium are transferred to humans primarily via plant
root uptake, and therefore minimising this uptake has been the focus of a
number of remediation strategies, such as ploughing and fertiliser application.
Species or cultivar substitution, where a species/cultivar that has higher
uptake is replaced by a species/cultivar that has lower uptake, has been
proposed as an effective and socially acceptable remediation strategy for
contaminated agricultural land, but not enough is known about its efficacy for
it to be recommended internationally.

The aim of this thesis is to evaluate the potential of species or cultivar
substitution as a remediation strategy for contaminated agricultural areas.
Chapter 2 consists of meta-analysis of the available data (115 experiments) on
the inter-cultivar variation in Cs and Sr accumulation by 27 plant species.
Chapter 3 includes experiments conducted in the laboratory (UK) and two
experiments in the field (Ukraine) investigating inter-cultivar variation in
radiocaesium and radiostrontium accumulation in Brassica oleracea, and
whether consistently lower-accumulating cultivars could be identified.
Chapter 4 details analysis of samples from grass breeding experiments in
Aberystwyth and Edinburgh (UK) from four forage grass species; hybrid
ryegrass (Lolium perenne L. x Lolium multiflorum Lam.), L. perenne, L.
multiflorum and Festuca arundinacea Shreb., and investigates inter-species
and inter-cultivar variation in uptake of stable Cs and Sr. Hybrid ryegrass
cultivars that were lower-accumulating in Cs and/or Sr were also identified.
Chapter 5 compares the stable Cs and Sr uptake in six L. perenne and two F.
arundinacea cultivars grown in Aberystwyth and Narodychi (Ukraine). Chapter
6 compares the performance in terms of yield and forage quality (elemental
concentrations, digestibility and water soluble carbohydrate content) of six
hybrid ryegrass cultivars and ten F. arundinacea cultivars identified as
consistently lower-accumulating in Cs and/or Sr against the performance of
two commercial hybrid ryegrass cultivars.

The mean inter-cultivar variation in Cs and Sr was 1.8-fold and 2.0-fold,
respectively when 27 plant species were studied. Thirty-five-fold variation in
radiocaesium and 23-fold variation in radiostrontium was found between c.
70 Brassica oleracea cultivars. In two field experiments in Ukraine, five
cultivars had consistently lower radiocaesium concentration ratios and two
cultivars consistently lower radiostrontium concentration ratios. One cultivar
had lower radiocaesium and radiostrontium concentration ratios. Festuca



arundinacea cultivars had lower Cs and Sr concentration ratios than cultivars
of hybrid ryegrass, L. perenne and L. multiflorum. Three out of 17 hybrid
ryegrass cultivars had consistently lower Cs concentration ratios, two cultivars
consistently lower Sr and one consistently lower Cs and Sr. Despite
differences in soil properties and environmental conditions, F. arundinacea
cultivars grown in Aberystwyth and Narodychi accumulated less stable and
radioactive Cs and Sr than L. perenne cultivars. One L. perenne cultivar also
accumulated less Cs and Sr at both sites. Festuca arundinacea cultivars
accumulated less Cs and Sr than commercial hybrid ryegrass cultivars, but also
had up to 59% lower yield and a reduction of up to 19% in K accumulation, up
to 46% in Ca accumulation, up to 7% in dry matter digestibility and up to 17%
in water soluble carbohydrate content. Selecting lower-accumulating cultivars
was found to reduce Cs and Sr accumulation less, but with a smaller yield
penalty and a smaller reduction in digestibility and water soluble
carbohydrate content.

It is concluded that species and cultivar substitution could be an effective
remediation strategy in contaminated agricultural land provided implications
for yield and quality are considered.
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Chapter 1. General introduction

1.1 Caesium and strontium

Caesium (Cs) is a soft, gold-coloured alkali metal present in group | of the
periodic table. There are 40 known isotopes of Cs with mass numbers from
112-151 (Emsley, 2011). Only one of these 40 isotopes is a stable isotope
(133Cs), which originates predominantly from the mineral pollucite
(CsaHaAl4Sis027; Emsley, 2011), the remaining 39 are radioisotopes.

