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A b s t r a c t .  The effects of aluminium on plant nutrition in smallbirch plants (Betulapendula Roth) were 
investigated. By using relative addition rate (RA, g g - i  d - l )  of nutrients as the growth-controlling 
variable, it was possible to grow the plants at very low external nutrient concentrations and to simulate 
plant requirements at two different fertility levels. 

Before aluminium addition the plants were at steady-state relative growth rate, (Ra, g g - l  d-1). 
The two addition rates were free access of nutrients with R~ ~ 0.215 d -1, or nutrient-limited, Ra 
andRe =0 .10d  -1. 

Internal concentrations of calcium and magnesium decreased with increasing A13+ conncentration 
in the nutrient solution while nitrogen concentrations in the plants remained unchanged or increased. 
It was demonstrated in both nutrition treatments that calcium and magnesium decrease per se does not 
reduce plant growth and that uptake has to be considered in relation to plant requirement at different 
growth rates. The interpretation of the effects of aluminium on Ca and Mg uptake and plant biomass 
development suggested that processes other than disturbances in Ca and Mg uptake are the cause of 
the decrease in growth. 

1. Introduction 

Trees growing in acid forest soils are normally influenced by different potential 
stress factors to which they are more or less adapted, one of which is alumini- 
urn. Aluminium may reach relatively high concentrations in or on the roots, while 
internal leaf or needle concentrations are low. It is therefore likely that plants have 
mechanisms for aluminium exclusion in the root epidermis and cortex (see review 
by Foy et al., 1978; Taylor, 1988; Bennet and Breen, 1991). Aluminium inter- 
actions with different nutrient elements are commonly reported, and decrease in 
cation uptake of forest tree species in the presence of aluminium, especially of cal- 
cium and magnesium is well documented (Jorns and Hecht-Buchholz, 1985; Asp 
et al., 1988; Schaedle et al., 1989; Ltittge and Clarkson, 1992). The decrease has 
been explained as caused by effects on negatively charged binding sites on the root 
surface (Wagatsuma, 1983; Godbold et al., 1988a, b) or by effects on membrane 
proteins such as calmodulin (Siegel and Haug, 1983). Disturbances in phosphorus 
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uptake have also been proposed, and explained as aluminium-phosphorus precip- 
itates in the epidermal and cortical regions of the root (McCormick and Borden, 
1974; van Praag and Weissen. 1985; van Praag et al., 1985). 

In experiments with toxic substances, comparability between different studies 
is of great importance. In the case of aluminium toxicity, different responses to the 
same concentration within the same species have been described (e.g. McCormick 
and Steiner, 1978; Rost-Siebert, 1983; Hutchinson et al., 1986). Several of the 
differences may be explained by the use of culture techniques in which control 

o 

of growth prior to aluminium addition was neglected (see Ingestad, 1982; Agren, 
1985). The frequent use of comparatively high external nutrient concentrations 
may cause problem of interpretation as nutrients are liable to chemical interac- 
tions e.g. with aluminium. There may also be problems with studies in which 
nutrients are added in low, so-called ecologically relevant concentrations when 
growth and internal nutrient concentrations often decrease with time as a result of 

o 

diminishing nutrition (Ingestad and Agren, 1992). It is thus important to ensure 
non-varying experimental conditions with time when evaluating responses of plant 
growth to toxic elements. The addition technique used in the present investigation 
may be considered to model dynamic nutrient fluxes, and in the nutrient-limited 
treatment nitrogen was the growth-limiting nutrient element, as in most boreal for- 
est ecosystems. The criteria and theory for steady-state growth is strictly defined 
mathematically and the reliability of the interpretation of the results depends on the 

o 

ability to sustain steady-state nutrition (Agren, 1985). When using relative addition 
rate as a growth-controlling variable, external nutrient concentrations may be very 
low, comparable to levels found in acid forest soils, and the plants have stable 
internal nutrient concentrations at steady-state growth, regardless of limitation lev- 
el. Also, as demonstrated for steady-state growth, several tree species have similar 
nutrient requirement, e.g. Alnus incana and Betula pendula (Ingestad 1981), Pop- 
ulus simonii and Paulownia tomentosa (Jia and Ingestad, 1984), Pinus contorta, 
P. sylvestris and Picea abies (Ingestad and Kfihr, 1985). Effects of aluminium on 
growth and nutrition of Betula pendula seedlings have been described elsewhere 
(G6ransson and Eldhuset, 1987). The aim of the present paper is further to evaluate 
effects of aluminium on calcium, magnesium and nitrogen uptake in small Betula 
pendula plants, growing at two different relative addition rates of nutrients. 

