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Predicting Inter-Taxa Differences in Plant Uptake of Cesium-134/137

Neil J. Willey,* Shirong Tang, and Nicholas R. Watt

ABSTRACT also because (i) decommissioning and decontaminating
nuclear licensed sites will be an important part of theFor 134/137Cs, and many other soil contaminants, research into trans-
nuclear industry in the 21st century as many sites reachfer to plants has focused on particular crops and phytoremediation
the end of their useful lives (Hall and Watt, 2002); (ii)candidates, producing uptake data for a small proportion of all plant
expansion of nuclear power generation is occurring intaxa. Despite the significance of differences in uptake between plant

taxa, the capacity of soil-to-plant transfer models to predict them is some countries, for example, China and India (Tang and
currently confined to those taxa for which data exist, there being no Willey, 2003), and being mooted in others in response to
method to predict uptake by other taxa. We used residual maximum increasing atmospheric CO2 (Starr, 2000), widening the
likelihood (REML) analysis on data from experiments (including 89 potential for release of 134/137Cs into the environment; and
plant taxa from China plus 32 phytoremediation candidates) together (iii) there is an urgent need to solve the problems of
with data from the literature, to construct a database of relative 134/137Cs locating and monitoring terrestrial radioactive waste re-concentrations in 273 plant taxa. The REML 134/137Cs concentrations in

positories. Phytoremediation has been investigated as aplants are not normally distributed but significantly clustered. Analysis
decontamination option for radiocesium contaminatedof variance (ANOVA), coded with a recent ordinal phylogeny for
land (Lasat et al., 1997, 1998; Dushenkov et al., 1999;flowering plants, showed that plant taxa do not behave independently
Willey et al., 2001; Fuhrmann et al., 2002). There hasfor 134/137Cs concentration because 42 and 15% of inter-taxa differences

are associated with phylogeny above the species and ordinal level, also been much recent interest in the development of
respectively. In general, Eudicots, and especially the Caryophyllales, biomonitors (Whital, 2001), especially for radioisotopes,
Asterales, and Brassicales, have high 134/137Cs concentrations, while in response to proposed changes in the International
the Fabales and Magnoliids, in particular Poales, have low 134/137Cs Commission on Radiological Protection guidelines to
concentrations. Plants of the stress-tolerant ruderal (S-R) growth protect not just humans but also flora and fauna from
strategy sensu Grime have, in general, high concentrations of Cs, the effects of ionizing radiation (Strand and Larsson,while those of the competitive (C) and generalist (C-S-R) strategies

2001). Data on 134/137Cs concentrations in plants are plen-have low concentrations, although these effects are less pronounced
tiful but focused on North American and Europeanthan those of phylogeny. Plant phylogeny and growth strategy might
taxa. If, however, these data can be complemented withthus be used to predict a significant portion of inter-taxa differences
taxa from other locations they provide an opportunityin plant uptake of 134/137Cs.
to quantify differences in the uptake of a contaminant
in a diverse range of plant taxa. Further, the chemical
similarity between Cs and the much-researched plantEnvironmental models of contaminant behavior are
macronutrient K means that the mechanisms implicatedrich in data for staple food crops but also need to
in 134/137Cs uptake are being investigated at a level ofaccount for uptake by diverse plant taxa because of the
detail attainable for few other contaminants (Broadleyvariety of human diets and the impact of contaminants
et al., 2001a).on ecosystems. For phytoremediation and phytomoni-

Traits such as plant 134/137Cs uptake, which are productstoring, differences between taxa are an exploitable re-
of factors related to plant mineral nutrition, are likelysource, providing a range of candidate species to match
to be controlled by both ancient evolutionary heritageto sites, but they have thus far exploited relatively few
and by more recent adaptations for particular ecologicaltaxa. A narrow taxonomic scope can, therefore, limit
niches. Therefore, to predict differences between plantboth the usefulness of environmental models in a range
taxa in such traits the influence of both factors needsof agricultural and natural ecosystems and the efficacy
to be estimated (Ackerley, 2001). Analyses of varianceof phytotechnologies at a range of sites.
(ANOVA) coded using recent molecular phylogeniesFor 137Cs the further development of soil-to-plant
are used to identify “phylogenetic signals” in phenotypestransfer models, decontamination methods, and moni-
and quantify their location on the phylogeny (Harvey ettoring technologies is currently desirable not only for
al., 1996). Residual maximum likelihood (REML) proce-the large volumes of soil currently contaminated but
dures have recently been established that can compile
sufficiently diverse databases of relative concentrations

N.J. Willey, Centre for Research in Plant Science, University of the of ions in plants for phylogenetically coded ANOVAs to
West of England, Frenchay, Bristol BS16 1QY, UK. S. Tang, College be performed on them (e.g., Broadley et al., 2001b). An
of Environmental Science and Engineering, Guangzhou University,

obsolete taxonomy, which has now been superceded byJie Fang Road, Guangzhou 510405, Guangdong Province, P. R. China.
molecular phylogenies, initiated such studies using 134/137CsN.R. Watt, British Nuclear Group, Berkeley Centre, Berkeley,

Gloucestershire, GL13 9PB, UK. Received 30 Nov. 2004. *Correspond- uptake by 136 plant taxa (Broadley et al., 1999). Phylo-
ing author (Neil.Willey@uwe.ac.uk). genetic signals have now been established in the uptake

by plants of a variety of heavy metals (Broadley et al.,Published in J. Environ. Qual. 34:1478–1489 (2005).
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study were included. This provided data for 198 taxa. The 1212001b), aluminium (Jansen et al., 2002), calcium (Broadley
taxa from five experimental datasets together with the 198et al., 2003), and nutrients (Broadley et al., 2004). Grime’s
taxa from 30 literature datasets (with 46 overlapping taxa)plant growth strategy theory has advanced the under-
gave 273 taxa in all.standing of plant adaptation to ecological niches and

divides plants into three primary and four secondary
Statistical Analysisgrowth strategies based on their reaction, in the estab-

lished phase, to environmental stress and disturbance Statistical analyses followed two phases: REML analysis
(Grime, 2001). Grime noted that plant strategy theory to relativize Cs concentration data and ANOVA to identify
might be useful in predicting the persistence of 134/137Cs in phylogenetic signals. As for studies with heavy metals (Broad-
ecosystems (Grime, 1988) but its usefulness in predicting ley et al., 2001b), Ca (Broadley et al., 2003), and nutrient ions