Strontium (Sr) is a soft silvery-white alkaline-earth metal from group Il of the
periodic table (Stwertka, 2002). There are 33 known isotopes of Sr with mass
numbers ranging from 73-105. Four of these are stable isotopes (84Sr, #Sr,
87Sr and #sr), which are primarily found in the minerals celestite (SrSO4) and
strontianite (SrCOs; Emsley, 2011), whilst the other 29 are radioisotopes.

1.2 Caesium and strontium in the environment

Stable Cs and Sr are distributed in the environment via the erosion of Cs and
Sr containing minerals, and are present in soils at a concentration of <1-30 mg
kg (Cs) and 5-3100 mg kg* (Sr) and in plants at <0.01-3 mg kg (Cs) and 1.5-
74 mg kg* (Sr; Kabata-Pendias and Szteke, 2015).

134Cs, 137Cs and 2°Sr are the most common radioisotopes produced as by-
products when other radioactive materials such as uranium (U) and
plutonium (Pu) undergo nuclear fission (Ashraf et al., 2014). The fission of U
and Pu creates a huge amount of energy, and thus has been used to make
nuclear weapons and for production of nuclear power.

Radioisotopes of Cs and Sr have been widely deposited in the environment
due to weapons testing, nuclear power production and accidents at nuclear
facilities (Shaw, 2007). The two largest nuclear accidents occurred at the
Chernobyl nuclear power plant, Ukraine, in 1986 and at the Fukushima Daiichi
nuclear power plant, Japan, in 2011 (Steinhauser, 2014). The primary
radionuclide of concern for human radiation dose immediately following both
of these accidents was another fission by-product, radioiodine (principally *31I;
Alexakhin et al., 2006; Matsuzaki et al., 2012), which has a short half-life of c.
8 days and concentrates in the thyroid (Baverstock et al., 1992; Cardis et al.,
2005) The radiation produced due to this accumulated radioiodine can cause
thyroid cancer, especially in children and adolescents (Reiners et al., 2013). In
the long term, radioisotopes of Cs and Sr with longer half-lives (*3Cs=30
years) and (°°Sr=29 years) are of principal concern to human health. This is
due not only to their relatively long half-lives, but also their high energy
emissions and assimilation into biological systems due to their chemical
similarity to the biologically important elements potassium (K; Cs) and calcium
(Ca; Sr).



1.3 Radiocaesium and radiostrontium from the Chernobyl and Fukushima
accidents

The Chernobyl accident caused many petabequerels (PBq) of 13’Cs and °°Sr to
be released into the environment (Table 1), and approximately 125,000 km?
of land in Belarus, Ukraine and Russia were contaminated with radiocaesium
deposition greater than 37 kBq m? following the accident. Around 52,000 km?
of this land was under agricultural use at the time of the accident (NEA, 2002).
Although the releases of 3’Cs and °°Sr from the Fukushima accident were one
to two orders of magnitude less than those of Chernobyl, 4221 ha of rice
paddy and 1332 ha of ‘dry field’ (fields containing crops other than rice) were
contaminated with >10 kBq kg " soil (Atomic Energy Society of Japan, 2014).

