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Abstract. The relationship between root development of Douglas fir (Pseudotsuga 
menziesii) and soil acidity was studied in the field. Correlations suggest that total 
root length in the mineral soil is affected by high levels of exchangeable aluminium 
at low levels of exchangeable calcium. However, this was only true if the mineral 
soil down to 5 cm depth was extremely acid (pH(H20) <3.8). At such low pH, the 
root length was well correlated with the Ca/(Ca + Al) equivalent ratio of the miner­
al soil at 0-5 cm depth (r = 0.678; P < 0.005). At higher soil pH, parameters other 
than exchangeable aluminium and exchangeable calcium seem to be more impor­
tant in determining total root length. 

Key words: Douglas fir, root length, soil acidity, aluminium-calcium equivalent ra­
tio. 

Introduction. Evidence for a causal relationship between forest die-back and acid 
atmospheric deposition is increasing (Ulrich, 1983). Important components of the 
so-called 'acid rain' are S02, NOx and NH3, which enter the atmosphere through 
emissions of industry, traffic and intensive animal husbandry. Acid atmospheric de­
position, both wet and dry, may directly and indirectly affect forest trees. Direct ef­
fects include injury of leaves by gaseous pollutants which may destroy the plant tis­
sue, cuticula and stomata, resulting in nutrient leakage and enhanced transpiration. 
Indirect effects on forest trees may result from dissolution of inorganic Al at low 
pH. Aluminium may become the dominant cation in the soil solution, while concen­
trations of Ca, Mg, K and Na are lowered due to leaching. Aluminium may injure 
roots and may inhibit the uptake of nutrients like Ca, Mg and K. Especially when 
the N input in the system is high due to deposition of NOx and NH3, nutrient defi­
ciencies may appear. 

High levels of Al in the soil solution may affect root length, while Ca may coun­
teract the toxic effect of Al. Effects of Ca-Al antagonism on root length of spruce 
and birch were shown by Rost-Siebert (1985) in experiments involving nutrient so-

533 



H. P. SMIT, N. VAN BREEMEN AND W. G. KELTJENS 

lutions. A negative effect of aluminium on root length of Douglas fir was observed 
by Ryan et al. (1986a, b). Normally roots of Douglas fir seedlings develop a tap 
root, and can penetrate the mineral soil up to a depth of 70 cm (de Hoogh, 1925). 
Results of previous field work carried out at our laboratory (not published) showed 
a different rooting pattern of natural regeneration of Douglas fir when grown in for­
est soils presumably affected by acid deposition. Under these conditions roots were 
found to grow mainly in the organic surface layer and apparently avoided the min­
eral soil. A tap root was usually absent. 

It was hypothesized that high soil acidity resulted in poor root growth and that 
root length in the mineral soil decreased with decreasing soil pH and increasing ra­
tios of exchangeable Al to exchangeable Ca. To test this hypothesis roots of a num­
ber of naturally regenerated Douglas fir seedlings at several stands were studied, 
and soil samples were analysed for pH, exchangeable Al and exchangeable Ca. We 
also took into account other parameters that might influence root growth, such as 
penetration resistance of the soil, available soil moisture, seedling age, light avail­
ability, Mg and organic matter content of the mineral soil, and the thickness of the 
litter layer. 

Material and methods. From eight stands in five forestry districts in the Netherlands 
located on the Veluwe and near Staphorst, 40 seedlings 4-7 years old (natural re­
generation) were selected at random (five seedlings per stand). The experiment 
was carried out with naturally regenerated seedlings to avoid mechanical damage to 
the plant roots caused by transplanting. Moreover, all roots have been developed 
under natural conditions. The soils involved were Humic Podzols (3 stands), Leptic 
Podzols (2 stands), Gleyic Podzols (2 stands) and a Dystric Regosol (1 stand). At all 
plots the soil has been disturbed in the past by digging to a depth of 40 to 80 cm ex­
cept at one of the plots with a Leptic Podzol. 