(Broadley et al., 2004) a REML program on loge transformedconcentrations in plants has only ever been tested with
data was used to relativize data for species across the 30six taxa (Willey and Martin, 1997). In fact, links between
literature datasets and the five experimental datasets by treat-Grime’s growth strategies and pollutant behavior in the
ing datasets as blocks, and their 273 taxa as treatments. Thisenvironment have seldom been explored, and no other
was run in the statistical package Genstat for Windows Fifthphylogenetic signals for ion concentrations in plants
Edition Release 4.2 (VAG International, 2000) with units andhave been compared with the effects of ecological adap- nomenclature of original authors, and can produce relative

tations. concentrations for taxa that are either positive or negative
Here we report a taxonomically diverse database of (Thompson and Welham, 2001). Blocking datasets in this way

134/137Cs concentrations in 273 plant taxa and use it to removes the absolute differences in values arising from differ-
test three hypotheses: (i) plant 134/137Cs concentrations ent experimental conditions to reveal relative values for the

treatments (taxa).are normally distributed, (ii) there is a phylogenetic
A Kolmogorov–Smirnov test was run in Minitab 13.32 forsignal in 134/137Cs concentrations in plants, and (iii) plant

Windows (Minitab, 2000) to test for normality of REML trans-growth strategy affects Cs concentrations in plants. This
formed data for the 273 taxa under study. Grubb’s test wasknowledge might be useful for food chain models and
used to identify outliers. Cluster analysis was run in SPSS 10.0for searching for phytoremediation and phytomonitor-
for Windows (SPSS, 1999) with between-groups linkage, theing candidates, and might provide a useful methodology interval-squared Euclidean-distance method, and a Euclidean

for other contaminants in the soil–plant system. distance of 7.5 on REML transformed data for the 273 taxa.
The REML transformed data were coded using a recent ordi-

MATERIALS AND METHODS nal phylogeny published for comparative experiments in biol-
ogy (Soltis et al., 1999). Analysis of variance was run on REMLData on Cs concentration in plant shoots used for statistical
transformed data in Genstat for Windows Fifth Edition Re-analyses were in part produced in the greenhouse and in part
lease 4.2. The relationship between the Linnean hierarchy andderived from the literature. Data from the two sources was
phylogenetic groups above the Ordinal level is contentious sorelativized using a REML procedure.
here we use “Class,” “Subclass,” “Group,” and “Superorder”
in a nominal sense only. The REML transformed data included

Data Produced in the Greenhouse values for 61 exemplar species of Grime et al.’s (1988) growth
strategies, which were averaged for the three primary strate-Taxa were chosen to represent a range of families and to
gies and four secondary strategies and contour plotted usingcomplement the range of data available in the literature. They
Minitab 13.32 for Windows.included 64 taxa from China and 11 phytoremediation candi-

dates whose 137Cs uptake had never previously been measured,
plus 25 Chinese taxa and 21 phytoremediation candidates with

RESULTS AND DISCUSSIONvalues previously reported in the literature. Five replicate 12-
cm-diameter pots with a single individual of each of 121 species Inter-Taxa Differences in
were grown in Levington’s F1 potting compost with 20% Cesium-134/137 Concentration
added grit in a greenhouse with 22�C/16 h light–15�C/8 h night.
When plants were 5 wk old, they were radiolabeled, in five Residual maximum likelihood analysis of shoot 134/137Cs
experimental datasets in a randomized block design, in an concentrations provided, from 949 concentration values,
arena supplied with supplementary light at 350 �E m�1 s�1, a database of relative 134/137Cs concentrations in 273 taxa
with 50 mL of 137CsCl at 3.7 kBq L�1 and 250 �M CaSO4 of flowering plants (Table 1)—twice as large as any
applied to the substrate surface of each pot, and harvested previously reported (Broadley et al., 1999). One-wayafter 5 h. Plants at harvest were all in the exponential, estab-

ANOVA of the 89 taxa from China (Datasets 31, 32, andlished phase of their growth and had not flowered. Plant shoots
34 in Table 1), the most thorough single experimentalwere dried at 80�C, ground, and counted for 137Cs �-emissions
comparison of inter-taxa differences in plant radio-with appropriate blanks, standards, and background correc-
cesium concentrations yet reported, confirmed that theretion in an LKB Wallac (Turku, Finland) CompuGamma 1282

�-counter [NaI(Tl) detector]. can be large and significant differences in this phenotype
(F � 23.5, P � 0.001). The complete REML database
(Table 1) suggests that inter-taxa differences in 134/137CsData Derived From the Literature
concentrations for flowering plants (with loge REMLData were found from 30 studies that had inter-taxa com-
values of 4.62 to �0.2 � 4.82, which gives e4.82 � 123.9parisons (at least two taxa) of concentrations of any Cs isotope
on a linear scale) are of about two orders of magnitude.in aboveground green shoots after exposure to a single set of
This confirms that 134/137Cs concentration in plants is aconditions. Only studies in which foliar contamination was

absent and which had taxa in common with at least one other diverse trait that needs to be accommodated in soil-
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Table 1. Average residual maximum likelihood (REML) values of radiocesium, cluster analysis groupings, and growth strategies (GS)
for 273 taxa of flowering plants from original experiments and the literature.

