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Summary

Plant uptake of Ni, Sr, Mo, Cs, La, Th, Se, Cl and I was examined to determine how plant
water relations and growth rate influence the uptake and distribution of these elements in
the studied plants. The specific questions were how water uptake and growth rate influenced
the uptake of various nuclides and how transpiration influenced translocation to the shoot.
The knowledge gained will be used in future modelling of radionuclide leakage from
nuclear waste deposits entering the ecosystem via plants. The plant studied was willow,
Salix viminalis, a common plant in the areas suggested for waste disposal; since there can
be clone variation, two different clones having different uptake properties for several other
heavy metals were used. The plants were grown in nutrient solution and the experiments

on 3-month-old plants were run for 3 days. Polyethylene glycol was added to the medium

to decrease the water uptake rate, a fan was used to increase the transpiration rate, and
different light intensities were used to produce different growth rates. Element concentration
was analysed in roots and shoots.

The results show that both the uptake and distribution of various elements are influenced

in different ways and to various extents by water flow and plant growth rate, and that it is
not possible from the chemical properties of these elements to know how they will react.
However, in most cases increased growth rate diluted the concentration of the element in the
tissue, reduced water uptake reduced the element uptake, while transpiration had no effect
on the translocation of elements to the shoot. The clones did not differ in terms of either the
uptake or translocation of the elements, except that I was not taken up and translocated to
the shoot in one of the clones when the plant water flow or growth rate was too low. Not all
of the elements were found in the plant in the same proportions as they had been added to
the nutrient solution.



Sammanfattning

I detta projekt undersoktes upptag och fordelning i vaxten av elementen Ni, Sr, Mo, Cs,

La, Th, Se, Cl och I vid olika hastigheter av vattenupptagning, transpiration och tillvaxt-
hastighet. Syftet var att soka forstd hur vattenupptagningen och tillvixthastigheten paverkar
upptag och hur transpirationen paverkar fordelningen till skottet av de nimnda elementen.
Kunskapen ér sedan tankt att anvéndas i framtida modellering av transport av radioaktiva
nuklider fran kiarnbransleavfall som lackt till ekosystemet, dar vaxter ingar som naturlig del.
Korgpil, Salix viminalis, anviandes i detta forsok dé den ar vanligt forekommande inte minst
pa de foreslagna omradena for forvaring av radioaktivt avfall. Eftersom tidigare forsok visat
att olika sorters korgpil tar upp olika mycket av vissa metaller sd anvéndes en 1dg- och en
hogupptagande sort i denna undersokning. Viéxter odlades i vattenkultur och experimenten
utfordes pa tre ménader gamla véxter under 3 dagar. Polyetylenglykol tillférdes mediet for
att minska vattenupptagningshastigheten. For att fa olika transpirationshastigheter sattes
vaxterna pa olika avstand fran en fldkt. Olika tillvéxthastighet erh6lls genom odling vid
olika ljusstyrka. Efter avslutat forsok analyserades koncentrationen av de nimnda elemen-
ten 1 rotter och skott.

Resultaten visar att vattenupptagning, transpiration och tillvaxt paverkade upptag och
fordelning av de skilda elementen i vixten pa olika satt och olika mycket. Detta kunde
inte forklaras med elementens skiftande kemiska egenskaper eftersom element med
liknande kemiska egenskaper ofta inte paverkades pa samma sitt. I de flesta fall minskade
koncentrationen av @mnena i vixten med 6kad tillvixthastighet och minskad vatten-
upptagningshastighet. Transpirationen pdverkade generellt inte transporten av elementen
till skotten. Inga storre sortskillnader aterfanns, utom att upptaget av I och dess transport
hdmmades totalt i en av klonerna och det var nir vattenflodeshastigheten genom vixten
och tillvixthastigheten var for lag. Elementen aterfanns i véxten bara till viss del i de
proportioner som de tillsattes till upptagsmediumet.
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1 Introduction

Nuclear power production produces nuclear waste. Systems for taking care of the waste
have long been discussed, and of these systems deep repository is the most likely to be used
in the future. Sites for deep repository in bedrock are being characterized in several projects
run by SKB.

A potential future problem is the leakage of nuclear waste: radionuclides could be translo-
cated via water, ending up in the ecosystems of the earth. An important component in such
a transport chain is vegetation, since plants can take up the nuclides and serve as food for
both humans and many animals. To predict possible future problems with element leakage
from deep repositories of spent nuclear fuel, it is necessary to understand and be able to
calculate the influence of plants on radionuclide recirculation in the environment.

1.1  Plant uptake

Uptake by plants is complicated, and even though elements are largely taken up into

the plant body by a passive process, this process is more than a simple pump /reviewed

by Greger 2004/. Plants themselves determine the uptake, while the soil and sediment
determines the availability of the elements to the plants; moreover, the elements themselves
can interact with each other, also influencing the uptake. Plants take up all kinds of
available elements. The uptake can proceed until a depletion concentration has been
obtained, the magnitude of which differs depending on the element and specific situation.
According to /Ingestad 1982/ it is not the concentration per se that is important but rather
the addition rate.

Uptake works via the water flow; it is driven by the bulk flow, which in turn is driven by
the transpiration rate /Marschner 1995/. During uptake, elements follow the water into
the plant tissue, where as cations they bind to the negative charges of the cell wall system
(apoplast) or as cations and anions are translocated into the xylem vessel in the apoplast
/Marschner 1995, Greger 1999/. Elements are also taken up into the cells, where they are
bound up, compartmentalized, or are further translocated, symplastically, to the xylem
vessel /Marschner 1995, Greger 1999/. Since water is a necessary medium in which
elements are solubilized as well as translocated in soil and in plants, it is likely that the
water flow regulates the entrance of elements into plant tissue, thus also regulating their
concentration in the plant. If there is a genuinely passive intake of elements via the water
flow, all the molecules of an element contained in the water will be taken up. In addition,
the proportions of elements in the water will also be mirrored in the plant tissue. The water
uptake rate may thus influence element uptake. However, the water uptake rate had been
found to have no effect on the uptake of Cd /Perttu et al. 2003/.

In the xylem, elements are translocated upwards via the transpiration stream consisting of
water and solubilized elements. On their way upwards, they are also unloaded to cells in
contact with the vessels. The xylem translocation of cations functions via interaction with
non-diffusible anions of the cell walls of the xylem vessels, which leads to a separation of
cation transport from the water flow /Wolterbeek 1987/. The xylem is thought to act as an
ion-exchange column for cations that has the potential to impede the movement of cations
up the stem /Bell and Biddulph 1963, Momoshima and Bondietti 1990/. This is not the case
with anions, which probably follow the flow without any interactions with the vessels. The



translocation of cations can be enhanced if they form complexes with organic compounds,
thus reducing their affinity for the fixed negative charges in the cell walls /White et al.
1981, Cataldo et al. 1988/, thereby it is likely that the transpiration stream influences the
translocation of cation-organic complexes but not of free cations. Various cations, due to
their differing affinities for the negative charges, are translocated to varying degrees to the
shoot. Moreover, anions are translocated to the shoot to higher degree due to repellence to
the negative charges.

The transpiration stream is driven by transpiration in mature plants while in seedlings it

is the root pressure that drives the xylem stream upwards /Marschner 1995/, a difference
arising from the absence of sufficient leaf area in seedlings. Element translocation should
therefore be influenced by the transpiration in mature plants, this, however, is not the case
for at least Cd /Perttu et al. 2003/.

Another important factor influencing the accumulation of elements in plants is the growth
rate and thus the biomass production of the plant. The root biomass as well as the number
of root tips, where most of the water and elements are taken up, can influence the uptake
parameter. The greater the biomass, the greater the uptake in relation to the external
concentration. This is probably due to the density of uptake sites in the apoplast of the

root tissue and the availability of the sites. This means that the greater the biomass, the
more the internal element concentration is diluted; this results in low tissue concentration,
even though total uptake increases with increasing biomass /Ekvall and Greger 2003/.
Furthermore, a great shoot biomass may enhance the translocation of elements from root to
shoot. In addition, the amount translocated to the shoot depends on the specific plant species
and element in question. Most elements with high mass have a very restricted translocation
to the shoot /Greger 2004/. In addition to biomass, the translocation of an element to

the shoot also depends on factors such as interactions with other elements in the tissue,
transpiration stream, leaf size and shape, cuticle permeability, and humidity.

1.2 Elements of interest

Caesium (Cs), strontium (Sr), chlorine (Cl), molybdenum (Mo), iodine (I), nickel (Ni),
selenium (Se), lanthanum (La), and thorium (Th) are important elements in the context of
nuclear waste leakage. These elements, some of which are essential to plants, encompass a
broad spectrum of chemical properties.

The essential elements are Cl, Mo, and Ni. Chlorine is an essential element for plants,
predominantly in the form of an inorganic anion (CI"), and is used for metabolic processes
involved in maintaining electrochemical potentials in the plant cell tissue. Root-absorbed Cl
readily translocates to both stems and leaves /Coughtrey and Thorne 1983/. Molybdenum,
also a nutrient element, is taken up in anionic form as molybdate /Marschner 1995/. The rate
of molybdate uptake by roots is closely related to metabolic activity /Kannan and Ramani
1978/. Molybdenum is moderately mobile in plants and it has been suggested that it could
be translocated as a Mo-S amino acid complex in the xylem /Tiffin 1972/. Molybdenum

has a necessary function related to valence change, since it is a transition element and is
thus involved in redox reactions. Nickel is the most recently discovered plant nutrient
/Marschner 1995/. Like other divalent cations, Ni*" is known to form organic compounds
and complexes. Nickel has been found bound to anionic organic complexes in xylem
exudates /Tiffin 1977/, such as Ni-histidine complex in hyperaccumulator plants /Kramer

et al. 1996/. Nickel is an essential component of the enzyme urease required by nodulated
legumes that translocate N from roots to shoot in the form of ureide componds /Marschner
1995/.



