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Abstract 

Breckle, S.-W. 1 996. Growth of tree roots under heavy metal (Pb-) stress. - Acta Phytogeogr. 
Suec. 8 1 ,  Uppsala. ISBN 91-7210-08 1 -8. 

In oblique root-boxes the development of the root-system of European beech saplings was 
recorded. The root-boxes were filled with soil distinctly contaminated with heavy metal (Pb). 
Three layers with differing heavy metal contamination were applied. Root architecture (branch
ing and root laterals development) exhibited distinct changes according to the level of heavy 
metal stress. Root recovery and root growth pattern is not only influenced by the present stress 
situation at the root-tip but also by the preceding growth situation of the root. 
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Introduction 

Trees rarely grow on soils heavily contaminated with 
toxic heavy metals. Herbs, however, are still found on 
these soils. Investigations with European beech and Nor
way spruce have shown that roots of young trees react 
very specifically to heavy metal stress, and are able to 
recover in soil horizons with less contamination. This has 
far-reaching ecological consequences for natural root
systems. It has also consequences for the root systems of 
trees on polluted sites. 

In order to study root development under toxic heavy 
metal stress two approaches are possible. Almost the only 
way under field conditions is the mini-rhizotron tech
nique. In some cases entire root systems have been exca
vated by research-groups. A much easier way is to study 
root development in the laboratory under controlled con
ditions in rhizotron boxes, simulating field conditions and 
varying soil horizons. 

Firstly in this report we give some results from experi
ments, primarily to elucidate changes in root architecture 
under heavy metal stress, especially with Ph-contamina
tion and secondly we demonstrate the adaptability of the 
root systems to changing stress conditions. 

Material and Methods 

In root-boxes (50 cm x 80 cm, see Fig. 1 )  Fagus sylvatica 

seedlings were grown in Cd or Ph-contaminated soil. The 
soil was artificially contaminated with known amounts of 
Cd (N03)2 or Pb(N03)2 solutions by watering, stirring and 
drying for several weeks. The plant available heavy metal 
fraction was determined by 0, 1 M NH4Cl extraction at pH 
5 .  The total amount of heavy metals bound in the soil was 
about 3 - 5 times higher for Cd, about 8 - 20 times higher 
for Pb (see Table 1 ) .  

Rooting and side root branching was recorded daily. 
Biomass and heavy metal content of roots and shoots was 
analysed at the end of the experiments. 

Results 

The root growth of the primary root of Fagus sylvatica 

differed significantly depending on heavy metal contami
nation of the substrate. Fig. 2 gives the values of the daily 
root length increments of the primary roots. Low Ph
contamination of substrate ( 10  ppm Pb) yielded a slightly 
higher root growth than in control soil (with 3 ppm Pb), 
depending on the preceding soil horizon the root had 
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Fig. 1 .  Sketch of the root-boxes (rhizotron-pots) for observation 
of root growth in soil horizons that had been artificially contami
nated with heavy metals. 

grown through. The recovery rate after 50 ppm Pb stress is 

higher than after 23 ppm Pb stress (Fig. 2). 

Not only primary roots show this growth behaviour. 

Secondary roots of the 1 st order (Fig. 3) and 2nd order 

(Fig. 4) also show a similar growth pattern under varying 

Ph-stress. High Ph-stress ( 1 00 ppm) reduced growth 

Table 1 .  Artificial contamination of soil substrate for experi
ments with soil horizons in rhizotrons. 

Intended concentration of Pb 0 1 5  30 60 1 20 

(ppm, plant available fraction) 

Actual concentration of Pb 3 1 0  23 50 100 
(ppm, plant available fraction: 
NH4-Acetate-extract) 

Total concentration of Pb 54 1 55 259 48 1 820 
(ppm, HN03-extract) 

Percentage of plant-available 5.0 6.3 8.7 1 0.5 12. 1 
Ph-fraction, extractable from 
total Ph-content 
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Fig. 2. Daily increment of primary roots of Fagus sylvatica 
seedlings:  difference of growth rates in percentages against 
control plants (3 - 3 - 3) .  
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Fig. 3. Daily increment of secondary roots ( 1st.  order) of Fagus 
sylvatica seedlings: difference of growth rates in percentages 
against control plants (3 - 3 - 3). 



Table 2. Shoot length reduction of Fagus saplings as a percent
age of the control after the experiment. 