Genus Species REML Group GS† Reference‡

Amaranthus caudatus 4.62 1 15
Brassica oleracea (sprouts) 4.58 1 10
Polygonum microcephalum D. Don 4.62 1 31
Amaranthus cruentus L. 4.09 2 15, 31, 34
Amaranthus cruentus L. cv. myronivka 3.2 2 15
Amaranthus paniculatas L. 4.26 2 31
Amaranthus retroflexus cv. aureus 3.65 2 15
Amaranthus retroflexus cv. belozernii 3.44 2 15
Beta vulgaris Mangold 3.23 2 2
Beta vulgaris L. var. “Hongtiancai” 3.57 2 32
Beta vulgaris L. var. “Lutiancai” 3.8 2 30
Brassica juncea Coss var. folia Bailey 3.42 2 31
Brassica napus (Swede) 3.27 2 2
Brassica napus (turnip) 3.91 2 16
Centaurea cyanus L. 3.7 2 30, 31
Cerastium fontanum 3.17 2 R/CSR 27
Chenopodium album Linn. var. centrorubrum 3.45 2 32
Chenopodium quinoa Willd 3.28 2 32
Chrysanthemum coroarium L. 4.26 2 31
Datura stramonium L. 3.68 2 32
Gomphrea globosa L. var. alba 3.77 2 31
Gypsophila oldhamiana Miq. 3.5 2 31
Melandrium apricum (Turcz.) Rohrb 3.33 2 31
Nicotiana tabacum Samsum 3.86 2 32
Rumex hastatus 3.52 2 31
Rumex sanguineus 3.211 2 34
Secale cereale (winter rye) 4.01 2 3
Silene latifolia 3.27 2 34
Valerianella locusta 3.2 2 SR 10
Zinnia elegans Jacq. 3.49 2 31
Agropyron cristatum 1.72 3 16
Amaranthus bicolor L. 2.57 3 15
Amaranthus mangostanus 1.78 3 17
Amaranthus tricolour L. 2.79 3 31
Amaranthus cruentus L. cv. paniculatus 2.34 3 15
Amaranthus graecizans 2.83 3 34
Amaranthus retroflexus 2.66 3 21, 34
Amaranthus retroflexus L. cv. Antey 3.04 3 15
Amaranthus retroflexus L. cv. PT-95 3.04 3 15
Aquilegia viridiflora Pall 1.68 3 32
Armoracia rusticana 1.7 3 C/CR 2
Artemisia annua L. 2.33 3 31
Atriplex patula 2.19 3 R 7
Bellis perennis L. 2.73 3 R/CSR 31
Beta vulgaris (beetroot) 3.08 3 2, 7
Beta vulgaris (cylindra) 2.5 3 7
Beta vulgaris (chard) 2.91 3 7, 17
Beta vulgaris (sea beet) 2.62 3 7
Beta vulgaris (spinach beet) 2.52 3 2, 7
Beta vulgaris (spinach beet) 2.52 3 7
Beta vulgaris (sugar beet) 2 3 3
Beta vulgaris 2.17 3 34
Bidens pilosa L. 2.24 3 31
Brassica juncea Coss. var. tumida 1.72 3 31
Brassica napus 1.93 3 22
Brassica nigra 1.86 3 7
Brassica oleracea (cabbage) 2.45 3 2, 7, 16, 20
Brassica oleracea (cauliflower) 2.51 3 16, 20
Brassica oleracea (kohlrabi) 2.99 3 10
Brassica oleracea (red cabbage) 2.15 3 10
Brassica oleracea (savoy cabbage) 2.93 3 10
Brassica oleracea (white cabbage) 2.34 3 10
Brassica juncea (L.) Czern 2.52 3 20, 21, 29
Calendula officinalis L. 2.14 3 31
Calluna vulgaris 2.68 3 SC 11, 19, 24, 25, 27
Campanula yunanensis Hong 2.03 3 32
Cannabis sativa 2.41 3 2
Capsella bursa-pastoris 1.92 3 R 7
Capsicum annuum 1.76 3 22
Carex pillulifera 1.96 3 S 25
Carex spp. 2.79 3 13, 19
Carthamus tinctorius L. 2.93 3 30, 31
Celosia argentea L. 2.83 3 31
Celosia cristata L. 2.9 3 32
Chenopodium album 2.33 3 R/CR 34
Chenopodium amaramtricolor 1.99 3 32
Chenopodium ficifolium 1.86 3 34
Chenopodium spp. 1.89 3 32
Cicer arietenum 2 3 4

Continued next page.
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Table 1. Continued.