Three elements that are closely related to nutrient elements are Cs, Sr, and Se. Caesium

is related to the plant nutrient element K and follows the uptake route of K /Cline and
Hungate 1960, Erdei and Trivedi 1991, BunzI et al. 2000/. Plants relatively easily take up
Cs". Differences between K and Cs are found in the selectivity of the xylem-loading process
/Buysee et al. 1995/. Uptake is affected by water stress and osmotic conditions /Van der
Borght et al. 1967/, and it is proposed that Cs uptake is controlled by diffusion /Shalhevet
1973/. Caesium is found in areas of cell expansion and active metabolism, and thus is
present in plant parts having an increased need for water and nutrients, i.e. nodes, leaf tips,
young leaves, and shoot meristems /Vanek et al. 2001/. Strontium is often associated with
Ca and sometimes also with Mg, both of which are plant nutrients. Strontium exists largely
as immobile complexes with glutauronic acids and pectate in the plant tissue /Mortensen
and Marcusiu 1963, Myttenaere and Masset 1965/. It mainly occurs as Sr** ions or in
chelated forms /Coughtrey and Thorne 1983/. Selenium is taken up in plants in the form of
SeO,*, SeO;* but also as selenomethionine /Abrams et al. 1990/. Selenate is taken up in
strong preference to selenite and competes for the same uptake site as sulphate /Asher et al.
1977/. Selenium competes with sulphur and is able to take the place of sulphur in amino
acids and thus in proteins and thereby changing their functions.

Other non-essential elements are I, La, and Th. The most common forms of I are I~ and

105 /Garrels and Christ 1965/, both of which are easily available to plants. Lanthanium is
the most studied of the lanthanides, and according to /Menzel 1965/ lanthanides are strongly
excluded by plants. Accumulation of La in wheat decreases with high fertilization /Zhang
and Shan 2001/, as is also the case with the actinide Th /Whicker et al. 1999/, which may be
due to the increased growth rate shown for other metals /Gothberg et al. 2004/.

1.3 The aim of the willow uptake study

Salix viminalis is a plant species commonly found at suggested sites for nuclear waste
deposits. Its roots can grow deep and take up a huge amount of water /Lindroth and
Cienciala 1996/. It is also found to have huge intraspecies variation in terms of the uptake
and translocation of metals to the shoot, i.e. between clones (genotypes) of S. viminalis
/Landberg and Greger 1994, Landberg and Greger 1996, Greger and Landberg 1999,
Greger et al. 2001/.

The aim of this work was to investigate the influence of water uptake, transpiration, and
growth, on the uptake and translocation (i.e. distribution to the shoot) of Ni, Sr, Mo, Cs, La,
Th, Se, Cl, and I (Figure 1-1). These elements were chosen since they figure prominently in
nuclear waste and represent a wide range of elements (in both their anion and cation forms),
both essential and non-essential to plants. Our hypotheses were that depressed water uptake
would decrease element uptake, increased transpiration would increase the translocation of
elements to the shoot, and increased growth would diminish total uptake due to dilution of
the elements in the plant tissue. The same effects are likely found for all elements and both
clone types, though to different degrees.



‘; %

Concentration in shoot

74

jir;?r?;iﬁg:] ‘ ‘ Influence of transpiration?

Concentration in roots

gLl

* * * ‘ Influence of growth rate?

Uptake via roots

= total accumulation in plant ‘ Influence of water uptake rate?

Figure 1-1. The system studied.

10



2 Materials and methods

2.1 Plant materials and growth conditions

Two clones of Salix viminalis were used in this investigation. Clone 88-31-1 (called 31-1) is
a clone with as high an uptake and root accumulation as possible of Zn, Cu, and Cd, while
clone 88-4-2 (called 4-2) has as low an uptake and root accumulation as possible of these
three elements (see Table 2-1) /Landberg and Greger 1994, 1996, Greger and Landberg
1999, Greger et al. 2001/.

One-year-old stems of each clone were cut into 15-cm pieces and then placed in water for
48 hours to initiate growth and resprouting. Thereafter, three cuttings were placed in each
of the black Styrofoam discs, which were placed in one-litre black plastic pots containing
100 uM CaNOs;. Two weeks later the solution was replaced by a complete nutrient medium
that contained (in uM) the following: 163 KNO;, 51 KH,PO,, 76 MgSQ,, 310 Mg(NOs),,
295 Ca(NOs),, 2.7 FeCls, 1.6 K,EDTA, 1.21 MnSOQy, 2.34 H;BOs, 0.082 CuCl,, 0.063 ZnCl,,
0.015 Na,Si0, and 0.0092 SiCly; this solution was replaced once a week and later on twice a
week. The initial pH was 6.1 and was not adjusted during the experiment. Two weeks before
the experiment began the plants were individually transplanted to 1-litre pots.

Except as specified otherwise, plants were grown for 3 months in a growth chamber under
the following conditions: 16 hours light and 8 hours darkness, 260 umol m2s™! during the
light period, and 60-70% humidity.

Table 2-1. Heavy metal accumulation properties of the two Salix viminalis clones
used in this research as well as lowest and highest values found among about 200
different Salix clones /Landberg and Greger 1994, 1996, Greger and Landberg 1999,
Greger et al. 2001/.

Clone 88-4-2 Clone 88-31-1 Min-Max

Cu Cd Zn Cu Cd Zn Cu Cd Zn
Net uptake, 062 040 643 260 082 564 0.21-5.84 0.08-15.42 1.86-156
mg in plant (kg DW root)™
Concentration in roots, 56 16 72 211 35 1,643 6.9-284  4.1-297 72-2,410

mg (kg DW)™"
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2.2 Elements tested

The elements investigated in this work were Ni, Sr, Mo, Cs, La, Th, Se, Cl, and I, which
were all added at the same time as CsCl, NiCl,, SrCl,, Th(NOs), (3.93 kBq g '), LaCl;, K1,
Na,Mo0,, and Na,SeQ,. The concentration of each added element was 0.05 uM, meaning
that in total the nutrient solution contained 0.05 uM Ni, Sr, Cs, Th, La, Se and I, and

due to their prior presence in the nutrient medium, 0.063 uM Mo and 18.05 uM Cl. The
concentration of the elements in the nutrient medium was not toxic to the plants; this was
tested prior to the investigation by measuring growth parameters, chlorophyll content, and
superoxide dismutase activity according to /Landberg and Greger 2002/ and /Greger and
Ogren 1991/.

2.3 Effect of growth rate on element uptake

Various biomass production rates were achieved by growing plants under two different
light conditions, 40 and 260 pmol m~2 s™!, both a week prior to and during the experiment.
Experiments on Cu, Cd, and Zn showed that the various light intensities had no influence
on the uptake /Perttu et al. 2003/. In addition, pre-tests of the effects of light on uptake of
the 9 elements showed no effect. The growth rates of the various clones under the different
light conditions prior to the experiment were measured by weighing the plants every

third day. The experiment started when the growth rate had stabilized. At the start of the
experiment, the initial growth medium was replaced with one containing the 9 elements in
the concentrations mentioned above. The experiment was run for 72 hours.

2.4 Influence of water uptake rate on element uptake

The influence by water uptake on element uptake could be gauged by using increased levels
of polyethylene glycol (PEG) in the growth medium to prevent and hence reduce water
uptake by the plants. Polyethylene glycol increases the osmotic potential of the surrounding
medium since this molecule is big and does not enter the root cells. Therefore, the water
will be kept outside the roots and the water uptake will decrease with increasing PEG
concentration. Polyethylene glycol has been used elsewhere to control water uptake /see
Larsson 1992, Perttu et al. 2003/. At the start of the experiment, the growth medium was
replaced with a growth medium containing the 9 elements in the concentrations mentioned
above, as well as 0, 8, or 16% (w:v) of PEG. This means that plants were not acclimatized
to the different PEG concentrations prior to the experiment. The experiment was run for

72 hours, and the fresh weight of the plants was measured before and at the end of the
experiment to enable calculation of the growth rate during the uptake experiment.

2.5 Transpiration effect

Plants were exposed to various wind speeds to adjust the transpiration rate, in order to
determine the influence of the transpiration stream rate on the distribution of the 9 elements
to the shoot. Ten plants of each clone were placed various distances from a fan creating
wind speeds of 0—0.8 m s'; this created differences in transpiration of 0.09—0.12 and
0.13-0.16 gm= d ! for clones 4-2 and 31-1, respectively, by the plant shoot without the
closing of the leaf stomata. The latter was confirmed by making casts of some test-plant
leaves using nail polish, which was painted on the leaf surface, dried, pulled off, and then

12



studied under a microscope. The nutrient solution was replaced with the one containing the
test elements after one day of acclimation under different wind speeds. The experiment was
run for 72 hours. Plants and pots together were weighed at the beginning and end of the
experiment to enable calculation of the transpiration rate. Furthermore, pots without plants
were also weighed at the same times to enable measurement of evaporation from the pots,
which then was subtracted from the transpiration data. Also, plants alone were weighed
prior to and at the end of the experiment to enable calculation of the plant growth rate.

2.6 Harvest and analysis

Plants were harvested and the roots were cleaned in redistilled water and EDTA according
to the method of /Landberg and Greger 1996/; the harvested plants were finally divided
into root and shoot portions. This was also done with the control plants, which had been
cultivated in parallel with the experimental plants but without addition of the nine elements.
Plant materials were weighed to determine the fresh weight, dried at 45°C for 72 hours,

and thereafter analysed for element content by SGAB Analytica AB (Luled, Sweden) using
ICP-SMS (analyses L0304516 and L0304517).