Abbreviations: DW, dry weight; FW, fresh weight; RA, relative addition rate (g 
g-1 d-l); RG, relative growth rate (g g-1 d-l);  dn/dW~, uptake rate per unit root 
growth rate (#mol (g root) - a); PN. nitrogen productivity (g D W (g N)- l d -  1 ); Wr ' 

root dry weight. 
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2. Materials and Methods 

2.1. GERMINATION AND PRE-EXPERIMENTS 

Seeds of Betula pendula Roth, collected from a maternal clone at Bogesund, 
Sweden, were germinated in Petri dishes on wet filter paper in low light conditions, 
approximately 20 #tool m -2 s -1 . After 10 days, 200 seedlings were transferred to 
growth units with continuously recirculating nutrient solution, 5 litres, which was 
sprayed on the roots at a flow rate of 10 L rain- 1. Conductivity and pH in the solution 
were measured automatically and adjusted by additions of small and exponentially 
increasing amounts of nutrients, normally once per hour to keep conductivity 
constant at ~ 50 #S cm -1, (CDM conductivity meter Radiometer, Copenhagen, 
Denmark) or pH at 3.8 (priM 63 digital pH meter, GK 2501C combined pH 
electrodes, Radiometer, Copenhagen, Denmark). The stock nutrient solution was 
added from burettes into the recirculating solution and the contents by weight 
in relation to nitrogen (N = 100) were: 65 K, 13 P, 7 Ca, 8.5 Mg, 9 S, 0.7 Fe, 
0.4 Mn, 0.2 B, 0.06 Zn, 0.03 Cu and 0.007 Mo. Total N content in the stock 
solution was 2.5 g L -1 and the same composition of the nutrient solution was 
used in both pre-experiments and experiments. The accuracy of the conductivity 
and pH measurements was controlled once per day with reference electrodes. The 
pre-experiments, and experiments, were carried out in growth chambers (Weiss 
Technik, Giessen, Germany) with continuous illumination by 250 W lamps (Osram 
HQ-IR); photon flux density ~ 300 #mol m -2 s -1, 400 to 700 nm, 24 hr day-I ;  
air and solution temperature 20 ~ and vapour pressure deficit ~ 0.6 MPa. 

2.2. EXPERIMENTS 

After 10 to 14 days in the growth units, the fresh weight of each seedling was 
approximately 50 mg. Seedlings, as similar as possible in size, were selected and 
weighed in groups of 5 and thereafter put back into the growth units. Nutrients 
were added in free access by maintaining conductivity in the range 50 to 60 #S 
c m -  1 and pH of 3.8, or at a relative addition rate of 0.10 day-  l, corresponding to a 
nutrient limitation of approximately 50% of the maximum relative growth rate at a 
pH of 3.8. Prior to aluminium addition, 3 harvests were taken to check steady-state 
RG of the plants. The plants were harvested in groups at intervals of 3 days (free 
access) or 7 days (nutrient limitation) (Ingestad and Lund, 1979; Agren, 1985). 
Aluminium was added immediately after the third harvest in different concentra- 
tions: 1, 3, 6 and 10 mM at free access and 1, 3, 6, 10 and 15 mM in nutrient-limited 
conditions. Following aluminium addition, three additional harvests were taken. 
If RG decreased because of aluminium, RA was lowered in order to maintain low 
nutrient solution concentrations and avoid chemical interactions between nutrients 
and aluminium. 