Genus Species REML Group GS† Reference‡

Cirsium japonicum (DC.) Maxim. 2.23 3 31
Citrus sinensis 1.78 3 28
Claytonia perfoliata 1.32 3 34
Claytonia sibirica 2.34 3 34
Cucumis sativus 2.11 3 22
Cucurbita maxima 2.07 3 22
Cucurbita pepo 1.85 3 22
Daucus carota L. 1.81 3 SR/CSR 2
Descurania sophia (L.) Webb 1.55 3 9
Dianthus barbatus L. 1.48 3 31
Dianthus spp. 2.17 3 31
Erica tetralix 1.95 3 S 11
Elsholtzia haichowensis Sun ex C.H. Hu 1.72 3 32
Galium saxatile 1.89 3 S 24
Helianthemum nummularium 2.19 3 S 7
Helianthus annuus 1.86 3 2, 8, 12, 15, 17, 23, 29
Helianthus tuberosum L. 1.75 3 15
Helianthus tuberosum L. � Helianthus annuus L. 2.29 3 15
Kniphofia varia Hook 2.04 3 31
Lactuca sativa L. (lettuce) 1.935 3 14
Lactuca sativa L. 3.011 3 CR 22
Lactuca sativa L. var. “Woju” 2.18 3 31
Lotus corniculatus 2.47 3 S/CSR 2
Lupinus luteolus 2.95 3 16
Luzula campestris 1.91 3 S/CSR 13, 24
Lychnis coronata Thunb 2.94 3 31
Lychnis senno Sieb. Et Zucc 2.24 3 31
Lycopersicon esculentum 1.75 3 1, 2, 6, 16, 17, 22
Maianthemum bifolium 1.91 3 18
Malva sinensis Cavan 1.82 3 32
Matricaria spp. 1.85 3 17
Medicago sativa 1.86 3 C/CSR 2, 9, 16, 23
Melilotus (L.) (white sweetclover) 0.6 3 16
Melilotus officinales (L.) Lam (sweetclover) 1.78 3 12
Melilotus officinales (L.) Lam (yellow sweetclover) 0.68 3 16
Mirabilis jalapa 1.79 3 34
Molinia caerulea 1.81 3 SC 11, 19
Nicotiana tabacum 2.37 3 2, 12, 16, 23, 32
Olea europea 1.31 3 28
Panicum italicum 1.72 3 33
Panicum miliaceum 1.67 3 2, 22, 33
Papaver rhoeas L. 1.66 3 R 22, 32
Pentapetes phoeniceae L. 2.12 3 32
Petroselinum crispum 2.29 3 2
Pharbitis nil 1.68 3 17
Phaseolus acutifolius 2.29 3 20
Phaseolus vulgaris (haricot bean) 1.76 3 33
Phaseolus vulgaris (kidney bean) 1.83 3 1, 2, 6, 33
Phytolacca acinosa Roxb 1.51 3 31
Portulaca oleracea 1.94 3 34
Potentilla erecta 1.77 3 CSR 24
Pyrethrum pulchrum Ledeb 0.86 3 31
Raphanus sativus 2.05 3 2, 22
Rheum rhaponticum 2.38 3 22
Rumex acetosa 1.96 3 CSR 34
Rumex acetosella 2.2 3 SR/CSR 27, 34
Rumex crispus 3.21 3 R/CR 34
Rumex maritimus 1.06 3 34
Rumex obtusifolius 2.07 3 CR 34
Salsola kali 1.92 3 12
Salvia farinacea Benth. 1.87 3 32
Senecio vulgaris 2.31 3 R 7
Silene dioica 2.83 3 CSR 34
Silene noctiflora 0.98 3 34
Silene nutans 2.33 3 34
Silybum marianum (L.) Gaertn 1.96 3 30
Sinapsis alba 2.16 3 12
Solanum tuberosum 2.15 3 2
Tetragonia tetragonoides 1.94 3 34
Trichophorum caespitosum 1.79 3 11, 19
Trifolium hybridum 2.22 3 CSR 2
Trifolium repens cv. Icerat vroege rode 1.9 3 CR/CSR 26, 27
Trifolium repens 1.785 3 16, 26, 27
Urtica dioica 0.69 3 C 7
Vicia faba 1.97 3 12, 14
Vicia hybrida 1.75 3 R/CSR 20
Vicia sativa spp. nigra 1.752 3 2
Abelmoschus esculentus 0.9 4 17
Aeschynomene indica L. 0.69 4 32
Agropyron desertorum 1.57 4 16

Continued next page.
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Table 1. Continued.

Genus Species REML Group GS† Reference‡

Agrostis stolonifera 1.07 4 CR 7, 35
Agrostis tenuis 1 4 20
Agrostis capillaris 0.76 4 CSR 25
Allium porrum 1.42 4 2, 10
Allium cepa 0.82 4 2, 16
Allium schoenoprasum 0.7 4 2
Amaranthus hybridus L. 1.59 4 15
Amaranthus hypochondriacus 1.54 4 34
Amaranthus palmeri 0.95 4 34
Anethum graveolens 1.3 4 2, 22
Anthoxanthum odoratum 1.53 4 SR/CSR 7
Anthriscus cerefolium 1.55 4 2
Anthyllis vulneraria 1.39 4 S/SR 2
Antirrhinum majus 0.61 4 17
Antirrhinum namum 0.87 4 22
Apium graveolens 1.29 4 2, 16, 17
Astragalus sinicus L. var. “Changde species” 1.48 4 32
Astragalus sinicus L. var. “Zhezi No. 84” 1.26 4 32
Astragalus sinicus L. var. “Zhezi No. 5” 0.87 4 32
Atriplex hortensis 1.16 4 7, 12
Avena sativa 1.31 4 2, 12, 16, 22, 33
Beta vulgaris var. Detroit globe 1.11 4 22
Borago officinales 1.62 4 22
Brassica campestris 0.81 4 10, 31
Brassica campestris L. (hinona turnip) 1.36 4 17
Brassica campestris L. (komatsuna turnip) 1.46 4 17
Brassica campestris L. (kyona) 0.81 4 17
Brassica juncea Coss. var. napiformis Pall. Et Bols 1.63 4 31
Brassica napus (rape) 1.3 4 2
Brassica oleracea (broccoli) 1.1 4 17, 20
Bromus erectus Huds 0.7 4 SC/CSR 7
Bromus inermis Leyss 0.88 4 7, 16
Bromus lanceolatus Roth. 0.58 4 7
Bromus sterilis L. 0.63 4 R/CR 7
Bromus tectorum L. 1.48 4 9
Campanula medium 1.13 4 17
Cassia occidentalis Linn. 1.29 4 32
Centaurea nigra L. 1.35 4 S/CSR 7
Coriandrum sativum 1.52 4 22
Dactylis glomerata L. 1.24 4 C/CSR 2
Danthonia spicata (L.) 0.97 4 7
Deschampsia flexuosa 2.65 4 S/SC 18, 25
Dianthus caryophullus 1.42 4 17
Dianthus armeria 2.62 4 34
Eriophorum vaginatum 1.29 4 S/SC 13
Eschscholtzia californica Cham 1.46 4 17
Festuca elatior L. 0.83 4 7
Festuca gigantea (L.) Vill. 0.87 4 CSR 7
Festuca juncifolia St.-Amans 0.76 4 7
Festuca ovina L. 1.08 4 S 7
Festuca pratensis Huds. 1.41 4 CSR 2
Festuca rubra L. 1.03 4 CSR 7, 16, 20, 26, 27
Festuca trachyphylla (Hack.) Kr 0.86 4 7
Glycine max (L.) Merr. 1.32 4 7, 16, 17, 22
Glycine max (L.) merr. Var. “Aijiaohan” 1.12 4 32
Glycine max (L.) merr. Var. “Xiangxi No. 119” 1.41 4 32
Glycine max (L.) merr. Var. “Xiangxi No. 3” 0.73 4 32
Helianthus annuus L. 1.51 4 29
Holcus lanatus 1.5 4 CSR 7
Holcus mollis 1.25 4 C 26, 27
Hordeum vulgare 0.67 4 1–6, 9, 14, 16, 33
Ipomea batatas 1.53 4 17
Juncus effusus 1.43 4 C/SC 13, 19
Juncus squarrosus 0.55 4 S 11, 13, 19, 24
Kochia scoparia L. (Schrad) 1.58 4 20
Koeleria macrantha (Ledeb.) Schrad. 3.01 4 7
Lactuca sativa L. 0.66 4 10, 22, 30
Leontedon hispidus 0.64 4 S 7
Linum usitatissumum 0.96 4 2, 16, 22
Lolium perenne 2.53 4 CR/CSR 2, 7, 26, 27, 32
Nardus stricta 2.82 4 S 13, 19, 24
Nigella damascena L. 1.13 4 32
Oxalis acetosella 1.09 4 S/CSR 18
Papaver naudicale 1.01 4 17
Phalaris arundinaceae 1.3 4 16, 20
Phaseolus vulgaris 3 4 22
Phleum pratense 1.53 4 CSR 2, 16
Picris echioides 1.3 4 35
Pinnacle spp. 1.54 4 17
Pisum sativum L. 1.24 4 2, 4, 12, 15–17, 22, 33