2.7 Calculations and statistical treatment

The concentration of elements in roots and shoots is presented in mg kgDW! (it should be
noted that the “dry weight” was measured at 45°C and is not a formal dry weight measured
after treatment in an oven at 105°C). To determine the distribution of elements between
shoot and root, and thereby measure the change in translocation according to treatment, the
ratio between [element]q,.. : [element],,, was calculated. The total accumulated elements in
the entire plant at the end of the experiment were calculated according to formula (1) and
related to the plant root dry weight:

total amount of the element (ug)
Total accumulated element = (D
gDW root

Plant growth was calculated as the increase in fresh weight (FW) of the plant over 72 hours,
according to formula (2):

(W, - W

. )
Growth, % per day = % (2)

Tx

where Wy, and W, are the weight at time zero and after 72 hours, respectively. Also, the
relationship between dry and fresh weight was calculated (gDW : gFW) to determine
whether the dry matter production of the plant had been influenced. Furthermore,

to determine whether the distribution of dry mass between shoot and roots had been
influenced, the shoot dry weight : root dry weight ratio was calculated.

To calculate transpiration over 72 hours, the following calculation was performed:

WD - EV + Gl

Transpiration, g HZO d'! =
days of experiment

3)

13



where WD is the weight decrease of plants in pots, EV is evaporation (i.e. weight decrease
of pots without plants), and GI is the growth increase over three days. Transpiration was
also calculated in relation to the leaf area of the shoot, giving g H,O m2d". The leaf area
was measured by copying the leaves using a photocopy machine, cutting out the paper
leaves, weighing them, and relating the result to the known weight of the paper per cm?.

The removal of an element (E) from the solution by the plant was estimated based on the
assumption that the entire amount of the element contained in a given amount of water
(with a specific element concentration) that had been taken up over three days had been
removed from the solution according to the formula (4):

Mg E at TO x ml H,O taken up at T3

Mg E removed at T3 = -
ml H,0 in pot at TO

“4)

where E is the element in question, and TO and T3 are time zero and 72 hours, respectively.
The removal of the element was also calculated based on the actual net element uptake by
the plant from the pot over the three days (5):

Mg E removed at T3 = ([E]plamt at73 ~ [Elcontrol plant) x g plant in pot (5)

Element (E) net uptake, i.e. that had been taken up via roots and stayed in the plant during
the experiment period (T3) of 3 days was calculated after had subtracting the background
concentration of the element according to (6):

Mg E at T3 in shoot + ug E at T3 in roots
Net uptake = (6)
gDW root at T3

and the translocation of the element(E) to the shoot of what has been taken up during the 3
days of experiment (T3) was calculated according to the formula (7):

Translocation to the shoot = kg E at T3 in shoot

Mg E at T3 in shoot + ug E at T3 in roots D
All experiments, except that of transpiration influence, were run in 3 and 4 replicates for
the growth-rate influence and water-uptake influence experiments, respectively. In the
transpiration-influence test, 10 points (i.e. different transpiration rates) were used per each
regression line. The data were statistically tested using linear regression (where » =+ 0.600,
giving p = 0.05) with Excel 2001 (Microsoft). One-way ANOVA, the Student’s t-test, and
the Tukey-Kramer test were tested at the o = 0.05 and p = 0.05 level using JMP 2.02 (SAS
Institute Inc.).

14



3 Results

3.1 Uptake and distribution of the elements

The plants took up all nine elements (Table 3-1), and these were also translocated to
the shoots, except for I in clone 4-2 in most cases (Figures 3-5, 3-11, and 3-15). The
concentration of Mo, Cs, Th, La, and CI was of the same order of magnitude as in the
reference plant /Markert 1992, 1994/, while Salix seems to accumulate much less Ni,
Sr, and I and much more Se than the reference plant does (Table 3-1). The concentration
accumulated, however, greatly depended on the amount of the element supplied in the
nutrient medium, and cannot be directly related to the reference plant per se.

Table 3-1. Concentration ranges of the various elements in shoots and roots
(mg kgDW-"), the shoot:root concentration ratio, and the total accumulated elements

(mg in a whole plant [kgDWroot]') from each of the three studies and clones. Also

indicated are concentrations (mg kgDW-") of the elements in the photosynthetically
active parts of the reference plant, according to /Markert 1992, 1994/.

Ni Sr Mo Cs Th La Se Cl 1
Reference plant 1.5 50 0.5 0.2 0.005 0.2 0.02 2,000 3
conc.
Growth-rate influence study
3141
Root conc. 0.8-2.1 2.5-4.0 9-24 0.3-1.2 1.35-2.67 0.87-2.06 0.8-1.0 1,985-4,323 1-2
Shoot conc. 0.2 1.1-34 0.3-14 0.1-0.2 0.001-0.003 0.03-0.19 0.2-0.5 978-1,160 0.14
Shoot:root 0.1-0.3 0.5-0.8 0-0.1 0.2-0.6 0.001 0.03-0.08 0.2-0.5 0.3-0.6 0.1-0.2
Total acc. 1.5-3.5 9-23 11-32 1.3-2.1 1.5-2.7 1.1-3.2 1.9-3.5 5,348-10,104 1.8-2.8
4-2
Root conc. 0.8-1.3 2.8-3.7 9-19 0.3-1.2 1.35-2.67 0.87-2.10 0.8-0.9 2,415-4,393 0.4-1.1
Shoot conc. 0.1-0.4 1.3-3.6 0.4-1.8 0.1 0.002 0.02-0.17 0.2-0.4 617-1,155 0-0.1
Shoot:root 0.1-0.3 0.5-1.0 0-0.1 0.2-0.7 0.001 0.02-0.09 0.2-0.8 0.3 0-0.1
Total acc. 14-39 11-26 11-30 0.9-2.0 1.6-21 1.2-29 2.0-3.0 6,211-11,107 0.6-1.5
Water-uptake influence study
311
Root conc. 0.8-1.3 2.5-2.8 8.7-11.1 0.2-1.2 0.24-1.35 0.72-1.16 0.8-1.0 1,985-3,493 0.4-1.0
Shoot conc. 0.1-0.2 0.9-1.5 0.3-0.4 0-0.1 0.002-0.003 0.01-0.03 0.1-0.2 938-1,160 0.1
Shoot:root 0.1-0.3 0.4-0.6 0.03 0.2-0.4 0.002-0.008 0.01-0.03 0.2-0.3 0.3-0.6 0-0.2
Total acc. 1.5-2.3 6-12 11-13  0.3-2.1 0.2-1.5 0.7-1.3 1.2-2.3 5,348-9,144 0.4-1.8
4-2
Root conc. 0.8-1.1 2.4-28 8.7-9.1 0.1-1.3 0.33-1.61 0.70-1.11 0.5-0.9 2,415-3,540 0.3-1.1
Shoot conc. 0.1-0.1 1.0-1.3 0.3-0.4 0-0.1 0.001-0.003 0.01-0.02 0.1-0.2 617-857 0-0.1
Shoot:root 0.1-0.1 0.4-0.5 0.04 0.2-0.4 0.001-0.004 0.01-0.02 0.2 0.3-0.4 0-0.1
Total acc. 1.3-1.8 7-11 10-11 0.3-2.0 0.3-1.6 0.8-1.2 1.1-2.0 6,211-8,126 0.3-1.5
Transpiration-influence study
3141
Root conc. 0.4-1.1 2.0-2.9 4-14 0.5-2.8 0.8-2.8 0.5-15 0.4-1.0 1,310-4,100 0.7-1.7
Shoot conc. 0.1-0.1 0.8-1.2 0.2-0.3 0.1 0.001-0.002 0.01-0.02 0.1-0.2 410-1,220 0-0.1
Shoot:root  0.1-0.3 0.3-0.4 0-0.1 0-0.2 0-0.002 0.01-0.03 0.2-0.4 0.1-0.7 0-0.1
Total acc. 0.6-1.5 5-11 6-15 1.0-3.6 0.9-2.8 0.6-1.6 0.9-2.5 3,000-11,700 0.7-2.3
4-2
Root conc. 0.9-1.0 1.7-3.1 4-10 0.2-0.5 1.04.2 0.2-1.7 0.3-1.5 1,470-3,460 0.3-1.4
Shoot conc. 0.0-0.1 0.7-0.9 0.2-0.3 0.1 0.001-0.004 0.01-0.02 0.1-0.2 440-1,650 0-0.1
Shootiroot 0.1-0.3 0.3-0.5 0-0.1 0.2-0.5 0-0.001 0.01-0.03 0.1-0.4 0.2-1.1 0-0.2
Totalacc. 0.4-2.1 5.7-9.6 6-15 0.5-1.1 1.0-4.2 0.3-1.8 0.8-3.0 4,800-9,900 0.6-1.6
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The concentrations of the various elements in the plants differed between elements and
plant part (Table 3-2). The highest total accumulated level was found for CI, which was
higher than those of Sr and Mo, which in turn were higher than those of Ni, Cs, Th, La,
I, and Se. The high concentration of Cl was probably because much more Cl than any
of the other elements was added to the solution. Except in some cases, the roots always
had a higher Cl concentration than the shoots, thus the shoot:root ratio was lower than 1.
The lowest distribution of an element to the shoots was that of Th; it was approximately
10 times higher for La and approximately 100 times higher for the other elements.

Differences between the two clones could not generally be found, except in a few specific
cases (Table 3-1). In the study of water-uptake influence, the concentration of Cl in the
shoots of 4-2 was found to be significantly less than in the shoots of 31-1. In the growth-
rate influence study, the total accumulated I, and thus also the concentration in roots and the
shoot:root concentration ratio, was significantly less in 4-2 than in 31-1. A similar trend was
found for Cs in the transpiration-influence study.