At harvest, the roots were rinsed in distilled water and the plants were divided 
into leaf, stem and root fractions for determination of fresh and dry weight (65 ~ 
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for two days). Plant parts were digested for two days in a 2.5:1 (v/v) mixture 
of nitric and perchloric acid and analysed for Ca, Mg and A1 by plasma atomic 
emission spectrometry ICP-AES (Instrumentation Laboratory IL P-200, Andover, 
M.A, U.S.A). Total nitrogen was determined by a micro-Kjeldahl method using 
a flow injection analyser (Bifok FIA 05, Tecator, H6gan~is, Sweden) with gas 
diffusion using phenol red as indicator (Svensson and Anfalt, 1982). At the end 
of each experiment the culture solution was analysed for total (ICP-AES) and 
monomeric aluminium using a modification of the pyrocatechol method (R0yset, 
1986). The laboratory is linked with the IUFRO intercalibration network, Forestry 
Commission of N.S.W., Australia, for calibration purposes. 

2.3. CALCULATIONS AND STATISTICS 

By fitting plant fresh and dry weights (W), on different harvest days (t) to an 
exponential curve 

W : TWO eRat (1) 

the average Ra may be calculated (Ingestad, 1982). Uptake of any specified ion, 
e.g. Ca or Mg, at the growing root, the uptake rate per unit root growth rate, dn/dWr, 
#mol (g root biomass)-1 was calculated as 

dn n W 
- (2 )  

dWr W Wr 

where n is internal amount of Ca or Mg (#mol), W is plant biomass and W~ is 
root biomass (g) (Ingestad and Agren, 1988). The specific effect of aluminium on 
calcium or magnesium uptake was calculated as per cent decrease in dn/dWr after 
aluminium addition (G6ransson and Eldhuset, 1991). 

The effect of a growth-limiting element may be expressed, e.g. as nitrogen 
productivity, PN, (g DW (g N) -1 d -1) and calculated as 

Ra (3) 
PN = N 

W CN,min 

where Ra is relative growth rate, N is nitrogen concentration, W is plant dry weight 
and CN,min is the calculated nitrogen concentration at the intercept of the abscissa 

(cf. Ingestad and Agren, 1992). 
The statistical analyses were carried out by a F-test or by one-way ANOVA 

(Statgraphics, 1988). The pair-wise comparisons were done by the Least Significant 
Difference method at the confidence level 0.05. 

3.  R e s u l t s  

At steady state growth, before aluminium addition, the relative growth rate at 
free access was approximately 0.215 d -1 and at nutrient limitation, approximate- 
ly 0.105 d -1, with a coefficient of determination, r 2, > 0.98 in each experiment. 
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TABLE I 

Relative growth rates (R~) and nitrogen productivities (PN) in 
plants growing at free access of all nutrients or at nutrient lim- 
itation at different aluminium concentrations. The values are 
expressed as percentage of the values before aluminium addi- 
tion. The number of experiments is denoted by n and values 
followed by the same letter within each fraction are not sig- 
nificantly different, (P = 0.05) for RG and (LSD = 0.05) for 
PN 

A13+ Free ~ c e s s  Nutrientlimitation 

mM RG PN n RG PN n 

0 lOOa 100 6 lOOa lOOa 7 

1 95a 93 3 93a 64b 2 

3 88b 77 1 46b 24c 1 

6 61b 62 1 38b 26c 1 

10 70b 102 1 30b 28c 2 

15 - - - 26b 23c 1 

Thus, the added amount of nutrients per unit of time was the growth-controlling 
o 

parameter, according to theory (Ingestad and Agren 1992). More than 85% of the 
added aluminium was recovered in the culture solution at the end of the experi- 
ments as monomeric aluminium. Decrease in plant RG (P = 0.05) was recorded 
at an extemal aluminium concentration of 3 mM and decreased progressively at 
higher concentrations. The response of RG to increased aluminium concentration 
is summarised in Table I. 