Table 1 Activity concentrations (PBq) of *3’Cs and °°Sr released during the Chernobyl (NEA,
2002) and Fukushima accidents (UNSCEAR, 2014; Casacuberta et al., 2013)

Total release during the
accident

137Cs (PBg)  °°Sr (PBq)

Chernobyl 85 10

Fukushima 8.8 0.08-0.09

1.4 Caesium and strontium transfer and exposure pathways

There are a number of transfer and exposure pathways for 37Cs and °°Sr to
humans (Fig. 1). From terrestrial and freshwater environments, external
exposure from soil and atmospheric dispersion and internal exposure via
inhalation, the drinking of contaminated surface water and ingestion of
freshwater fish are important exposure pathways. However, the most
important transfer pathways are primarily from the consumption of
contaminated plant and animal products from agricultural land, and these
therefore are the focus of this thesis
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Figure 1 Some major transfer and exposure pathways of aerial radionuclide releases following
a nuclear accident (redrawn from Takahashi, 2014). The transfer and exposure pathways
shown in red are the main pathways discussed in this thesis

Agricultural food products that provided the largest contribution to daily 3’Cs
intake in rural populations in areas of the former Soviet Union affected by the
Chernobyl accident were found to be bread (6.8-11 %), potatoes (9.5-19 %)
and milk (13-50 %; Beresford et al., 2001). Following the Fukushima accident,
consumption of food from contaminated areas was rigorously restricted, and
therefore there was little transfer of radionuclides to humans via food
products.

1.5 Plant uptake of Cs and Sr

Plants have no known biological requirement for either Cs or Sr, but
accumulate these elements because of their chemical similarities to the plant
macronutrients K and Ca. Caesium is predominantly taken up by plants via
root cell membrane K* transporters and K* channels (White and Broadley,
2000; Zhu and Smolders, 2000) and is transported easily and quickly around
the plant (Middleton et al., 1960; Buysse et al., 1995). Strontium is thought to
be taken up and transported in the plant in the same way as its chemical
analogue Ca (Willey and Fawcett, 2006), via Ca* channels and apoplastic
pathways (White and Broadley, 2003).
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1.6 Soil characteristics affecting plant uptake of Cs and Sr

The extent to which Cs and Sr are taken up by plants is strongly affected by
soil characteristics such as K, Ca and NHa concentrations, pH and soil type. Cs
uptake is significantly reduced by increasing soil K* concentrations (Shaw and
Bell, 1991; Zhu and Shaw, 2000; Kubo et al., 2015), and increases in soil K*
concentrations has also been shown to reduce plant uptake of Sr (Frere et al.,
1967; Lembrechts, 1993). Increasing soil Ca concentration has been shown to
decrease uptake of both Cs (White and Broadley, 2000; Zhu and Smolders,
2000) and Sr (Frere et al., 1967; Lembrechts, 1993). Conversely, an excess of
NHs* in soil appears to increase Cs uptake (Livens and Loveland, 1988), though
NH4* is not present in high concentrations in the soil solution in aerobic soils,
and therefore under normal conditions its effect on Cs plant uptake is thought
be minimal (Zhu and Smolders, 2000). Soil type and pH strongly affect the
mobility of nutrients in the soil solution, and therefore has a strong,
principally indirect effect, on plant uptake of Cs and Sr (Prister et al., 1992)

1.7 Current remediation strategies to reduce transfer of Cs and Sr from
agricultural land

Current remediation strategies for radiologically contaminated land fall into
three main categories: mechanical soil amendments, chemical soil
amendments and treatment of livestock.

Ploughing to 20-30 cm using a common single-furrow plough can reduce
uptake of Cs and Sr by up to 4-fold by burying the radionuclides from top-soil
to a depth deeper than the crop rooting zone, thus reducing their availability
for plant uptake (IAEA, 2012). Deep ploughing, which can be utilised in soils
with a depth exceeding 50 cm, is used to invert the top 20-45 cm of soil. This
buries the radionuclides to an even greater depth and can reduce the transfer
of Cs and Sr by 2-4 fold, with a maximum recorded reduction of 10-fold
(Maubert et al., 1993; Vovk et al., 1993; Bogdevitch, 2002; Fesenko et al.,
2007). Following the accident in Fukushima, the preferred mechanical soil
amendment for agricultural areas contaminated at an activity concentration
>5 kBg m2 (IAEA, 2014) has been removal of the surface soil layer (c. 5 cm;
Nakano and Yong, 2013).