The uptake of the various elements from the nutrient solution was estimated to run parallel
to the uptake of water. Thus, the amount of Ni initially added was 2.935 ug 1,000 ml!
solution, and since 400 ml of solution was taken up over 3 days, the estimated amount of
Ni removed from the solution should be 1.174 ug. This was, however, not the case: much
less Ni was actually taken up, 0.118 and 0.309 for 31:1 and 4:2, respectively, meaning

that the solution after uptake would have a higher concentration of Ni than at start of the
experiment. This was the case for all elements (Figure 3-1). This means that 18, 16, 40, 26,
26, 16, 58, 34, and 16% of the estimated uptake was actually taken up in the case of Ni,

Sr, Mo, Cs, Th, La, Se, Cl, and I, respectively. The concentration in the solution therefore
increased by 1.3 to 1.6 times.

Table 3-2. Concentration range of the various elements in shoots and roots, the shoot:
root concentration ratio, and the total accumulated elements in all studies and clones
in this investigation. The total amounts of the elements added are also indicated.

Element Concentration, mg kgDW-" Shoot:root Total accumulated Added concentration
concentration
Shoot Root ratio mg (kgDW,,0r)~" pmol L' pg L™
Ni 0-0.4 0.4-2.1 0.1-0.3 0.4-3.9 0.05 2.94
Sr 0.7-3.6 1.7-4.0 0.3-1.0 5-26 0.05 4.38
Mo 0.2-1.8 4-24 0-0.1 6-32 0.06 6.04
Cs 0-0.2 0.1-2.8 0-0.7 0.3-3.6 0.05 6.65
Th 0.001-0.004 0.2-4.2 0-0.008 0.2-4.2 0.05 11.60
La 0.01-0.19 0.2-2.1 0.01-0.09 0.3-3.2 0.05 6.95
Se 0.1-0.5 0.3-1.5 0.1-0.8 0.8-3.5 0.05 3.95
Cl 410-1,650 1,310-4,393 0.1-1.1 3,000-11,700 18.10 647.00
I 0-0.14 0.3-2.0 0-0.2 0.3-2.8 0.05 6.45
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3.2 Influence of water uptake on element uptake

Plants were grown in different concentrations of PEG to decrease the water uptake, thereby
enabling us to study the influence of water uptake on element uptake. The water uptake
decrease also decreased the transpiration rate in both clones by approximately a factor

of 4 with addition of 16% PEG (Figure 3-2). Since the water content in the plants in all
cases was 82% =+ 2% (SE) and did not change with PEG treatments, the change in water
uptake rate was estimated to decrease in line with the transpiration rate, i.e. by a factor

of 4 with 16% PEG (Figure 3-2). These findings were also shown previously (Ekvall

and Greger unpublished results). Plant growth was not affected by the diminished water-
uptake rate; however, the highest PEG concentration completely eliminated growth in
plants (Figure 3-3a, b), likely due to depressed photosynthetic activity. Since the water
uptake decreased with increasing PEG concentration, the gDW:gFW ratio could have

been increased due to lower water levels in the tissue. However, no difference in the water
content of the plants was found. Instead, this ratio could have decreased due to diminished
photosynthetic activity, i.e. production of the building blocks of growth, and this was the
case in clone 4-2 but was only as a tendency in the other clone (Figure 3-3c). The shoot:root
dry weight ratio decreased with increasing PEG concentration, indicating that shoot growth
was more depressed, at least at the highest PEG concentration (Figure 3-3d). However, the
plant weight (DW) was not changed by PEG treatment (Figure 3-3a).

The water uptake influences the uptake (i.e. total accumulation) of Ni, Sr, Cs, Th, La, Se,
and I, but not that of Mo and CI (Figures 3-4 to 3-6). The uptake of elements decreased
progressively with decreasing water uptake in the case of clone 4-2 for Ni, La, and Sr and
in both clones for Cs, Th, and I. In clone 31-1 for Ni, La, and Sr and in both clones for

Se only the very lowest water uptake level decreased the uptake of these elements. The
concentration of Ni and Cs in the shoots in both clones, of Sr and La in clone 4-2, and of I
in clone 31-1 decreased with decreasing water uptake. Only at the lowest water uptake did
the concentration of La in the shoots in clone 31-1 and of Se in both clones decrease. In the
shoots, I was detected in clone 31-1 and only at the highest water-uptake rate in clone 4-2.
The concentration of Ni in the roots increased, while that of Cs, Th, and I decreased with
decreasing water-uptake rate. The shoot:root concentration ratio decreased for Ni and I,
whereas it increased for Th.
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Figure 3-2. Influence of water uptake (PEG treatment) on transpiration (upper) and water uptake
(lower) of two Salix clones over 3 days.
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Figure 3-6. Influence of water uptake (PEG treatment) on total accumulation, concentration in
roots and shoot and distribution to shoot of Se, CI, and I in two Salix clones over 3 days.

3.3 Influence of transpiration rate on element uptake

In the transpiration study no difference was found in terms of growth between clones 31-1
and 4-2, for which the growth rates (g d ') were 2.49 + 0.76 (SE) and 2.12 £ 0.14,
respectively. The growth rate did, however, decrease with increasing transpiration rate
(Figure 3-7), while there was no difference in growth between roots and shoots (Figure 3-8).
The total leaf surface of the plant was positively related to the transpiration, and it was
obvious that clone 4-2 had a lower transpiration rate since this clone had a smaller total leaf
area than 31-1 had (Figure 3-9). The water uptake was not influenced by the transpiration
rate (Figure 3-10).
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The transpiration rate influenced the total accumulation, concentration in roots and shoots,
and shoot:root concentration ratio differently depending on the element. A significant influ-
ence was found only in the case of Mo, where total accumulation decreased with increasing
transpiration rate (Figures 3-11 to 3-13); similar fendencies were, however, found for Sr,

Th, La, and I (clone 31-1). I was found in only a few samples of clone 4-2, independently
of transpiration rate. The relationship between transpiration rate and concentration in roots
was significantly negative for Mo, and the similar tendency was found for La, Se, CI, Sr and
Th. The transpiration rate significantly decreased Sr concentration in shoots. Similarly, an
insignificant negative trend was found in the case of Mo, while insignificant increases were
found for Se and Ni. When dealing with the shoot:root concentration ratio it is obvious that
in the significant cases (i.e. La and Se), as well as in those with strong tendencies (i.e. Ni
and Cs for clone 4-2, and Mo), the ratio increases with increasing transpiration rate. One
exception to this strong tendency was a decrease in the Cs shoot:root ratio with increasing
transpiration in clone 31-1.
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Figure 3-12. Influence of transpiration rate on total accumulation, concentration in roots and
shoots and distribution to shoot of Cs, Th, and La in two Salix clones over 3 days.
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Figure 3-13. Influence of transpiration rate on total accumulation, concentration in root and
shoot and distribution to shoot of Se, CI, and I in two Salix clones over 3 days.

3.4 Influence of growth on element uptake

The low and high growth rates (i.e. biomass production) were approximately 0.5 and 1.75%
per day, respectively, and the low and high plant weights similarly differed by a factor of
approximately 3 (Figure 3-14a, b). The DW:FW ratio increased 1.5 times with increased
biomass production, due to higher production of dry matter at the higher light intensity
giving higher biomass production (Figure 3-14c). The shoot:root dry weight ratio, however,
did not differ (Figure 3-14d). In none of the mentioned cases were differences detected
between the clone types (Figure 3-14).
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Figure 3-14. Influence of growth rate on plant weight, growth rate, DW:FW ratio and shoot:root
ratio in two Salix clones over 3 days.

The accumulation of elements decreased with increased biomass production, significantly
for Ni, Sr, Mo, and Cl, and insignificantly for Se, I (clone 31-1), La, and Th (Figures 3-15
to 3-17). In the case of Cs and I (clone 4-2) there was a tendency to increase; however, the
low growth rate prevented the uptake of I in clone 4-2. The concentration of the elements
in the roots showed nearly the same trend, i.e. a significant decrease of Ni, Sr, Mo, Th
(clone 31-1), and Cl, and an insignificant decrease for La, Th (clone 4-2), and I (clone 31-1)
with increased biomass production. A tendency to increase with increasing biomass was
found for Cs, Se (clone 4-2), and I (clone 4-2). The concentration of Ni (clone 4-2), Sr, Mo,
Cs (clone 31-1), I (clone 4-2), and Se in shoots significantly decreased with increasing rate
of biomass production, while only insignificantly decreasing for La, Cl, and Th (clone 4-2).
The concentration of Th (clone 31-1) insignificantly increased with increasing biomass
production rate. Finally, the shoot:root concentration ratio significantly decreased for Mo,
Sr, Cs, and Se, a similar trend being found for La. The ratio significantly increased in

clone 31-1 for Ni and Th, and in both clones for I, while insignificantly increasing for Cl
(clone 31-1).
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Figure 3-16. Influence of growth rate on total accumulation, concentration in roots and shoots
and distribution to shoot of Cs, Th, and La in two Salix clones over 3 days.
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Figure 3-17. Influence of growth rate on total accumulation, concentration in roots and shoots
and distribution to shoot of Se, Cl, and I in two Salix clones over 3 days.

3.5 Influence of growth and water relations on element
net uptake

The uptake of elements during the 3 days experiment, i.e. net uptake and effective uptake
and the translocation to the shoot of what has been taken up during the 3 days was
calculated. The elements behaved differently. The growth rate had no influence on the
effective uptake and pg taken up per plant of Ni, Th and La, increased that of Cs, Se, and
I and decreased that of Sr, Mo, and Cl (Table 3-3). When calculated the uptake based on



root mass, i.e. net uptake during 3 days this decreased for all elements except Cs, which
increased with increased growth rate. The translocation of I to the shoot increased while that
of Th and La decreased with increased growth rate.