After aluminium additon, Ca and Mg concentrations decreased in plants growing 
at free access at the lowest aluminium concentration used (1 mM). The decrease 
was most pronounced for Ca, which decreased to approximately 51% of the value 
before the aluminium addition, while magnesium decreased to 56% (Figure 1). 
In the nutrient-limited plants, Ca was 88 and 98% at 1 and 3 mM aluminium, 
respectively, and decreased at higher concentrations, while Mg decreased at all 
aluminium concentrations. In Figure 1A and B, Ca and Mg concentrations in 
plants are plotted against Rc in the different experiments, together with Ca and 
Mg before aluminium addition. The lines denote approximate birch requirement of 
Ca and Mg in experiments where RA of these elements was the growth controlling 
parameter (Ericsson, pers. com., Ericsson and K~ihr 1995) in similar conditions 
to the aluminium experiments. In the same way, nitrogen concentration in plants 
are plotted against RG (Figure 2) and the line is derived from experiments where 
nitrogen was the growth-controlling parameter (Ingestad, 1981). After aluminium 
addition, internal nitrogen concentrations were unchanged or even increased, with 
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Fig.  2. Concentration of nitrogen (rn) in  whole plants at different aluminium concentrations in the 
culture solution. The line denotes nitrogen concentration in experiments where RA of nitrogen was 
the growth-controlling variable (redrawn from Ingestad 1981).  The equation of the fitted line is y = 
- 0 . 0 1 1  + 0 . 0 5 4 x  w i th  r 2 = 0 .995.  Symbols are as in Figure 1. 

the most pronounced increases at external aluminium concentrations of 1 and 
3 mM. 

Calcium and magnesium uptake rates calculated per unit root growth rate 
decreased in the nutrient-limited treatments at aluminium concentrations higher 
than 3 mM (Ca) or 1 mM (Mg) (Figure 3). At free access, the uptake rates of  calci- 
um and magnesium decreased to ca 50 per cent of the values prior to the aluminium 
addition. The decrease was not correlated with external aluminium concentration 
( P  = 0 . 0 5 ) .  

Before aluminium addition, nitrogen productivity was 5.5 or 6.4 g DW (g 
N) - t  d -1 at free access and nutrient limitation, respectively. After aluminium 
addition, nitrogen productivity was unchanged at 1 mM in the free access treatment 
but decreased with increasing aluminium concentration in all other treatments 
(Table I). 
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4. D i s c u s s i o n  

Decrease in calcium and magnesium uptake in the presence of aluminium is com- 
monly reported and interpreted as determinental for plant growth. However, a 
decrease of non-growth-limiting nutrients, often occurring in excess of the quanti- 
tative requirement, should not per se imply growth disturbances or growth decrease. 
Ericsson and Ingestad (1988) demonstrated that internal concentration of phospho- 
rous for constant maximal Rc was 60% of what was found at free access of phos- 
phorus. A similar pattern has been demonstrated for other elements. In experiments 
where RA of Ca or Mg was the growth-controlling variable, it was demonstrated 
that maximal Rc for small birch plants grown in conditions similar to those in the 
present investigation occurred when internal concentrations were approximately 
20% (Ca, Ericsson, pers. com.) and 50% (Mg, Ericsson and Kfihr, 1995) of that at 
free access. It is therefore reasonable to assume that the decrease in internal Ca and 
Mg concentrations in the present study is not quantitatively large enough to influ- 
ence growth in small birch plants (Figure 1A and B) at aluminium concentrations 
which are ecologically relevant in the rhizosphere of acid boreal forest soils. 