Continued next page.
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Table 1. Continued.

Genus Species REML Group GS† Reference‡

Poa annua 1.63 4 R 7, 35
Poa pratensis 1.6 4 17, 27
Poa spp. 2.55 4 26
Polygonum fagopyrum 0.64 4 7, 12, 22, 33
Raphanus sativus L. cv. Tripolo 0.83 4 8
Rumex obtusifolius 1.38 4 7
Rumex patientia X.R. tianschanicus Rumex K-1 2.62 4 31
Rumex conglomeratus 2.57 4 CR 34
Salsola komarovii 0.92 4 17
Secale cereale (spring rye) 1.14 4 2
Senecio jacobea 2.99 4 R/CR 7
Silene vulgaris 0.95 4 CSR 34
Solanum melongena 0.87 4 17
Sorghum vulgare var. french 1.27 4 22
Sorghum vulgare var. Red French 1.3 4 22
Spinacia oleracea L. 0.72 4 16, 32
Stipa viridula 2.6 4 16
Thlapsi alpestre 1.44 4 7
Trifolium pratense 0.83 4 CSR 2, 7, 16
Triticum aestivum 1.55 4 2, 4, 5, 14, 16, 17, 23, 33
Tussilago farfara 2.68 4 35
Vaccinium myrtillus 2.64 4 SC 11, 18, 19, 24
Zea mays L. 1.06 4 2, 5, 8, 12, 14, 15
Zea mays L. cv. Caro 1.55 4 8
Agrostis canina 0.21 5 25
Allium tuberosum �0.2 5 17
Brassica campestris L. (Chinese cabbage) 0.36 5 17
Erica cinerea 0.2 5 11, 19, 24
Leontedon autumnalis 0.42 5 R/CSR 7
Oryza sativa 0.01 5 2, 17
Phaseolus acutifolius A. Gray �0.12 5 21
Rumex crispus 0.3 5 7
Secale cereale 0.13 5 16
Vigna radiata �0.2 5 17

† Plant growth strategies and intermediates sensu Grime. C, competitor; R, ruderal; S, stress tolerator; CSR, generalist strategy.
‡ 1, Birkle et al. (1965, Experiment a); 2, Andersen (1967); 3, Andersson and Lonsjo (1988); 4, Antonopoulos-Domis et al. (1990a); 5, Antonopoulos-

Domis et al. (1990b); 6, Birkle et al. (1965, Experiment b); 7, Broadley and Willey (1997); 8, Buysse et al. (1996); 9, Cline and Rickard (1972); 10,
Clooth and Aumann (1990); 11, Colgan et al. (1990); 12, Collander (1941); 13, Coughtrey et al. (1989); 14, Demirel et al. (1994); 15, Dushenkov et al.
(1999); 16, Evans and Dekker (1968); 17, Gouthu et al. (1997); 18, Henrich et al. (1990); 19, Horrill et al. (1990); 20, Lasat et al. (1997); 21, Lasat et al.
(1998); 22, Experimental Dataset 1; 23, Papanicolaou et al. (1990); 24, Salt and Mayes (1991); 25, Salt et al. (1992); 26, Salt and Mayes (1993); 27, Salt
and Mayes (1990); 28, Skarlou et al. (1999); 29, Tang and Wang (2002); 30, Tang and Willey (2003); 31, Experimental Dataset 2; 32, Experimental
Dataset 3; 33, Tikhomirov et al. (1981); 34, Experimental Dataset 4; 35, Experimental Dataset 5.

to-plant transfer models and that might be exploited by transfer to plants (Nishita et al., 1958). It is notable,
however, that the differences in 134/137Cs concentrationsphytotechnologies.

