
ent in samples taken at random or on a fixed schedule, 
low flow concentrations will be most heavily weighted , 
since flow is relatively low most of the time. If there is a 
dependence of concentration on discharge, the flux so de
termined will be too low if concentration is directly re
lated to discharge (Fig. 2) , and too high if the relation
ship is inverse (Fig. 7) . The degree of dependence (slope 
of the regression) and nature of the flow duration distri
bution will determine the magnitude of the error. In the 
study re,·iewed here, the errors in loss calculated in such 
a way would range from slight in the case of DUP, where 
there is no dependence on discharge to severe in the case 
of SPP and suspended solids, where concentration in
creases markedly with discharge. 
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Uptake of Cadmium by Soybeans as Influenced by Soil Cation Exchange Capacity, pH, 
and Available Phosphorus 1 

Joseph E. Miller,JohnJ. Hassett, and D. E. Koeppe 2 

ABSTRACT 

The accumulation of cadmium (Cd) and its affect on vegetative 
~owth of soybe<lns (Glycine max [L] Merr. var. Amsoy) in soils 
with a range in cation exchange capacity (CECI, pH, and available 
phosphorus (P) were investigated in greenhouse experiments. 
Cadmium uptake decreased as soil pH and CEC increased, while 
ina-easing available soil P was related to increased Cd accumulation. 
Cadmium extracted from the soil by Bray P1 reagent, Bray P2 re
lgent, 2N MgCI 2, and 0.1N EDTA was significantly correlated with 
plant Cd concentrations. The growth of the soybean shoots was 
Qenerally depressed when tissue concentrations reached 3-5 Jl9 Cd/g 
dry weight. Cadmium uptake by soybeans was correlated with the 
ratio of added Cd to the Cd sorptive capacity of soil. 

Additional Index Words: soil extractants, cadmium sorption, 
heavy metal pollution. 

Recent concern for the involvement of Cd in human 
health problems such as hypertension (Schroeder, 1965) , 
emphysema and chronic bronchi tis (Lewis et al., 1969), 
and other diseases has initiated studies relating to many 
aspects of Cd in the environment. Elevated environment-
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a! levels of Cd may come from a variety of sources such 
as smelting industries (Buchauer, 19 7 3), impurities in 
agricultural chemicals (Barrows, 1966), sewage sludge 
Uones et al., 1973), and attrition of automobile tires 
(Lagerwerff and Specht, 1970). Levels in soil in excess of 
1, 700 Jig Cd/g of soil have been reported near Zn smelters 
(Buchauer, 1973), and Lagerwerff and Specht (1970) 
found up to 1.82 Jig Cdfg of soil close to highways. 

In view of the importance of plants in most food chains 
(both natural and agricultural), a number o f studies have 
recently been directed towards plant accumula tion and 
effects of Cd. Various plants such as corn (lea mays L.), 
tomato (Lycopersicum esculentum), radish (Raphanus 
sativus), and Swiss chard (Beta vulgaris cicla) efficiently 
accumulate Cd from nutrient solutions (Page et al., 1972; 
Tumer, 1973; Root et al., 1975). Hydroponic solution 
concentrations of 1 pg/ml led to substantial uptake and 
the depression of yield of vegetative po rtions of the 
plants . Cadmium uptake from soil syst ems has also been 
studied (e .g., Lagerwerff, 1971; John et al., 197 2; Jones 
et al., 1973; Haghiri, 1973) . With wheat (Triticum x
aestivum) and soybeans grown in a silt y clay loam soil, 
visual symptoms of Cd toxicity began to occur at 2.5 pg 
~d/g o f soD (Haghiri , 1973) . 

The soil factors affecting Cd uptake by plants have 
been investigated by several workers. Lagerwerff ( 19 71) 
reported a slight increase in Cd uptake by radish tops and 
roo ts due to reduction of the soil pH from 7.2 to 5.9. 
The Cd concentration in oat shoots (A vena sativa) was re-
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Table 1-Character is of experimental soils 

Soil 
numbe-r Soil CEC Bray P1 pH Cd oorption 

meq /100 g soil kc/ha J.IC;C soil 

Cisnt silt loam 6.8 92 4.5 605 
3 Cisn• silt loam 8.5 119 6.1 2.000 
4 c:sno silt loam 6.7 37 7.0 1.700 
4Lt Cisno silt loam 6.7 37 7.9 1.759 
5 Cisn• silt loam 7.9 72 6.0 1,400 
6 Cisno silt loam 7.7 10 5.5 1,130 
8 5idtll silt loam 15.9 85 6.5 3,900 
9 Drummor silty clay loam 30.3 49 6.1 4,700 

10 Bloomfiold loamy sand 2.3 140 5.7 590 

t Soil 4 with 1% CaC0 3 added . 

duced by addition of organic matter to the soil and the ef
fect was attributed to the increase of the soil CEC 
(Haghiri, 1974) . In this study, high levels of Zn reduced 
Cd concentration in soybean shoots, although growth was 
also depressed at these Zn levels. John et al. (1972) also 
found that organic matter and soil reaction were sig
nificant contributing variables in the uptake of Cd by 
lettuce (Lactuca sativa) and radish . 