Pb treatment in the 
3 horizons (ppm) 

[ 50 - 10 - 3] 
[ 23 - 10 - 3] 
[ 3 - 10 - 50] 
[ 3 - 10 - 23] 
[ 100 - 50 - 23] 
[ 23 - 50 - 100] 
[ 3 - 23 - 100] 
[100 - 23 - 3] 

% shoot length reduction 
in comparison with control [3-3-3] 

21 
8 
1 3  
8 

57 
20 
1 0  
57 

drastically and in some cases in resulted very short roots -

not reaching the 3rd or even the 2nd soil horizon. Shoots, 

however, exhibited a significant reduction in length in all 

treatments, as shown in Table 2. 

Roots reaching the 3rd layer exhibit a growth pattern 

which is partly influenced by the 1 st or 2nd horizon. 

As shown in Fig. 5, the length of the primary roots in 

15 cm (layer 1 )  is reached by those plants where the roots 

grow in low heavy metal soil in about 20 to 25 days. At 23 
ppm Pb this length is only reached after about 42 days, 

and at 1 00 ppm even after 50 days only about 8-9 cm root 
length is achieved. 

Daily increments of secondary roots (2. Qrder) % difference control 6 0 r-�--------�--------------------� 
1 0  

4 0 

1 0  

Var i ant 

- layer 1 - layer 2 

Fig. 4. Daily increment of tertiary roots (secondary ·roots of 2. 

order) ofF agus sylvatica seedlings: difference of growth rates in 
percentages against control plants (3 - 3 - 3).  

S. -W. Breckle 41 

Length of primary roots in  layer 1 (cm) 

o ��--�--�--��--�--��--�--� 
0 s 10 15 20 25 30 35 40 45 so 

days after start of experiment 
four variants and control (31313) 

3/3/3  """*-- 100/50/23 -e- 2 3 / 5 0 / 100 
--*"" 3/23/100  � 100/23/3 

Fig. 5.  Length of primary root of Fagus sylvatica seedlings 
within layer 1 (first number giving the concentration of Pb in 
layer 1); 4 variants and control (3 I 3 I 3) within 50 days. 

Length of primary roots in layer 3 (cm) 
20 - - - �--

. 

days after reaching layer 3 
three variants and control (31313) 

p p m  P b  
3 / 3 / 3  """*"" 100 / 5 0/ 2 3  

-e- 23/ 50/100 --b- 3 / 23 /100 

Fig. 6.  Length of primary root of Fagus sylvatica seedlings 

within layer 3 (third number giving the concentration of Pb in 
layer 3); 3 variants and control (3 I 3 I 3) 22 days from the day of 

reaching layer 3 .  Day 0 is the point at which the roots reached the 

top of layer 3.  
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Fagus seedlings grown in large rhizotrons 
Lead concentration in roots (ppm Pb) 

1 000 

8 00 

600 

400 

200 

0 

Layer 1 118 800 368 81 80 
Layer 2 103 2 9 1  192 1 7 2  1 7 0  Fig. 7 .  Pb concentration in  roots of 

F agus sylvatica seedlings growing in 
three different layers of substrate (with 
3 = control, 10, 23 or 50 ppm Pb; four 
variants and control [3 I 3 I 3]) .  

Layer 3 86 98 125 6 6 7  296 
Var iant  

- layer 1 �� layer 2 D layer 3 

When comparing root growth behaviour of the pri

mary root within the third layer (reached after 2-3 months), 

the 23 ppm Pb roots exhibit slightly better growth than the 

control roots (3 ppm Pb ), as is indicated in Fig. 6. It is also 

observed that the more stressed roots (23 - 50) show less 

of a reduction in growth after reaching the 100 layer than 

the roots coming from the 3 - 23 layers (Fig. 6) . Thus 

growth pattern is not only influenced by the present stress 

situation but also by the preceding growth situation of the 

root. 

The Pb uptake, expressed as Pb content in the roots of 

the three horizons, is proportional to that of the corre

sponding substrate (Fig. 7) .  A tenfold contamination, 

however, does not result in a tenfold root content, as is 

Table 3.  Total number of lateral roots per plant of various orders, 
percentage of short roots ( < 2 mm long) among all laterals and 
length of the unbranched main root of Fagus seedlings, grown 
for 40 days in rhizotron chambers under various plant-available 
Ph-concentrations (NH4-acetate-extractable fraction; partly from 
Noack & Breckle 1 987). 