Table 3-3. Net uptake and translocation to the shoot of elements during 3 days
experiment. Translocation is calculated as amount transported to the shoot of what
has been taken up during 3 days given in %, and net uptake is calculated as amount
taken up during 3 days in relation to root dry weight given as pg(gDWroot)-'. Amount
of the element that has been taken up during 3 days per plant (ug plant™), and effective
uptake, which is calculated as pg element in plant per pg element added as well as the
amount of element added to the plant, is also indicated. Data are means of 3—4 values.

Clone/Treatm  Ni Sr Mo Cs La Th Se Cl |

Growth-rate influence study

Translocation

31-1 low 34 83 28 78 27 0 73 27 30
high 44 69 69 41 9 0 57 85 47
4-2  low 60 82 46 80 33 1 76 10 12
high 40 27 18 45 2 1 58 79 35
Net uptake
31-1 low 2.64 15.88 2340 1.30 3.07 2.67 3.54 4,407 2.67
high 1.14 1.91 193 2.06 1.01 1.46 1.92 1,017 1.68
4-2  low 3.18 17.87 18.69 0.94 2.80 2.06 2.14 3,229 143
high 0.69 2.41 0.39 2.02 1.13 1.61 2.03 422 1.32
Mg plant™ et uptake)
31-1 low 1.97 9.73 11.21  1.07 2.17 2.24 2.80 3,454 1.95
high 1.93 3.16 3.63 3.87 1.83 2.66 3.47 1,628 3.1
4-2  low 1.39 6.39 323 054 1.32 1.28 1.20 2,099 0.75
high 0.99 3.62 0.42 3.08 1.65 2.38 3.02 634 1.96
Effective uptake
31-1 low 0.67 2.22 1.86 0.16 0.31 0.19 0.71 5.33 0.30
high 0.66 0.88 0.64 0.58 0.26 0.23 0.88 1.25 0.48
4-2  low 0.47 1.46 0.53 0.08 0.19 0.11 0.30 3.15 0.12

high 0.33 0.83 0.26 0.46 0.23 0.21 0.76 0.94 0.30
Water-uptake influence study

Translocation

31-1 0 64.1 34.6 56.4 45.9 8.2 0.5 57.8 50.0 46.1
55.1 56.1 26.3 68.0 8.0 1.6 54.8 31.3 541

16 0.1 5.3 29.1 47.4 0.0 0.9 38.2 38.6 12.1
42 0 40.3 26.6 - 38.4 2.6 0.7 57.5 - 34.6
17.1 8.1 - 67.9 0.5 1.8 511 0.2 0.0

16 0.0 12.3 - 55.8 1.6 1.4 49.3 25.0 0.0

Net uptake

31-1 0 1.15 2.82 2.39 2.68 1.09 1.46 2.81 725 2.36
8 1.44 5.51 4.95 1.04 1.26 0.77 2.81 3,999 0.99

16 0.83 1.31 3.12 0.52 0.69 0.24 1.91 3,737 0.33
42 0 0.69 2.92 1.13 2.08 1.15 1.62 2.61 430 1.53
8 0.77 1.48 1.16 0.69 0.94 0.78 2.28 1,439 0.15

16 0.69 1.34 1.20 0.48 0.72 0.33 1.62 754  0.09
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Clone/Treatm Ni Sr Mo Cs La Th Se Cl |

“g planr1 (net uptake)

311 0 1.93 3.87 3.89 3.87 1.83 2.66 3.47 295 3.1
1.51 5.45 4.63 0.90 1.63 0.85 3.08 2929 0.87

16 2.08 2.95 5.68 0.76 1.76 0.59 3.1 5,444 0.64
4-2 0 0.99 2.52 1.56 2.76 1.66 2.38 3.02 610 1.96
1.16 2.1 1.84 0.78 1.36 1.21 2.71 1,668 0.17

16 0.93 2.33 213 0.62 1.40 0.63 217 1,021 0.18

Effective uptake

311 0 0.66 0.88 0.64 0.58 0.26 0.23 0.88 0.46 0.48
0.51 1.24 0.77 0.14 0.23 0.07 0.78 4.53 0.14

16 0.71 0.67 0.94 0.11 0.25 0.05 0.79 8.41 0.10
42 0 0.34 0.57 0.26 0.42 0.24 0.21 0.77 0.94 0.30
0.39 0.48 0.30 0.12 0.20 0.10 0.69 2.58 0.03

16 0.32 0.53 0.35 0.09 0.20 0.05 0.55 1.58 0.03

Transpiration-influence study

Translocation

31-1 35 24 14 37 25 0.14 58 71 33

4-2 22 - - 62 4.0 0.57 50 51 68
Net uptake

31-1 0.30 1.33 2.27 1.65 0.92 1.66 1.54 2,052 112

4-2 0.22 1.14 1.08 0.79 0.95 2.75 1.81 693 0.67
Hg plant™ et uptate)

31-1 0.61 3.01 5.69 3.76 2.14 3.81 3.31 3,392 2.53

4-2 0.36 2.22 1.93 1.53 1.84 5.35 3.1 792  1.30
Effective uptake

31-1 0.21 0.69 0.94 0.57 0.31 0.33 0.84 5.24 0.40

4-2 0.11 0.52 0.32 0.23 0.27 0.46 0.79 1.22 0.20
Added, pg 2.94 4.38 6.04 6.65 6.95 11.60 3.95 647 6.45

The water uptake decrease diminished the net uptake of Sr, Cs, La, Th, Se, and I, while

not that of Ni, Mo or CI. The accumulation calculated as ug per plant increased for Mo,
and decreased for Cs, Th and I. The translocation to the shoot of the elements was also
affected by the water uptake since a diminished water uptake decreased the transpiration
rate (Figure 3-2). Diminished water uptake decreased the translocation of Ni, Sr, La and I
to the shoot. The effective uptake for Cs, Th and I decreased while that of Cl increased with
increased water uptake.

Transfer factors are not possible to use when dealing with water culture but instead one can
use the effective uptake, which in principle is the same thing but calculated on the amount
basis instead of concentration basis. It should, however, be noted that the effective uptake
of Cl is over 1, which cannot be possible and cannot be explained.

There was no influence by transpiration on the translocation from root to shoot of the part

of the element taken up during the three days, not either on net uptake. Therefore, only the
mean values based on the 10 different transpiration rates are shown in Table 3-3.
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In Table 3-4 is given data on the total amount of the element per plant as well as the total
amount per plant taken up during 3 days related to the total amount of the element in the
plant. In that table one can see that pug plant™ e uake) /L€ plant o is very high for the
elements that earlier was not present in the nutrient medium and therefore was not of high
concentration in the plant tissue prior to the uptake experiment.

Table 3-4. Total amount of elements per plant (ug plant~1.w)), and its relation to the
amount of the element that has been taken up per plant during the 3 days experiment
(Mg plant™ et uptake))- Data are means of 3—4 values.

Ni Sr Mo Cs La Th Se Cl |

Growth-rate influence study

ug plant™ ota)
31-1 low 2.66 18.72 26.79 1.08 2.27 2.25 2.80 8,103 2.08
high 3.52 16.94 20.11 3.88 2.04 2.68 3.47 9,944  3.41
4-2  low 1.80 11.83 1712 0.54 1.37 1.28 1.20 6,387 0.85

high 213 1682 16.79 3.08 1.80 2.39 3.02 9,253 2.22
Mg plant_1(net uptake)/“g plant_1(t0ta|)

31-1 low 74 68 73 100 96 100 100 43 94
high 55 23 19 100 89 99 100 8 91
4-2  low 77 64 65 100 96 100 100 34 88
high 46 23 9 100 92 100 100 7 88
Water-uptake influence study
g plant
31-1 0 3.52 16.94 20.11 3.88 2.04 2.68 3.47 9,944 3.41
8 247 18.64 2357 1.23 2.02 1.33 3.40 14,867 1.59
16 3.71 15.20 28.37 0.76 1.90 0.62 3.11 15,713 1.04
4-2 0 213 15.82 16.79 3.08 1.80 2.39 3.02 9,253 2.22
8 2.18 1249 1592 0.79 1.47 1.22 2.71 12,779 0.52
16 2.58 1412 2141 0.62 1.50 0.65 217 13,006 0.54
Hg plant et uptake) /HG PlANT " ota
311 0 55 23 19 100 89 99 100 3 91
8 61 29 20 73 81 64 91 20 55
16 56 19 20 99 93 96 100 35 62
4-2 0 46 16 9 90 92 100 100 7 88
8 53 17 12 100 93 99 100 13 32
16 36 17 10 99 93 98 100 8 33
Transpiration-influence study
Mg plant
31-1 3.8 22.7 37.3 8.1 4.5 8.2 4.9 21,449 55
4-2 1.7 15.5 18.2 1.5 2.0 5.4 3.5 14,882 1.7
Mg plant™ et uptake) /MG PlANt " totay (o)
311 16 13 15 47 47 47 68 16 46
4-2 21 14 11 100 93 100 89 5 79
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4 Discussion

4.1 Uptake and translocation
4.1.1 Clone differences

All elements were taken up and translocated in both clones, except for I in clone 4-2

at the low growth rate (Figure 3-17). This element, I, was not translocated to the shoot

in clone 4-2 under conditions of low water flow caused by either low water uptake

(Figure 3-6) or insufficient transpiration rate (Figure 3-13). The latter is likely the reason
for the difference between the two clones, since clone 31-1 had a higher transpiration rate
due to the large total leaf area (Figure 3-9) and I was much more strongly influenced by

the water flow than were the other elements. This seems to be the only obvious clone
difference found in this investigation. Despite the fact that the two clone types were chosen
because they differed in terms of the accumulation of several metals (i.e. one was a high and
the other a low accumulator), the accumulation of the elements tested in this investigation
did not differ between the clones. Since it has been shown that a clone difference in the
uptake of one metal does not necessarily imply a difference for another metal /Greger et al.
2001/, it is possible that other Salix clone types may show a difference. On the other hand,
it is possible that Salix clone types may vary greatly in uptake only for Cd, Cu, and Zn; in
the case of, for example, Hg there is no clone difference in uptake /Wang and Greger 2004/.