Chemical soil amendments aimed at reducing plant uptake of 13’Cs and °Sr
have also been widely applied following contamination incidents. Mainly due
to their ability to increase the concentration of plant-available K and Ca, the
application of organic and mineral fertilisers is known to reduce the uptake of
137Cs and °°Sr by 1.3-3-fold (organic fertilisers) and 2-5-fold (mineral
fertilisers; IAEA, 2012). The addition of lime (calcium and/or magnesium rich
minerals) is known to reduce Cs and Sr uptake by 1.5-4-fold (IAEA, 2012).

Animal-based remediation strategies can also be used after a contamination
incident to reduce the transfer of radionuclides to humans via animal



products. Natural (e.g. clay minerals) or artificial (e.g. ‘Prussian blue’) binding
agents can be added to the livestock diet to reduce Cs uptake from the gut,
and thus transfer to products such as meat and milk by up to 5-fold (clay
minerals) and 8-fold (Prussian blue type compounds; IAEA, 2012). Sr transfer
can be reduced by supplementing the diet with Ca (Beresford et al., 1998).
Clean feeding, where animals are fed with uncontaminated fodder was
utilised widely after the Fukushima accident (Manabe et al., 2013) and can be
highly effective in reducing the transfer of radionuclides to animal products,
but can be expensive as a long-term strategy and relies on the supply of
uncontaminated feedstuffs (IAEA, 2012).

1.8 Plant-based remediation strategies

It has been known since the 1950s that plant species vary in the degree to
which they take up Cs and Sr (e.g. Fuller and Flocker, 1955; Middleton et al.,
1960). It has been proposed that plant species with high uptake of Cs and Sr
could be used to remove Cs and Sr from contaminated land, a strategy known
as phytoremediation (Entry et al., 1996). However, due to biological
constraints on the amount of Cs and Sr a plant can accumulate, this has been
shown to produce a large amount of low-level radioactive waste that needs to
be disposed of (Vandenhove, 2013).

Therefore, another approach where species with lower Sr and/or Cs uptake
are selected as ‘safer’ crops that can limit transfer of radionuclides from the
soil to humans has been proposed (White et al., 2003; IAEA, 2012). Variation
in Cs and Sr accumulation between different plant species can exceed 100-
fold (Fesenko et al., 2000; Sanzharova, 2009). However, the knowledge and
skills required to produce the ‘safer’ selected crop must be sufficient
(Beresford et al., 2006) and there must be an available economically viable
market for the selected crop (IAEA, 2012).

There is not only variation in uptake between species, there is also variation
in uptake within species (between cultivars). Selection of lower-accumulating
‘safer’ cultivars has been shown to reduce transfer by up to 4.5-fold
(Alexakhin, 1993), but the available information regarding inter-cultivar
variation has not been sufficient for it to be internationally recommended as
remediation measure (Beresford et al., 2006).

1.9 Aims and thesis structure
The aims of this thesis are to:
- To assess current knowledge of the variation in Cs and Sr accumulation

by plant cultivars

- Tointegrate existing datasets regarding inter-cultivar variation in Cs
and Sr accumulation into a usable database



- To quantify Cs and Sr accumulation among a large number of cultivars
grown under the same conditions in long-term pasture-grass breeding
trials

- To identify whether lower Cs and/or Sr accumulating cultivars
consistently display lower-accumulation at multiple sites and harvests

- To identify whether there is variation in Cs and Sr accumulation
between forage grass species

- To quantify the potential reduction in soil-cow Cs and Sr transfer by
exploiting the variation in Cs and Sr accumulation between forage grass
cultivars

- To elucidate the potential effects of selecting ‘safer’, lower-
accumulating forage grasses on yield and forage quality

Thesis structure:

Chapter one introduces caesium and strontium, the distribution of
radioisotopes of these elements in the environment, the problems arising
from their transfer to humans and remediation strategies to minimise this
transfer.