Caution is necessary in interpreting the values in Ta- reported from a single plant taxon grown on markedly
different soils (e.g., Abbazov et al., 1978; Mascanzoni,ble 1. Residual maximum likelihood analysis across dif-

ferent datasets using taxa they have in common accounts 1989) are similar in magnitude to those between taxa
in Table 1. We therefore suggest that, for example, lowfor differences in absolute concentration arising from

different experimental conditions. It reveals, therefore, soil-to-plant transfer of 134/137Cs can be produced either
by high clay/K or, despite 134/137Cs being available in therelative concentrations in taxa. It takes no account, how-

ever, of any statistical interactions arising between, for soil solution, plants such as those in Category 5 in
Table 1 that have low uptake. Clearly, if 134/137Cs is poorlyexample, relative concentrations in taxa and experimen-

tal conditions. It is very likely that there are such interac- available in the soil, Category 1 plants will not produce
high soil-to-plant transfer but we predict that they willtions and the database in Table 1 does not, therefore,

contain a definitive listing of relative concentrations in produce higher transfer than Category 5 plants in such
circumstances. We conclude, therefore, that the implica-taxa but predicted average relative 134/137Cs concentra-

tions across a variety of conditions. Further, data from tions of inter-taxa differences are significant and supple-
mentary to the long-established factors that control 134/137Csexperiments reported here are from short-term expo-
availability in soil. With the provisos outlined above,sures while much of the literature data was from chronic
the values in Table 1 might be directly useful for soil-exposure, and exposure time and relative concentrations
to-plant transfer models and phytoremediation and phy-in taxa might also interact. However, data in Table 1
tomonitoring of radiocesium but they also include suffi-are likely to relate reasonably well to relative concentra-
cient species to allow further analyses.tions after long-term exposures because, as an analogue

The 134/137Cs REML values in plant taxa included inof K, 134/137Cs is primarily taken up during the exponential
the database are not normally distributed (p � 0.01 forphase of plant growth (Weaver et al., 1981), which is
Kolmogorov–Smirnov test; Fig. 1), no simple transfor-when taxa in the experiments reported here were ex-
mations to achieve normality could be found, andposed. It has been obvious for almost half a century
Grubb’s test identified no significant outliers that couldthat clay and K contents of different soils affect 134/137Cs
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Fig. 1. Frequency distribution for residual maximum likelihood (REML) values of Cs concentrations in plants. Shading indicates five significant
groupings identified using cluster analysis with a Euclidean distance of 7.5.

be removed to achieve normality. This contrasts with buckwheat) and taxa adapted to a wide variety of environ-
reports that the concentration of other ions such as ments (e.g., Chenopodium spp., Rumex spp.) (Cuénoud
Ca is normally distributed across taxa (Broadley et al., et al., 2002). Within the Asterid and Rosid clades there
2003). Cluster analysis showed that there are signifi- were differences in 134/137Cs uptake at the ordinal level,
cantly different categories of plant taxa with respect to with the Asterales, Solanales, and Brassicales having
Cs concentration (Fig. 1; P � 0.05). Categories 1, 4, and relatively high uptake (Fig. 2). The Asterales, one of
5 were not normally distributed but the large Categories the most numerous orders of flowering plants (Hickey
2 and 3 were. This categorization of ion concentration and King, 1988), have not previously been noted to have
in plants using frequency distributions of relative values high 134/137Cs uptake but this does accord with recent
might provide a more useful description of the ion con- reports from China that some taxa in the Asteraceae
centration trait than, for example, the absolute concen- have higher uptake than chenopods of known high up-
tration thresholds used to define hyperaccumulators take (Tang and Willey, 2003). Taxa in the Solanales(Baker, 1981), especially if the constraints on these cate-

might be worth further investigation because the fewgories can be identified.
taxa in Table 1 indicate that uptake might be high and
there are numerous food crops in this order (e.g., pota-Effects of Phylogeny
toes, tomatoes, aubergines). The relatively high 134/137Cs

Analysis of variance on REML-transformed data for uptake has not previously been ascribed to the order
273 taxa using a recent ordinal flowering plant phylog- Brassicales, although high uptake in some brassica spe-
eny (Soltis et al., 1999) identified a significant phylo- cies has been noted (Frissel et al., 2002), so given the
genetic signal in 134/137Cs concentrations in plants (Fig. 2; extensive sampling in the database of this order, plants
Table 2). Magnoliids had significantly lower 134/137Cs con- on this clade might merit special attention in food chain
centrations than Eudicots (Fig. 2 and Table 2 “Classes”: models and the search for phytoremediators and phyto-P � 0.01). Within the Eudicot “Groups,” the Caryophil-

monitors. The Fabales and Poales, two orders that arelid clade had significantly higher REML values than the
well represented in Table 1, have low uptake of 134/137Cs,Asterid or Rosid clades (Fig. 2 and Table 2). It has
and provide many of the world’s staple food crops, in-previously been suggested, using a now obsolete taxon-
cluding legumes and cereals, respectively. This suggestsomy, that Caryophyllids have high uptake of 134/137Cs
that radiation doses from 134/137Cs in diet calculated using(Broadley et al., 1999). Data presented here (Table 1;
values for staple crops might underestimate doses fromFig. 2) support the contention that this phenotype is
less widely used crops, especially if they are from thecharacteristic of the whole Caryophyllid clade, extending
Caryophyllids, Asterales, Solanales, or Brassicales. Thethe range of taxa that might display it to families such
Poales and Fabales are unlikely to be a good source ofas the Caryophyllaceae, Cactaceae, and Phytolacaceae.
phytoremediators or phytomonitors. Taxa on the Caryo-In total there are about 10 000 species on the clade

including numerous food crops (e.g., beets, amaranths, phyllid clade were significant contributors to Categories
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Fig. 2. The phylogeny of residual maximum likelihood (REML) Cs values in flowering plants down to the ordinal level using the phylogeny of
Soltis et al. (1999). Thickness of lines denotes average ANOVA values. The ANOVA values and number of replicates per Order are shown
in brackets. Orders with unusually high and low uptake of Cs are shaded. Dashed lines � unsampled.

1, 2, and 3, while those in the Poales and Fabales were strained (e.g., phosphorus concentration) display inter-
taxa variation that resides entirely at the species levelsignificant contributors to Categories 4 and 5 (Table 1).