The resistance of the soil near every seedling was measured with a penetrograph 
and the degree of shading by the mature trees surrounding every seedling was esti­
mated. The age of the seedlings was estimated in the field by counting the number 
of whorls and subsequently checked in the laboratory by counting the number of an­
nual rings using a dissecting microscope. The plants were uprooted carefully and 
within a radius of 25 cm around the stem roots in the litter layer and roots in the min­
eral soil were sampled separately. At three points at 25 cm from the plant and with a 
mutual distance of about 40 cm, soil samples were collected from three depths: the 
litter layer, 0-5 cm depth and 5-25 cm depth. The triplicate samples from the same 
depths were mixed, freeze-dried and subsequently stored at 5 °C until analysis. In 
the mineral soil samples, pH(H20), pH(KCl), organic matter content (loss on igni­
tion) as well as exchangeable (1 mol/1 KCl-extractable) AI, Ca and Mg were deter­
mined. Samples from the litter layer were analysed for pH(H20) and pH(KCl) 
only. The available soil moisture content to a depth of 30 cm at the beginning of the 
growing season was estimated from the texture and corrected for the organic matter 
content (Salter & Williams, 1969). Total root length of washed roots was estimated 
with a Comair Root Length Scanner or by the line intersect method. 
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Results and discussion. Douglas fir seedlings rooted mainly in the litter layer and in 
the upper 5 cm of the mineral soil. Tap roots were usually absent or only rooted 
shallowly if present. Only in one stand with a Leptic Podzol in loamy parent materi­
al relatively deep-rooting seedlings were observed. Total root length varied strong­
ly, from 1 to 30 m. 

Penetration resistance down to 80 cm depth was usually 0.5 to 1.0 MPa and never 
exceeded values of 1.5 MPa, at which difficulties to root growth might be expected. 
Variation in physical resistance did not explain the variation in tap root length nor 
in total root length. Total root length in the mineral soil showed a clear significant 
positive correlation with the Ca/(Ca + Al) equivalent ratio at 0-5 cm depth (r = 
0.678; P < 0.005). This correlation, however, was present only if the soil layer at 
0-5 cm depth had a pH(H20) below 3.8 (45 % of all observations). The correlation 
between total root length and the Ca/(Ca + Al) equivalent ratio was less if exchang­
eable Al and exchangeable Ca at 5-25 cm depth were taken into account. This can 
be explained by the fact that most roots occur just below the litter layer. At pH 
values above 3.8 no correlation was observed between total root length and the 
Ca/(Ca + Al) equivalent ratio. These results suggest that low values of Ca/(Ca + 
Al) restrict root growth at low pH, whereas at higher pH levels other factors are 
more important in determining the total root length. 

Together with the pH of the litter layer and the organic matter content at 0-5 cm 
depth the amount of exchangeable Ca and exchangeable Al at 0-5 cm depth pre­
dicted about 88 % of the variation in total root length in the mineral soil at low pH 
levels (Table 1; model 1). If exchangeable Ca and exchangeable Al at 0-5 cm were 
combined to a Ca/(Ca + Al) equivalent ratio, about 75% of the variation in total 
root length can be explained (Table 1; model 2). 

According to this study, reduction of total root length of Douglas fir seedlings 
caused by high levels of Al versus low levels of Ca observed in nutrient solution ap-

Table 1. Scheme of statistical analysis. 

Total root length (TRL) in the mineral soil. Variation in TRL explained by soil factors if the pH(H,0) at 
0-5 depth is lower than 3.8 (N = 18). 

Model 1 (includes ionic equivalents of Ca (mmol kg-1) and AI (mmol kg~') and organic matter (OM) % 
at 0-5 cm depth and pH(KCl) of the litter layer) 
TRL (m) = 3.0(Ca)*** - 4.4(A1)*** + O.l(Al)2** + 43.1(pH(KCl))*** - 2.0 (% OM) - 62.3 
explanation of variation 87.9 % 
significance of the model P < 0.005 

Model 2 (includes Ca/(Ca + Al) equivalent ratio and the organic matter (OM) % at 0-5 cm depth and 
pH(KCl) of the litter layer) 
TRL (m) = 101.3(Ca/(Ca + Al))*** + 33.0(pH(KCl))*** - 2.3(% OM)* - 84.3 
explanation of variation 75.3% 
significance of the model P < 0.005 

* P <  0.05; **P< 0.005; ***P < 0.0005. 
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pears to hold also under field conditions. In addition to Al and Ca, the source of ni­
trogen (NHj or NOj) may play an important role for growth of plants on acid 
soils. This problem has not been addressed in the present field study, but is pursued 
in a subsequent paper (Smit et al., 1987). 
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