Chapter two is a meta-analysis of inter-cultivar variation in Cs (69
experiments) and Sr (58 experiments) accumulation, comprising a total of 27
plant species.

Chapter three presents the findings of four experiments investigating
variation in Cs and Sr accumulation between cultivars of Brassica oleracea,
two laboratory experiments conducted in the UK, and two field experiments
conducted in the Chernobyl Exclusion Zone, Ukraine. Cultivars identified as
lower accumulating in Cs and Sr are tested to evaluate whether they are
consistently lower-accumulating in between the laboratory and field
experiments, and between the two field experiments.

Chapter four concerns the results of analyses of Cs and Sr concentrations in
397 cultivars of four forage grass species; hybrid ryegrass (101), Lolium
perenne (269), Lolium multiflorum (17) and Festuca arundinacea (10) grown in
Aberystwyth and Edinburgh. The variation in Cs and Sr accumulation between
these species and between cultivars of these species was calculated.
Seventeen hybrid ryegrass cultivars grown in Aberystwyth and Edinburgh are
tested to see if any cultivars could be identified as consistently lower
accumulating in Cs and/or Sr at both sites and in spring and summer harvests



in two years. The number of cultivars required to encompass the maximum
inter-cultivar variation between forage grass cultivars was also investigated.

Chapter five reports the findings of experiments comprising of L. perenne and
F. arundinacea cultivars grown in Aberystwyth and Narodychi. Forage grass
species and cultivars consistently lower-accumulating in Cs and Sr at both
experimental sites are identified. The relationship between Cs and K and Sr
and Ca are investigated.

Chapter six compares the dry and fresh weight yield, percentage dry weight,
Cs, Sr, K and Ca concentrations, water soluble carbohydrate content and dry
matter digestibility in hybrid ryegrass cultivars considered consistently lower
Cs and/or Sr accumulating in chapter four and cultivars of F. arundinacea
found to be a lower-accumulating species in chapters four and five with two
commercially grown hybrid ryegrass cultivars. The potential effect on yield
and forage quality is also evaluated.

Chapter seven includes a general discussion of the thesis contents and
provides recommendations for future work.
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Chapter 7. General discussion

7.1 Genetic variation in caesium and strontium in plants

This study has shown that there is genetic variation in the uptake of
caesium (Cs) and strontium (Sr) within a number of different plant
species. This is in accordance with previous studies that have shown wide
variation in the concentration of plant macronutrients such as calcium
(Ca), potassium (K) and magnesium (Mg; e.g. Broadley et al., 2004;
Vreugdenhil et al., 2004; White and Broadley, 2005; Harada and Leigh,
2006; Waters and Grusak, 2008; El-Nashaar et al., 2009; Garcia-Oliviera et
al., 2009) and with studies that have shown variation in plant uptake of Cs
and Sr between plant families (e.g. Broadley and Willey, 1997; Broadley et
al., 1999; Willey and Fawcett, 2006; Watanabe et al., 2007; Willey, 2010),
species (e.g. Andersen, 1967; Zhu and Smolders, 2000) and cultivars (e.g.
Rasmusson et al., 1963; Payne et al., 2004; Ohmori et al., 2014). It has
been suggested that this variation can be used to reduce the transfer of
radioisotopes of Cs and Sr to crop plants following a contamination
incident.

For the first time, within species (inter-cultivar) variation from all available
studies was investigated, finding an average of 1.8-fold variation in Cs and
2.0-fold variation in Sr in 27 plant species from a total of 115 experiments
(Chapter 2). However, most of these experiments were conducted on
fewer than seven cultivars, and focussed on main food crop species,
especially wheat (Triticum aestivum) and barley (Hordeum vulgare).