Plant phenotypes that are not phylogenetically con- (Broadley et al., 2004). Approximately 42% of the sum
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Table 2. Results of analysis of variance (ANOVA) for residual maximum likelihood (REML) Cs concentrations in 273 flowering plant
taxa using phylogeny of Soltis et al. (1999).

Degrees of freedom Sum of squares % Sum of squares Mean square Variance ratio

“Class” 1 3 019 5.20 3019 11.79
“Group” 2 2 391 4.12 1195.6 4.67
“Superorder” 4 2 060 3.55 515 2.01
Order 12 924.6 1.59 77.1 0.3
Family 17 2 947 5.07 173 0.68
Genus 99 13 015 22.41 131.5 0.51
Species 79 18 876 32.49 238.9 0.93
Residual 58 14 855 25.57 256
Total 271 58 089

of squares in inter-taxa differences in Cs uptake oc- unbalanced sampling and found that with 206 taxa at
curred above the level of the species and 15% at the the ordinal level, the phylogenetic signals revealed were
ordinal level and above (Table 2). This confirms a signif- indistinguishable. It seems likely, therefore, that there
icant phylogenetic signal in Cs concentrations in plants, is a phylogenetic signal in 134/137Cs concentrations in plants
with a similar distribution among taxonomic levels as and that Fig. 2 and Table 2 provide its most thorough
the obsolete taxonomy of Cronquist (Broadley et al., description so far.
1999), following the reorganization of higher taxonomic
levels in the new phylogeny used here. Table 2 suggests Effects of Plant Growth Strategy sensu Grime
that, although the species unit is almost always that

Of the 281 species used by Grime et al. (1988) tochosen for soil-to-plant transfer studies of 134/137Cs and
exemplify, through screening experiments, plant growthother contaminants, other taxonomic units might often
strategies, 61 occur in Table 1. Figure 3 shows, usingbe at least as appropriate. In comparison with ANOVAs
the triangular representation of strategy types establishedof other plant ion concentrations down to the ordinal
by Grime et al. (1988), that taxa of the stress-tolerantlevel, the phylogenetic signal for Cs is greater than that
ruderal strategy have the highest Cs concentrations andfor P (6.8%) and N (3.3%) (Broadley et al., 2004), ap-
that there is an upward trend from C (competitor) strat-proaching that for Pb (20%), Cr (23%), Cu (24%), Cd
egists toward the S-R (stress-tolerant ruderal) and(27%), (Broadley et al., 2001b), and Na (23%) (Broad-
C-S-R (generalist) strategists. Grime et al. (1988) sug-ley et al., 2004), but less than that for Ca (63%) (Broad-
gested that Region A of the growth strategy triangleley et al., 2003) and K (49%) (Broadley et al., 2004).
includes plants that maximize the utilization of resourcesThe 134/137Cs dataset reported here is not strictly phylo-
captured rather than maximizing the capture of resourcesgenetically balanced (i.e., the sample numbers on each
(Region D). If Grime is correct in asserting that mineralclade are not proportional to the number of taxa on
nutrition is a primary axis of ecological specializationeach clade). This is because literature datasets we used
(Grime, 2001), then it is not perhaps surprising that aswere not designed with phylogenetic analyses in mind,
an analogue of a nutrient ion 134/137Cs uptake is affectedalthough we did ameliorate the imbalance through taxa
by growth strategy. However, competitive plants gener-chosen for our experiments. Broadley et al. (2003) com-

pared analyses for Ca concentrations on balanced and ally contain the highest concentration of N and the con-

Fig. 3. The average residual maximum likelihood (REML) Cs values across Grime’s plant growth strategies based on 61 species. Letters A, D,
and B are floristic elements: A, plants of disturbed conditions that maximize utilization of captured resources; D, dominant plants that
maximize capture of resources; B, subordinates.
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centration of K tends to correlate with that of N in of concentration � biomass is greatest have the greatest
potential for phytoremediation of 134/137Cs. Clearly, 134/137Csplants (Grime, 2001). Figure 3 suggests that, under com-

parative conditions, C strategy species will not take up is poorly available in many soils but in soils in which it
can be available (like Oxisols, Histosols, and Andosols)134/137Cs to concentrations as high as will S-R strategists.

The discrimination between Cs and K during uptake is if phytoremediation is attempted then the data reported
here might aid taxon selection for any location. It hasa key determinant of 134/137Cs concentrations in plants

(Broadley and Willey, 1997) and Fig. 3 might reflect a recently been suggested that rehabilitation of land con-
taminated with 134/137Cs might best be achieved with safegreater discrimination against Cs by competitive plants

than stress-tolerant ruderals. The significance of differ- crops that have very low 134/137Cs uptake (www.strategy-
ec.org.uk; verified 28 Apr. 2005). Data reported hereences between all Grime’s seven primary and secondary

strategies in the established phase can only really be might aid the selection of such safe crops. It is unlikely
that plant taxa with the highest or lowest uptake ofestablished with a more extensive data set but it is nota-

ble that across Fig. 3 there are no differences of the 134/137Cs are included in Table 1. The analysis reported
here does, however, allow us to predict that they mightmagnitude of those between Magnoliids and Eudicots.