4.1.2 Differences in the uptake and distribution of various elements
in Salix

One assumption was that the relationship between the elements in the solution (ng L;
Table 3-2) should be mirrored in both the uptake and the shoot concentration, making it
possible to use plants in mapping the presence of specific waters originating from nuclear
waste sites, in soil water originating from deep water. When dealing with the total uptake,
the expected relationship was maintained by Ni, Cs, Th, La, Se, and I, comprising one
group, while Sr, Cl, and Mo maintained their own relationship (Table 3-2). This means
that the uptake differed between these two groups of elements. However, we should not
forget that there are other environmental conditions than just water relations and light
(causing different growth rates) that can differentially influence element uptake in nature
/Greger 2004/.

Regarding translocation to the shoots, other groupings appear. One group consists of Ni,
Sr, Mo, Cs, Se, Cl, and I, which were translocated in nearly the same proportions as
occurred in the solution. Thorium and La differed from the members of this group by
factors of 100 and 10, respectively. Therefore, if using Salix shoots in mapping a specific
combination of elements in soil water, based on the uptake group and shoot concentration
group, Ni, Cs, and Se could be included in such a scheme; however, even though I appears
in the group it is questionable whether it should be used in any such mapping, due to the
differences in I translocation detected between the clones (Figures 3-6, 3-13, and 3-17).
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4.2 Influence of water relations and growth on element
uptake and translocation

One question was whether element uptake was related to water uptake. If so, a 4-fold
decrease in water uptake should translate into a 4-fold decrease in element uptake if there
were a 1 to 1 relationship. This research shows that a 4-fold decrease in water uptake
reduced the uptake of Ni and Sr by 1.33 times, La by 1.5 times, Se by 2 times, Cs by

4 times, I by 4.5 times, and Th by 5 times; Mo and Cl were unaffected, and the uptake of
no element increased (Figures 4-1 to 4-17). This means that the uptake rates of Cs, I, and
Th are more or less totally dependent on the water uptake rate, while those of Ni, Sr, La,
and Se are only somewhat dependent.

Another question was whether element translocation (distribution) to the shoot depended

on the transpiration stream rate. Increasing the transpiration rate 1.33 fold increased
distribution to the shoots of Ni, Mo, Cs (one clone), and Se by 2 times and La by 3 times
(insignificant for Ni and Mo). Only in one case was the opposite found: increased tran-
spiration decreased Cs translocation by a factor of 2 in one of the clones. This means that
translocation to the shoots of Ni, Mo, Se, and La is more or less dependent on the transpira-
tion stream; however, in the case of La some other factor is likely operative, since there

was a 2 to 1 relationship. If consider the calculations and mass balance figures (Figures 4-1
to 4-18) it is found that a decrease in water uptake also decreased the translocation of ele-
ments to the shoot. This is due to closure of stomata, decreasing the transpiration as well as
too small quantities of water to move to the top and therefore creates a stop in the xylem sap
flow, which of course decreases the movement of elements upwards. However, this does not
mean that the element translocation is depending on the transpiration rate as such, since if
increasing the transpiration rate via open stomata does not influence the element transloca-
tion (Tables 4-1, 4-2).

The third question was how an increase in plant growth could influence element uptake,
and whether a dilution effect, arising from this growth, was also exerted on these elements.
It was found that a 3-fold growth increase insignificantly increased the uptake of Cs by

2 times, and also that I uptake increased in one case (Figures 4-7 and 4-17). For all the
other elements, increased plant growth decreased their relative uptake rate: significantly
for Cl (2.4 times), Sr (2 times), Ni and Mo (both by 3 times), and insignificantly for Th
(1.8 times), Se (1.4 times), and La (2 times) (Figures 4-1, 4-3, 4-5 and 4-9, 4-11, 4-13,
4-15, 4-17). This means that for some, but not all, of the studied elements, a dilution effect
was found, and that for Ni and Mo a 1 to 1 relationship was found. One reason for the
dilution effect could have been that the element concentration in the solution became diluted
over time; this was, however, not the case, since the element concentration in the solution
increased with time, approximately 1.5-fold after 3 days (Figure 3-1).

4.3 Elements having similar effects

This research shows that the uptake and translocation of the 9 elements are differently
affected, and to various extents, by growth rate, water uptake, and transpiration (Figures 4-1
to 4-9). No inter-element similarities were found that were traceable to shared properties
such as their being anions (MoO,*, CI, I', and SeO,*) or cations (Ni*, Cs*, Sr**, La’*",

and Th*"), similar charge (CI, I'), (MoO,* and SeO,*), (Ni** and Sr**), their being non
metals (CI, I, and SeO,*"), metals (Ni**, Cs*, Sr**, La**, Th*, and MoO,*), or heavy

metals (Ni**, La**, Th*, and MoO,*), or their being nutrient elements (Ni**, MoO,*", and
CI'). There was one exception, however, in that transpiration had absolutely no influence
on Cl- and I" (Figures 4-8 and 4-9). In terms of transpiration effects, MoO,* and Sr*
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showed similar responses in that uptake and accumulation in roots and shoot decreased
(Figures 4-2 and 4-3). In terms of plant growth effects, MoO,*, Sr**, and La**, responded
similarly in that uptake, accumulation in roots and shoots, and distribution to the shoots all
decreased with increasing growth (Figures 4-2, 3-3, and 4-6). Furthermore, reduced water
uptake decreased both uptake and accumulation in roots and shoots for SeO,* and La*"
(Figures 4-6 and 4-7), whereas ClI- and MoO,* were not influenced at all by water uptake
(Figures 4-3 and 4-8). The similar responses of some elements could thus not be explained
by chemical or other similarities between them.

4.4 Response of each element
4.41 Nickel

Nickel is taken up as Ni*" by the plant and seems to follow the water flow into the plant,
at least to some extent, since Ni accumulation decreases with decreasing water uptake rate
(Figure 4-1). It also appears that when the water uptake decreases, the distribution of Ni to
the shoots also decreases, while the accumulation in root increases (Figure 4-1). Thus, the
influence of water uptake on Ni uptake seems not to be as strong as it is on the transloca-
tion of Ni to the shoots. In plants, nickel distribution to the shoots increases with a faster
transpiration rate; thereby both the shoot:root concentration ratio and Ni concentration in
the shoots increase (Figure 4-1). Thus, Ni is influenced by the water flow in the plant, and
to the greatest extent by transpiration.

Nickel
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
—4x Concentration in shoot 7 —-2x NO
NO +3% S_hogt:rqot -2.5% (+2x)
distribution
-0.5x Concentration in roots +1.5x NO
—-2x
—-3x Uptake via roots ~-1.33x NO

= total accumulation in plant

Figure 4-1. Summary of influence on total uptake normalized to root biomass, concentration in
roots and shoots, and distribution to the shoots of Ni; shown as increase (thick arrows and +),
decrease (thin arrows and —) or no change (medium arrows and NO) in relation to growth rate
increase, water uptake rate decrease and transpiration rate increase, respectively (in parentheses
= not significant). Differences between clones are indicated in two different values.
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Plant growth was found to decrease Ni uptake (Figure 4-1). In clone 31-1, an approximately
3-fold growth increase (Figure 4-1) decreased both Ni uptake and Ni accumulation in roots
by 3 and 2 times, respectively (Figure 3-15), implying nearly a 1 to 1 relationship. This of
course had an indirect influence on the distribution of Ni to the shoots, which increased with
increased growth rate due to the decreased Ni accumulation in the roots (Figure 4-1) and not
due to increased shoot growth in relation to root growth (Figure 3-14d). In the other clone
type, the relationships between plant growth and element uptake and root accumulation
were 1 and 0.17, respectively, since a 3-fold growth increase decreased uptake by 3 times
and root accumulation by 0.5 times. In this case, the distribution of Ni to the shoots did not
change, since the concentration of Ni in the shoots decreased by a factor of 3, i.e. a nearly

1 to 1 relationship with growth rate.

The distribution of Ni in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-2.

Ni
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% Hg % Hg % Hg
29/ 14 0.84/0.40 42/ 14 1.24/0.40 7/3 0.21/0.08
23/28 0.67/0.83 0/0 0/0
-

0.69/0.59
0.83/0.93

23/20
28/32

14/10 0.40/0.28

a
g
I

37720 1.08/0.59
44719 1.30/0.56
34/ 66 1.01/1.95 34/ 66 1.01/1.95

38/53 097/155 72/68 2.11/2.01 79/88

Figure 4-2. Summary of net uptake and distribution between root and shoot of Ni, which had been
taken up during 3 days. The distribution between solution, roots and shoot is given as percentage
as well as in amount (ug) per compartment. Data to the left and to the right are from clone 31-1
and 4-2, respectively. The lower data is from low rate (of growth or water uptake) and the upper
from high rate, meaning effects by increase in growth rate upwards and effects by decreasing in
water uptake downwards. Data from the transpiration experiment are given as mean values due to
absence of influence by transpiration. Data are based solely on what has been taken up during the
3 days experiment and the solution contained 2.94 ug Ni at start.

2.33/2.58




4.4.2 Strontium

The total uptake of Sr decreased slightly with decreasing water uptake (Figure 4-2), which
is also mirrored in an insignificant decrease in Sr concentration in both shoots and roots
(Figure 3-4). An increased transpiration rate tended to decrease both the total uptake and
the concentration of Sr in both roots and shoots, but there was no influence on the Sr distri-
bution between roots and shoots. Thus, it seems that Sr uptake is little influenced by either
water uptake or transpiration rate. Strontium is likely taken up as Sr**; due to its similarity
to Ca it often imitates the behaviour of Ca. In the transpiration stream Ca binds to the
negative charges of the vessel walls, and is thus not directly translocated to the shoots via
the xylem sap /Bell and Biddulph 1963, Van de Geijn and Petit 1979/. This is one possible
explanation of the behaviour.