Nutrient uptake may be calculated as uptake rate per unit root growth rate 
(dn/dWr). In the free access treatments, dn/dWr of Ca and Mg decreased to approx- 
imately 50% of the rate prior to the aluminium addition, regardless of aluminium 
concentration. This is equivalent to that found in conifers at free access conditions 
(GSransson and Eldhuset, 1991). At nutrient limitation in birch, dn/dW~ of Ca and 
Mg increased at 1 mM aluminium and then decreased with increasing aluminium 
concentration (Figure 3). Evidently the mechanisms for Ca and Mg uptake can 
function in the presence of aluminium concentrations as high as 1 mM for several 
days or weeks. Godbold et al. (1988b) and Schlegel et al. (I992) demonstrated that 
aluminium was located mainly in the root cortex and that losses of magnesium and 
calcium to a large extent took place in the apoplast, outside the suberised Casparian 
strip. The decrease in Ca and Mg at ecologically relevant aluminium concentra- 
tions, < 0.1 mM in the rhizosphere (Nilsson and Bergkvist, 1983; Berdrn et al., 
1987), thus seems to be coupled to cations liable to exchange processes (Epstein, 
1972; Hanson, 1984). 

At nitrogen limitation, as in the nutrient-limited treatments, all nitrogen may 
be considered to be active in biomass production and there is no storage of excess 
nitrogen in the plant. The relationship between the internal nitrogen concentration 
and RG, i.e. the slope of the regression line (Figure 2), has been defined as nitrogen 
productivity (Ingestad and ,~gren, 1988) and may be regarded as a function of 
the ability of the plant to produce new biomass per nitrogen amount and time 
in the prevailing conditions. In the present investigation, the internal nitrogen 
concentration and hence nitrogen productivity, PN, of the pre-aluminium plants 
was equal to that in experiments where RA of nitrogen was the growth-controlling 
variable (Figure 2). When internal nitrogen concentration increased, as in the 
nutrient-limited treatments at low aluminium concentrations, an increase in Rc  
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Fig. 3. Calcium (o) and magnesium (A) uptake rate per unit root growth rate, dn/dW,., (/zmol (root 
DW) -1) at free access of all nutrients (filled symbols) and at nutrient limitation (open symbols) as 
percent of the pre-aluminium value. Analyses were made of bulk samples of two groups of 5 plants 
in each experiment. Symbols followed by different letters are significantly different (LSD = 0.05) 
from the value before aluminium addition. 

would be expected. Instead, Rc was virtually constant (Figure 2 and Table I) and 
PN decreased. The nutritional disorders had apparently no effect on plant growth 
at low aluminium concentrations (1 mM). 

Plant responses to increased aluminium concentrations, i.e. tolerance and tox- 
icity, are poorly understood (see reviews by Bennet and Breen, 1991; Lfittge and 
Clarkson, 1992). Increased concentrations of aluminium are known to influence 
DNA replication and to cause changes in root cell division (Clarkson, 1969). The 
visual toxic effect of aluminium on root development in the present investigation 
was a symptomatic stunted growth pattern with swollen, discoloured root tips. 
Those changes occurred at external concentrations of 3 to 6 mM and aluminium 
concentrations in roots exceeding approximately 4.5 mg g D W  -1 (G6ransson and 
Eldhuset, 1987). Although not measured in the present investigation it may be 
suggested that chemical interactions, e.g. between aluminium and phosphate, may 
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occur in the cell nucleus at high aluminium concentrations, with effects on DNA 
replication. 

5. Conclusions 

Plant damage occurred at extemal concentrations which are high compared to those 
found in the rhizosphere of acid boreal forest soils. Although the primary objective 
of the present investigation was not to limit calcium and magnesium uptake, the 
plant response clearly demonstrates that uptake mechanisms for the nutrients are 
operating at aluminium concentrations which are high compared to those in the 
rhizosphere. Magnesium limitation, eventually a result of increasing acidification 
and leaching, seems to be a bigger hazard than Ca limitation, especially in relation 
to increased A13+. Decrease in plant Ca and Mg may be attributed to exchange 
processes on the root cell surfaces. Disturbances to Ca and Mg uptake may occur 
at low aluminium concentrations, although it is questionable if they are quantita- 
tively large enough to affect growth. The present results favour the interpretation 
that growth damages occurred because of aluminium-induced changes in cell repli- 
cation and root growth rather than disturbances to Ca and Mg uptake. It may be 
concluded from the present study that the decrease in calcium and magnesium has 
to be evaluated in quantitative terms in relation to plant requirement, not, as it often 
is, to arbitrary values before aluminium addition. 
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