The experimental work in Chapters 3, 4 and 5 regarding Brassica oleracae
(Chapter 3), hybrid ryegrass (Chapter 4) Lolium perenne (Chapters 4 and 5)
and Lolium multiflorum (Chapter 4) showed higher variation than the
average found in Chapter 2 in Cs (up to: 35-fold; 14-fold; 13-fold; 2-fold)
and Sr (up to 23-fold; 4.4-fold; 2.5-fold and 2.9-fold) concentration ratios.
This may be due to the larger numbers of cultivars in these experiments
(number of cultivar were up to: 71, 100, 189 and 29, respectively). The
study detailed in Chapter 4 including 397 cultivars of forage grass (hybrid
ryegrass=101; L. perenne=269; L. multiflorum=17; F. arundinacea=10), is
likely to be the largest study regarding inter-cultivar variation in Cs and Sr
accumulation to date. Recent studies including larger numbers of cultivars
such as Ohmori et al., (2014) who studied 3’Cs activity concentrations in
85 rice (Oryza sativa) cultivars have also found larger inter-cultivar
variation (10-fold) than the average found in Chapter 2. The relationship
between the number of cultivars and inter-cultivar variation in Cs and Sr
accumulation has not been investigated before; Chapter 4 includes an
investigation into this relationship, and these results suggest that there is
a positive relationship between the number of cultivars and the
magnitude of the inter-cultivar variation. However, this relationship
appears to start to plateau, suggesting there is a maximum number of
cultivars needed to be able to reach the maximum inter-cultivar variation.
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This relationship was also shown to be different for each plant species
studied and the maximum number of cultivars was different in each
location. It is possible that this relationship was affected by climate, small
differences in soil properties, differences in the soil concentrations of the
analogous elements K and Ca or differences in soil concentrations of Cs
and Sr. Further work needs to be carried out in order to understand the
factors influencing this relationship.

Although the relationships between the number of cultivars and inter-
cultivar variation generally appeared to be starting to plateau, they
suggest that the maximum inter-cultivar variation is larger than the inter-
cultivar variations found in our experiments. This suggests that the
potential reduction in transfer of Cs and Sr using species or cultivar
substitution could be even higher than reported in this thesis. It is
recommended that future research on inter-cultivar variation includes as
many cultivars as possible in order to encompass the maximum variation.

7.2 Consistently lower-accumulating cultivars

Though inter-cultivar variation appears to vary with location, we have
been able to identify cultivars of Brassica oleracea (Chapter 3), hybrid
ryegrass (Chapter 4), L. perenne (Chapter 5) and F. arundinacea (Chapter
5) that were significantly consistently lower accumulating in multiple
locations. Previously, consistently lower accumulating cultivars have been
found in the experiments of Csupka et al., (1969; wheat), @hlenschlaeger
and Gissel-Nielsen, (1989; barley), @hlenschlaeger et al., (1993 barley),
Sarfraz et al., (2007; rice). Other experiments where the same cultivars
were grown in multiple sites found little consistency in lower-
accumulation of Cs and Sr (Csupka et al., 1969, wheat; Gertsmann and
Schimmack, 2006, wheat; @hlenschleeger and Gissel-Nielsen, 1991,
barley), though cultivars in these experiments were defined as
consistently lower accumulating if the lowest accumulating cultivar was
the same in experiments in multiple locations. Using this method of
defining lower accumulation, one is less likely to find lower-accumulating
cultivars, as the cultivars always have to be the lowest, not just lower. The
likelihood of a cultivar being the lowest decreases significantly with the
number of cultivars, the number of locations and the number of sampling
events. The likelihood of a cultivar being in the lowest 5% percentile-which
is how lower accumulation is defined in this thesis- also decreases with
number of cultivars, locations and sampling events, though to a lesser
degree. Furthermore, it is not as important for cultivars to be the lowest
accumulating as it is for them to be amongst the lowest accumulating
cultivars. It is therefore recommended that when comparing large
numbers of cultivars and/or several locations or sampling events, it is
recommended that instead of trying to find a cultivar that is consistently
lowest accumulating the statistical methods used in Chapters 3-5 are
applied.
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7.3 Cultivar substitution as a remediation strategy for contaminated land
Substituting higher-accumulating species or cultivars for lower
accumulating ones has been proposed as a remediation strategy for
radiologically contaminated land since the 1950s (e.g. Fuller and Flocker,
1955; Middleton et al., 1960; Rasmusson et al., 1963), but the lack of
information meant it was not possible previously to evaluate its efficacy
(Beresford et al., 2006). From the work of the studies included in this
thesis, it is concluded that there is considerable variation in Cs and Sr
concentration ratios between plant species and cultivars, which is in
agreement with the findings of e.g. Prister et al., (1992), Alexakhin, (1993)
and White et al., (2003). Therefore species or cultivar substitution is
recommended as an effective remediation strategy in contaminated
agricultural areas.