Strontium is obviously influenced by growth rate, as Sr uptake decreases by 2 times when
the growth rate increases by 3 times (Figure 4-2). At the same time as Sr concentration in
the shoots decreases by 3 times (twice the decrease in concentration in the roots), distribu-
tion to the shoots also decreases. Thus, growth increase dilutes Sr in the plant tissue in a
0.7 to 1 relationship.

The distribution of Sr in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-4.

Strontium
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x

-3X NO 1.2x
Concentration in shoot 7
—1.5x
Shoot:root NO NO
distribution
-1.5x NO (-1.2x)
Concentration in roots
—2x W/ -1.33x (—-1.1x)

Uptake via roots
= total accumulation in plant

Figure 4-3. Summary of influence on total uptake normalized to root biomass, concentration in
roots and shoots, and distribution to the shoots of Sr; shown as increase (thick arrows and +),
decrease (thin arrows and —) or no change (medium arrows and NO) in relation to growth rate
increase, water uptake rate decrease and transpiration rate increase, respectively (in parentheses
= not significant). Differences between clones are indicated in two different values.
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Sr

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x

H9 % Hg % H9

1.24/0.40 16 /ND 0.72/ND
0/0

50/22
—/=

2.18/0.98
8.10/5.24

o
. )

252/1.85
2.79/2.04

22/60 52 /ND 2.29/ND

_/=

0.98/2.64
1.63/1.15

58/ 35
64 /47
28/17 1.22/0.76 9/35 0.51/1.86
-/ - -/- 27/38 1.43/2.05 31/49

Figure 4-4. Summary of net uptake and distribution between root and shoot of Sr, which had been
taken up during 3 days. The distribution between solution, roots and shoot is given as percentage
as well as in amount (ug) per compartment. Data to the left and to the right are from clone 31-1
and 4-2, respectively. The lower data is from low rate (of growth or water uptake) and the upper
Jfrom high rate, meaning effects by increase in growth rate upwards and effects by decreasing in
water uptake downwards. Data from the transpiration experiment are given as mean values due to
absence of influence by transpiration. Data are based solely on what has been taken up during the
3 days experiment and the solution contained 4.38 ug Sr at start.

1.37/2.16

4.4.3 Molybdenum

Molybdenum is taken up as the anion MoO,* /Mengel and Kirkby 1982/. This element
seems not to be influenced by the water uptake rate (Figure 4-3). However, transpiration
decreased both Mo uptake and Mo concentration in roots and shoots, while the distribution
to the shoots increased (Figure 3-9). The latter effect occurred because Mo concentration
decreases more in the roots than in the shoots. The change in water flow in the plant to the
shoots may therefore be the crucial factor that affects the Mo uptake, and not the water
uptake as such.

Molybdenum is obviously influenced by the growth rate in a more or less similar manner as
Sr is (Figure 4-3). Molybdenum uptake decreases by 3 times when the growth rate increases
by 3 times. Concurrently, the Mo concentration in the shoots decreases further, even more
than the root concentration does, thus distribution to the shoots decreases. The growth rate
thus causes a dilution effect in the whole plant, and especially in the shoot.

The distribution of Mo in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-6.
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Molybdenum

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
—6x Concentram% NO (-1.12x)
—2x NO f NO NO (+2%)
Shoot:root
distribution
—2.5x NO —2x

Concentration in roots

A

NO —1.5x
Uptake via roots

= total accumulation in plant

Figure 4-5. Summary of influence on uptake normalized to root biomass, concentration in

roots and shoots, and distribution to the shoots of Mo, shown as increase (thick arrows and +),
decrease (thin arrows and —) or no change (medium arrows and NO) in relation to growth rate
increase, water uptake rate decrease and transpiration rate increase, respectively (in parentheses
= not significant). Differences between clones are indicated in two different values.

Mo
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% g % g
4171 2.50/0.07 36/ND 2.17/ND
-/25 3.14/1.49 27/ND 1.64/ND

19/6
-/29

1.71/ND
4.03/ND

28/ND
67 /ND

1.12/0.34
8.06/1.74

i
Eha
a

2.15/ND
e (oae) (o
Figure 4-6. Summary of net uptake and distribution between root and shoot of Mo, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)
and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean

values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 6.04 ug Mo at start.
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4.4.4 Caesium

In the case of Cs, which is taken up as Cs”, the uptake is decreased by 4 times with a 4-fold
decrease in water uptake rate (Figure 4-4). The increased distribution of Cs to the shoots
depends on the shoot concentration decreasing by only 4 times while the root concentration
decreases by a greater margin. Transpiration seems to affect the two clones differently,
likely due to the differing transpiration rates between them (Figure 3-12). The higher
transpiration rate increased the Cs uptake and thereby the concentration in roots; however,
the distribution to the shoots of Cs increased at a lower transpiration rate, i.e. in the other
clone. These differences may also depend on specific clone properties. In all circumstances
the water relations seem to be important for the uptake and translocation of Cs in plants.

The growth rate increase also tended to increase the Cs uptake (Figure 4-4). This was also
the case with root Cs concentration, but the Cs concentration in shoots either decreased or
was unaffected; therefore the distribution of Cs to the shoots was depressed by the growth
rate. The absence of dilution with increasing growth rate was only found for Cs and seems
to be specific to this element.

The distribution of Cs in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-8.

Caesium

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
—1.4x Concentration in shoot 7 -3.5x NO

— 2 —

8x Shoot:root +2x rex 2x
distribution
(+5x%) —6x (+2.3x)

Concentration in roots

(+2x) ‘Wm —4x NO (+2x)

Uptake via roots
= total accumulation in plant

Figure 4-7. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots, and distribution to the shoots of Cs; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, rvespectively (in parentheses = not
significant). Differences between clones are indicated in two different values.
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Cs

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
HY % Hg

24/ 21 1.59/1.39 27/16
12/6 / 0.83/0.43 5/5

34125 2.28/1.69 31/26
3/2 0.23/0.11 6/4

42 /58 2.78/3.89
89/91 5.89/6.03 43/ 77

Figure 4-8. Summary of net uptake and distribution between root and shoot of Cs, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)

and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean
values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 6.65 ug Cs at start.

1.78/1.05
0.36/0.35

21/14 1.39/0.95
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2.09/1.71
0.40/0.27

36/9 2.37/0.58

=
«

2.78/3.57
5.58/6.11

42 /54

84/92 2.89/5.12
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445 Thorium

Thorium, present as the Th*" cation, seems to be influenced by water relations (Figure 4-5).
Both Th uptake and Th concentration in roots was depressed by decreased water uptake.
However, since the Th concentration in shoots was not affected, the distribution of Th to
the shoots increased with decreased water uptake, meaning no increased translocation of
Th to the shoots. There was a tendency for both Th uptake and root concentration of Th to
decrease in both clone types as transpiration increased. However, no clear trend was found
for Th distribution to the shoots. Thus, Th uptake and Th concentration in roots (but not in
shoots) are both influenced by water relations.

Th uptake and concentration in roots decreased with increasing growth rate, whereas the
distribution to shoots arising from the stable shoot concentration increased in clone 31-1
with increased growth rate (Figure 3-16). Clone 4-2 was not affected.

One obvious finding regarding Th is the stable Th accumulation in shoots, which remained
unchanged despite changes in water relations and growth. One explanation could be the
very low shoot:root concentration distribution of Th — the lowest of all tested elements
(Table 3-2).

The distribution of Th in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-10.
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Thorium

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x

+4x Shoot:root +4x NO
distribution
-2x NO —5x (—1.4x%)

Concentration in roots

(-1.8%) Wm —5x (—1.4x%)

Uptake via roots
= total accumulation in plant

Figure 4-9. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots, and distribution to the shoots of Th; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, respectively (in parentheses = not
significant). Differences between clones are indicated in two different values.

Th
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% Hg % Hg
0/0 0.01/0.02 0/0
0/0 0.01/0.01
-

2.65/2.36
0.58/0.62

23/20
5/5

77179 8.94/9.22 77179 8.94/9.22
81/89 9.36/10.32 95/95 11.01/10.97 67 /54 7.79/6.25

Figure 4-10. Summary of net uptake and distribution between root and shoot of Th, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)

and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean
values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 11.60 ug Th at start.
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4.4.6 Lanthanum

Lanthanum was present as La*". The uptake of this element as well as the root and shoot
concentration of La is slightly decreased by the water uptake decrease (Figure 3-5). This
means that the water uptake has little influence on La in plants. The transpiration rate
increase also decreased the shoot:root concentration ratio; however, this was due to the
lowered La uptake and root La concentration of the plant (Figure 3-9). Thus, decreased
water flow decreases both La uptake and root and shoot concentration.

Lanthanum is influenced by the growth rate, i.e. a 3-fold increased growth rate decreased
both the uptake and root and shoot concentration of La (Figure 3-16). The distribution of La
to the shoots behaved in similar fashion. However, since the uptake and root accumulation
effects are not significant, and since the decrease is greater for shoot concentration and
distribution, growth thus influences the distribution of La to the shoots rather than dilutes
La in the whole plant tissue.

The distribution of La in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-12.