Plant-available 3 10 24 44 238 
Ph-concentrations (ppm) 

Number of lateral roots 1 10 87 70 47 4. 1 
First order 1 27 195 1 89 1 80 1 .2 
Second order 1 .5 1 .0 9.6 14.0 0.3 

Total number of lateral roots 238 283 268 24 1 5.6 

Percentage of short roots 36.6 39.4 43.5 46.7 53 .8 

Length of main root from tip 35.4 37.6 33 .3  24.3 6.0 

to initial lateral (mm) 
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indicated for the three layers (Fig. 7) .  
In uniformly filled rhizotron boxes the root architec

ture with Pb and/or Cd soil contamination was tested. The 

number of laterals and the length of the main root from the 

tip to initial laterals differs according to Pb-stress. The 

branching of the root system increases and exhibits a 

maximal value for third order laterals with relatively high 

Pb contamination (in this experiment 44 ppm Pb level) ; 

10  ppm was the concentration with the highest total number 
of laterals (Table 3) .  

Discussion 

There is a clear indication that branching of the roots is 

more pronounced under heavy metal stress. In Table 3 the 

percentages of root types are shown. The increase of 

secondary roots of the 2nd order is very characteristic. 

Stunted root systems rather than more branching were the 

result of Al-stress in Trifolium pratense (Fitter et al . 

1 988). 
There is a clear indication that the growth history of 

the root, (the growth conditions of the preceding days or 

weeks) play an important role for adaptation of root 

growth. This is indicated by root growth behaviour shown 

in Figs. 2 - 6. This behaviour may well contribute to the 

great plasticity root systems exhibit in adaptation to eco

logical soil factors. Whether the hormonal balance plays 

the main role in the internal growth regulation and branch

ing processes remains obscure. 

The present day Ph-concentrations in forest soils and 

leaves close to industrial sites, highways, cities are in the 
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Table 4. Ph-concentrations (ppm) in soil and Fagus leaves from forests and from a pot experiment with contaminated soil showing first 
symptoms of toxic lead effects (Kahle & Breckle 1 985; Ellenberg et al. 1 986; Roder & Breckle 1 987) .  

Total Ph-content in soil 
(ppm DM) 

Plant available fraction of Pb (ppm) 
(NH4Cl- extracts) 

Total Ph-content in leaves of 
Fagus (ppm) 

Industrial area (Ruhr) 

Soiling (Lower Saxonia) 

Culture experiment with Fagus 

100-800 

300-465 

388 

same range of those causing the first toxicity symptoms in 

Fagus saplings, as is indicated in Table 4. 

It is,  however, very difficult to significantly show that 

present-day forests not only suffer from industrial gase

ous emissions but also from chronic heavy metal stress in 

the soiL Present day concentrations can only be reduced 

very slowly in natural stands. Individual plant response to 

heavy metal stress depends not only on dissolved heavy 

metal concentration but also on background concentra

tions of other ions in the soil solution (Davies 1 991 ) .  The 

responses of roots where complex soil chemistry, metal 

toxidity and mycorrhizal infection occur in the immediate 

vicinity of the root are very complex (Davies 1 991  ) . 

Conclusions 

Long-living lifeforms (especially woody plants, trees) 

have a disadvantage when growing on heavy metal con

taminated soils. This might be explained by chronic ef

fects on physiological processes of long-living plants. 

Fagus-saplings respond to Ph-stress in the range of 

actually occurring concentrations, when regarding the 

plant -available fractions (NH4 -acetate-extracts) . 

Fagus-saplings respond to Cd-stress in the range of 

concentrations at least one order of magnitude higher than 

those of actually occurring soil concentrations (except on 

specific mining sites; plant available fractions). 

F agus root systems change their architecture in re
sponse to Pb and or Cd stress to a more compact and 

branched root system. 

The ecological advantage of increased branching and 

thus forming a more compact, dense, but less extensive 

10-60 

10-30 

55 

6 - 15 

20 

2 

root system can be explained by the fact that cytokinine 

production as well as water uptake occur in root tips .  

These are key processes of roots neccessary for the whole 

plant and plant growth regulation. 

Uptake and transport of Pb to the shoot and leaves is 

very low, although Cd uptake is slightly more enhanced, it 

is still rather low. 
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