Other remediation strategies to minimise root uptake of radionuclides by
plants fall into two main categories; mechanical soil amendments and
chemical soil amendments. Mechanical soil amendments such as
ploughing can reduce transfer of radionuclides by up to 4-fold using a
single-furrow plough and up to 10-fold using deep ploughing techniques
(IAEA, 2012). Chemical soil amendments such as the application of organic
fertilisers have been found to reduce 37Cs and °°Sr by up to 3-fold,
mineral fertilisers by 2-5 fold and lime by 1.5-4 fold (IAEA, 2012). The
possible reductions in transfer of these elements using species
substitution found in Chapter 4 (up to 19-fold in Cs, if hybrid ryegrass is
replaced by F. arundinacea; up to 2.6-fold in Sr, if L. multiflorum is
replaced by F. arundinacea) or cultivar substitution found in Chapter 3 (up
to 35-fold for Cs, up to 23-fold for Sr; Brassica oleracea) and Chapter 4 (up
to 14-fold for Cs, up to 4.4-fold for Sr, hybrid ryegrass) are in the same
order of magnitude or higher than these established techniques, and
therefore is potentially an effective remediation strategy following a
contamination incident. Furthermore, crop substitution could be
implemented in conjunction with one or more of these existing soil-based
remediation strategies to produce an even larger reduction of transfer of
Cs and Sr.

7.4 The effects of cultivar substitution on crop yield and quality

The effect of lower-accumulation on crop yield and quality has not been
extensively studied before. This is possibly because previously there were
too few cultivars identified as lower accumulating in Cs and/or Sr. Results
from the experiments in Chapter 6 suggest that species substitution could
affect crop yield and quality. If F. arundinacea was planted instead of
commercial hybrid ryegrasses, the fresh weight yield could be reduced by
up to 59%, though the quality parameters dry matter digestibility (DMD)
and water soluble carbohydrate content (WSC) were less affected (a 7%
and 16% reduction, respectively).
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Results of the experiment in Chapter 6, however, suggest that cultivar
substitution has little negative effect on crop yield and quality.
Substituting commercial hybrid ryegrass cultivars for lower accumulating
hybrid ryegrass cultivars showed to have little effect on the yield, Ca and K
concentrations and DMD and WSC content. However, it is not known how
the yield might be affected by cultivar substitution in other species. In
addition to this, quality parameters vary between crop species, so it is not
known how these might be affected if lower-accumulating cultivars or
species were selected. Many of the existing remediation strategies have
been evaluated in terms of their acceptability to stakeholders (e.g. Nisbet
et al., 2009). Species and cultivar substitution were not included in these
evaluations, as too little was known about its effectiveness as a
remediation strategy. Therefore how stakeholders such as farmers and
consumers would feel about species or cultivar substitution following a
contamination incident is not known. It is therefore suggested that the
acceptability of species and cultivar substitution is assessed prior to being
recommended or implemented.
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