Lanthanum

Growth rate Water uptake rate Transpiration rate
Increase 3x Increase 1.33x

Concentration in shoot 7

_3-4x / —2-3x

NO

—4x Shoot:root NO +3x
distribution

(-2x) (-1.25%) (~1.3%)

Concentration in roots

(-2x) T Wm —1.5x (~1.4%)

Uptake via roots
= total accumulation in plant

Figure 4-11. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots, and distribution to the shoots of La; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, respectively (in parentheses = not
significant). Differences between clones are indicated in two different values.
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La

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% g % g % g
2/0 0.16/0.03 171 0.04/0.04 1N 0.05/0.07
8/6 0.59/0.44 0/0 0 /0.02 I
-

24/23
23/13

26/23
25/20

1.66/1.62 1.79/1.62 30/25 2.09/1.77

1.58/0.88

74 /76 5.12/5.30 64 /67 5.12/5.29
69 /81 4.78/5.63 65 /70 5.19/5.55 69/74

Figure 4-12. Summary of net uptake and distribution between root and shoot of La, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)

and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean
values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 6.95 ug La at start.

1.76/1.38

. . Y

4.81/5.11
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4.4.7 Selenium

Selenium is taken up as SeO,*, and only at the lowest water uptake level was there any
effect: a decreased uptake and root and shoot concentration of Se (Figure 4-7). Since the
transpiration rate did not influence the uptake, the decreased root and increased shoot
concentration was due to an increased distribution of Se to the shoots with increased
transpiration rate. Thus transpiration influences Se translocation to the shoots.

Increased growth rate tended to decrease the uptake, shoot:root concentration ratio, and the
shoot concentration of Se; the root concentration of Se was either unaffected or increased
(Figure 3-17). Thus, the real effect is that increased growth decreases the distribution of Se
to the shoots, therefore decreasing the shoot concentration while increasing that of the roots,
since the uptake was not significantly decreased. The effect of growth rate is thus expressed
in Se distribution rather than in dilution in the whole plant.

The distribution of Se in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-14.
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Selenium

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
—1.7% Concentrat(%/ —1.4x (+1.2%)
Shoot:root +2%
—1.8x distribution NO
+2.6x NO
NO Concentration in roots —1.5x (—1.4x)

Uptake via roots
= total accumulation in plant

(-1.4x%)

Figure 4-13. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots, and distribution to the shoots of Se; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, respectively (in parentheses = not
significant). Differences between clones are indicated in two different values.

Se
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% Hg % Hg %
50/ 44 1.98/1.75 51/44 2.01/1.74 45/ 39 1.92/1.56
52/23 2.04/0.91 30/27 1.18/1.06
> -

38/32 0.40/0.28

19/7

1.49/1.27 37/32 1.46/1.28 35/39

l 0.76/0.29 ' 49/ 28 1.93/1.11
12 /24 0.48/0.93 12/24 0.48/0.93
29/70 1.15/2.75 21/45 0.84/1.78 16/21
Figure 4-14. Summary of net uptake and distribution between root and shoot of Se, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)
and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean

values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 3.95 ug Se at start.

-

0.64/0.84
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4.4.8 Chlorine

The CI" uptake was not clearly affected by either the water uptake rate or transpiration rates
(Figure 4-8). This means that the water relations of the plant do not influence CI uptake, and
that it is not directly driven by the water flow. This is likely because Cl enters the plant cells
to a great extent, staying there to be used for non-metabolic activities such as regulating

the chemo-electropotential difference across membranes for the cellular transport of other
elements and substances /Marschner 1995/.

Increased growth rate decreased both Cl uptake and root concentration; the decreased Cl
concentration in shoots was insufficiently depressed, and therefore the distribution of Cl to
the shoots increased in clone 31-1 (Figure 4-8). Growth thus dilutes Cl in a nearly 1 to 1
relationship.

The distribution of Cl in the plant-solution system after three-days uptake and its effect by
growth rate and water relations is shown in Figure 4-16.

Chlorine
Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
(-1.33x) Concentration in shoot 7 NO NO

7

(+2.2x) NO Shoot:root NO 1 NO

distribution

Concentration in roots

Uptake via roots
= total accumulation in plant

Figure 4-15. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots and distribution to the shoots, of CI; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, respectively (in parentheses = not
significant). Differences between clones are indicated in two different values.
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Cl

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% Hg % ug % ug
1384 /333 23/ND 148/ND -/- 2408 / 404
9337210 —/- 2101/255 '
-

148 /ND
3342 /766

244 /89 23/ND
2521/1889 -/=

/ <—| |—>
-/35 -/225 54 /ND 352 /ND /
—/- -/- —/- -/- -/- —-/=

Figure 4-16. Summary of net uptake and distribution between root and shoot of CI, which had
been taken up during 3 days. The distribution between solution, roots and shoot is given as
percentage as well as in amount (ug) per compartment. Data to the left and to the right are from
clone 31-1 and 4-2, respectively. The lower data is from low rate (of growth or water uptake)

and the upper from high rate, meaning effects by increase in growth rate upwards and effects by
decreasing in water uptake downwards. Data from the transpiration experiment are given as mean
values due to absence of influence by transpiration. Data are based solely on what has been taken
up during the 3 days experiment and the solution contained 647 ug Cl at start.

984 / 388

449 lodine

Iodine was present as I, and I uptake decreased with decreased water uptake in a nearly

1 to 1 relationship (Figure 4-9). The concentration in roots and shoots also decreased,
though not to the same extent; this was likely due to decreased growth and to a reduced
shoot:root growth (Figure 3-2) that increased tissue concentration of I, especially in the
shoots. Transpiration effects were not evident. One may conclude that water uptake, though
not transpiration, influences I uptake and translocation, as was the case for clone 31-1.
Clone 4-2 did not take up or translocate I at low water flow, and none of the taken-up I

was translocated to the shoots at the two lower water-uptake rates. It is possible that the
higher transpiration rate of clone 31-1 than of clone 4-2 (Figure 3-13) accounts for the clone
difference in I uptake and distribution.

The I uptake in the two clones was also differently influenced by the growth rate. Clone 4-2
displayed no uptake of I at the lowest growth rate (Figure 3-17), I uptake and distribution
to the shoots only appearing at the higher growth rate. In the other clone growth rate had no
effect on I uptake; however, distribution of I to the shoots increased due to decreased root
concentration of I with increased growth rate. Iodine thus will not be diluted by increased
growth rate. The distribution of I in the plant-solution system after three-days uptake and its
effect by growth rate and water relations is shown in Figure 4-18.
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lodine

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
+ Concentratc%/ -2.3x NO
+2.4x Shoot:root —3.5x NO
distribution
+ -3.3x NO

Concentration in roots

ARy

Uptake via roots
= total accumulation in plant
Figure 4-17. Summary of influence on uptake normalized to root biomass, concentration in roots
and shoots, and distribution to the shoots of I; shown as increase (thick arrows and +), decrease
(thin arrows and —) or no change (medium arrows and NO) in relation to growth rate increase,
water uptake rate decrease and transpiration rate increase, respectively (in parentheses = not
significant). Differences between clones are indicated in two different values.

Growth rate Water uptake rate Transpiration rate
Increase 3x Decrease 4x Increase 1.33x
% g

% ug %

13714 0.83/0.88

1.46/0.69
0.59/0.09

-
.‘LQ

1.68/1.96

26/20 1.65/1.27

21/10 ) 1.37/0.66 0.56/0.18
52/70 3.34/4.49 3.34/4.46
70/88 4.50/5.70 5.81/6.27

Figure 4-18. Summary of net uptake and distribution between root and shoot of I, which had been
taken up during 3 days. The distribution between solution, roots and shoot is given as percentage
as well as in amount (ug) per compartment. Data to the left and to the right are from clone 31-1
and 4-2, respectively. The lower data is from low rate (of growth or water uptake) and the upper
from high rate, meaning effects by increase in growth rate upwards and effects by decreasing in
water uptake downwards. Data from the transpiration experiment are given as mean values due to
absence of influence by transpiration. Data are based solely on what has been taken up during the
3 days experiment and the solution contained 6.45 ug I at start.

26/7 1.70/0.42

61/80 3.92/5.15
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4.5 Conclusion

This work shows that the uptake and distribution of various elements are differently
influenced by water flow and growth rate; moreover, it is not possible to judge from their
chemical properties how these elements will react. However, in most cases increased growth
rate diluted the concentration of the element in the tissue, reduced uptake of water reduced
the element uptake, while transpiration had no effect on the translocation of elements to the
shoot (Table 4-1). The reason to the higher influence values in Table 4-2 compared with
Table 4-1 is due to that data in Table 4-1 are based on total concentration values while in
Table 4-2 data are based only on amount taken up during the experiment period.

Table 4-1. Summary of influence of water uptake on element total uptake normalized to
root biomass, of transpiration on element distribution to the shoots, and of growth rate
on element total uptake. Decrease (-), increase (+), and no change (0) is shown. Data in
parentheses indicate tendencies, i.e. not significant.

Ni Sr Mo Cs La Th Se Cl |
Water uptake decrease 4x -1.3x —-13x 0 —4x  —-15x -5x —2x 0 —4.5%
influence on total uptake
Transpiration increase 1.3x (+2x) 0 0 0 +3x% 0 +2x 0 0
influence the distribution to the shoot
Growth rate increase 3x —3x —2x =3x  (+2%x) (-2x) (-1.8%) (-1.4x) —2.4x +/-

influence total uptake

Table 4-2. Summary of influence of water uptake on element net uptake, of
transpiration on element translocation to the shoots, and of growth rate on element
net uptake. Decrease (-), increase (+), and no change (0) is shown. Data in parentheses
indicate tendencies, i.e. not significant.

Ni Sr Mo Cs La Th Se (o] |
Water uptake decrease 4% (-1.2x) =22x 0 -5x  —-16x -55x —-15x +3x —12x
influence on net uptake
Transpiration increase 1.3x 0 0 0 0 0 0 0 0 0
influence the translocation to the shoot
Growth rate increase 3x -3.5x  —7.5x -28x +2x -3x -1.5x  (-1.4%x) —6% (-1.3%)

influence net uptake
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