Grime’s plant growth strategy theory was designed to be in the Caryophylles and Poales, respectively—con-
siderably narrowing the search for them.predict vegetation processes and ecosystem properties;

Fig. 3 provides the strongest empirical support thus far Interest in the biomonitoring of environmental con-
taminants, and the potential contribution of biotechnol-that it might be of general use for predicting the behav-

ior of 134/137Cs in ecosystems. ogy to it, is increasing (Whital, 2001). For radionuclides
this is especially so with the possibility of a change to
International Commission on Radiological Protection

CONCLUSIONS guidelines to protect flora and fauna from the effects
of radioactive contaminants (Strand and Larsson, 2001).Here we have shown that the concentration to which
However, no methodology for selecting the most suit-different plant taxa take up 134/137Cs differs significantly
able taxa for biomonitoring has been proposed. Taxaand that molecular phylogenies (reflecting ancient evo-
currently used in biomonitoring of pollutants have beenlutionary heritage) and plant growth strategies (re-
selected in much the same way as those used in bio-flecting adaptations for particular niche types) can be
remediation—they have been noted to have high uptakeused to predict a portion of this difference. This shows,
in surveys of contaminated sites. The probabilistic mod-most importantly, that plant taxa are not independent
els that data from biomonitors can be fed into frequentlyunits with respect to 134/137Cs concentration but have dis-
assume normal distributions. The non-normal, clusteredcernable patterns of variation in this trait. This has a
data reported here for 134/137Cs concentrations in plantsvariety of consequences for modeling soil-to-plant trans-
suggests that care must be taken in selecting taxa forfer of 134/137Cs and for selecting taxa for phytoremediation
its biomonitoring. Clearly, taxa in category 1 (Table 1)or phytomonitoring. Models for 134/137Cs behavior in the
or on the Carypohyllid clade might be useful sentinelssoil–plant system should assume neither that plant taxa
for monitoring maximum 134/137Cs concentrations in flora.all have uptake that just reflects soil processes nor that
In agricultural systems, crop plants on this clade mighteach taxon has independent uptake characteristics. This
be suitable sentinel species for Cs. However, using bio-is particularly important for interpreting the effects of
monitoring data to predict 134/137Cs concentrations insoil variables on plant uptake of 134/137Cs based on experi-
groups of plants, or in ecosystems, might be most se-ments with a few plant taxa.
curely performed by selecting taxa in Categories 2 andThe analysis reported here shows that the frequency
3 to represent groups that have normal distributions.distribution of this phenotype is not normal but clus-

Recent advances in the molecular understanding oftered, and that phylogeny and growth strategy help to
K uptake in the model plant Arabidopsis thaliana haveexplain this clustering. Rather than just focusing on sta-
shown that important K uptake systems such as theple crops or utilizing the few plants shown to have high
AKT1 transporter are not implicated in 134/137Cs uptakeuptake at contaminated sites, it might now be possible
(Broadley et al., 2001a). Electrophysiological modelsto phylogenetically expand environmental models and
have suggested that 134/137Cs enters plants through voltagetarget taxon selection for phytoremediation. This avoids
independent cation channels (White and Broadley, 2000),exhaustive experiments with all plant taxa because it
although recent research into 134/137Cs uptake is also focus-makes general predictions of plant uptake of 134/137Cs by
ing on other uptake systems (C. Hampton, personal com-large taxonomic units or growth strategies. For example,
munication, 2004). The Caryophyllid clade is a well-food chain models might utilize data from Table 1 to
established monophyletic group of flowering plants withpredict high uptake by grain amaranths, although there
numerous distinguishing features (Cuénoud et al., 2002),are few actual values for 134/137Cs uptake by the great
including poor discrimination between K and Cs uptakenumber of varieties utilized around the world. Certainly,
(Broadley and Willey, 1997). The Asterales is also ait suggests that grain amaranths might not be modeled
clearly defined monophyletic clade (Angiosperm Phy-by a dietary category like “cereal” that includes plants
logeny Group II, 2003). The mechanisms of monovalentin the Poales with, in general, significantly lower 134/137Cs
cation uptake in the Caryophyllid and Asterales cladesconcentrations. Similarly, if phytoremediation candidates
are less well known than those of model plant speciesfor 134/137Cs are being sought, taxa in the clades identified

in Fig. 2 as having high 134/137Cs uptake and whose product such as Arabidopsis (Brassicales), wheat, and rice (Poales)
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mutant of Arabidopsis thaliana (L.) Heynh. lacking a dominantfor which identities of numerous cation transport pro-
K� transport system. J. Exp. Bot. 52:839–844.teins are becoming available (Mäser et al., 2001). If

Broadley, M.R., and N.J. Willey. 1997. Differences in root uptake ofadvanced molecular techniques are applied to the prob- radiocaesium by 30 plant taxa. Environ. Pollut. 97:11–17.
lems of 134/137Cs in the soil–plant system the data reported Broadley, M.R., N.J. Willey, and A. Meade. 1999. A method to assess

taxonomic variation in Cs concentrations among flowering plants.here might direct the search for useful transporters and
Environ. Pollut. 106:341–349.their genes among taxonomic groups.

Broadley, M.R., N.J. Willey, J.C. Wilkins, A.J.M. Baker, A. Mead,There is increasing evidence that differences in plant
and P.J. White. 2001b. Phylogenetic variation in heavy metal accu-concentrations of a number of elements include a phylo- mulation in angiosperms. New Phytol. 152:9–27.

genetic signal (Broadley et al., 1999, 2001b, 2003, 2004). Buysse, J., K. Brande, and R. Merckx. 1996. Genotypic differences
Here, we have provided for 134/137Cs concentrations in in the uptake and distribution of radiocaesium in plants. Plant

Soil 178:265–271.plants the first rigorous analyses of phylogenetic effects
Cline, J.F., and W.H. Rickard. 1972. Radioactive strontium and cesiumbased on a recent molecular phylogeny, and of plant

in cultivated and abandoned field plots. Health Phys. 23:317–324.growth strategy effects based on Grime (2001), both of Clooth, G., and D.C. Aumann. 1990. Environmental transfer parame-
which were designed for just such analyses. There are ters and radiological impact of the Chernobyl fallout in and around
numerous edaphic factors well-established to affect 134/137Cs Bonn (FRG). J. Environ. Radioact. 12:97–119.

Colgan, P.A., E.J. McGee, J. Pearce, J.G. Cruickshank, N.E. Mulvany,concentrations in plants. We conclude that phylogenetic
J.H. McAdam, and B.W. Moss. 1990. Behaviour of radiocaesiumand growth strategy factors should be added to them.
in organic soils—Some preliminary results on soil-plant transfersIt seems likely that phylogeny and growth strategy might from a semi-natural ecosystem in Ireland. p. 341–354. In G. Desmet,
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