Inasmuch as the soil factors influencing Cd uptake are 
not yet well understood, the present study with soybean 
plants utilizing a wide range of soil types and Cd treat
ment levels was undertaken. In addition, attempts were 
made to correlate soil extraction of the metal with plant 
uptake as a tool which might be used to predict potential
ly hazardous Cd levels in a variety of soil types. 

METHODS AND MATERIALS 

The surface horizon of nine Illinois agricultural soils were 
selected to provide a range in cation exchange capacity (CEC), pH, 
and available phosphorus (Table 1). Cadmium sorption capacities 
(Cd5) were obtained from adsorption isotherms for all nine soils. 
The procedure used to measure Cds was the same as had been 
previously used to measure Pb sorption capacities (Hassett, 1974) . 
Finely powdered CdC12 was added to the soils at rates of 0, 1, 10, 
and 100 JJg Cd/g dry weight of soils using small samples of each 
soil as a carrier . The soils were then thoroughly mixed in a mechan
ical mixer and 500 g of each soil was placed in pots 10.16 em in 
diameter. Three replicate pots were prepared for each treatment. 
The soils were watered and allowed to dry four times so that the 
Cd could react with the soil. 

Soybeans (Glycine max [L.) Merr. var . Amsoy) were planted 
and, after emergence, thinned to two plants per pot. The experi-

Table 2-Effects of soil characteristics on Cd concentrations and 
vegetative yield of 4-week-old soybean shoots 

Added Cd,~-~e /g soil 

0 1 10 100 

Soil Dry Dry Dry Dry 
number Cdt weichtt Cdt weichtt Cdt weichtt Cdt weichtt 

"''' W,/g c iJC/g W, /g 

1 1.36 0.29 8.97 0.27 51.4 0.14 -t -t 
3 2.36 0.33 4.08 0.31 26.8 0.22 87 .2 0.11 
4 0.24 0.33 0.80 0.42 5.04 0.22 37 .9 0.16 
4L 0.94 0.28 0.80 0.34 3.25 0.33 10.3 0.22 
5 1.86 0.39 2.74 0.42 19.9 0.35 67.4 0.12 
6 0.62 0.46 2.36 0.32 15.9 0.34 48.5 0.12 
8 0.45 0.43 1.44 0.33 4.14 0.38 36.40 0.23 
9 0.46 0.44 0.90 0.45 4.04 0.40 13.73 0.29 

10 0.47 0.57 5.54 0.47 64.20 0.13 38.20 0.08 

t All valuts are the average oC 3 replicate samples. 
t Plants died shortly attor germination. 
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ment was con ted in a greenhouse with the day length con. 
trolkd at 14 hours . The pots were watered daily with measured 
amounts of distilled water to be certain that the Cd was not leached 
through the soil. Four ·weeks after emergence. the shoot portions 
were harvested, washed, dried at 60C, and the dry weights de. 
termined. The plant material was dry ashed at 490C for 4 hours 
allowing 4 hours for the muffle furnace to heat from the ambien~ 
temperature. The ash was taken up in constant boiling HCI diluted 
to 3N. Previous work established that wet ashing the samples gave 
the same Cd contents (Root et al., 1975). 

Soil parameters were determined as follows: available soil p 
using the Bray P 1 reagent (0 .025N HCl + 0.03N NH4F) according 
to the procedure of Bray and Kurtz ( 1945), CEC by the ammoni
um acetate method (Chapman , 1965), and pH on a 1:5 soil to dia
tilled water slurry . 

Extractable Cd was determined by shaking 5-g soil samples from 
each pot for 2 hours with 50 ml of O.lN EDTA, 2N MgC1 2, the 
Bray P 1 reagent, or the Bray P 2 reagent (0 .1N HCl + 0 .03N NH 4 F). 
The soil was removed from the solutions by filtration and the Cd 
content of plant and soil samples was determined by atomic ab. 
sorption spectroscopy as previously reported (Root et al., 1975). 

RESULTS AND DISCUSSION 

Plant Cd concentration and vegetative yield, as in
fluenced by soil Cd, varied widely in the nine soils tested 
(Table 2). Extensive Cd accumulation and growth inhibi
tion was especially apparent in the low pH and low CEC 
soils (soils 1 and 1 0) . At the 100 Jlg Cd/g soil treatment 
for Bloomfield loamy soil (soil 1 0), the plant Cd concen
tration was less than at 10 Jlg Cd/g soil due to severe 
stunting of the plant and minimal root development. 
Plants grown in the high P 1 test soils also had consistently 
high concentrations of Cd. 

Correlations obtained from linear regression analysis 
across all soils and all Cd rates are shown in Table 3. Sig
nificant correlations of plant Cd concentration with soil 
CEC, Bray P 1 test, and the interactions of CEC X pH and 
P 1 X pH were obtained. In addition, plant Cd concentra
tion was significantly correlated with soil Cd treatment 
level and the dry weight of the shoots. The vegetative 
yield of the plants was significantly correlated with CEC, 
soil Cd, and the CEC X pH interaction. The absence of a 
significant correlation between plant Cd concentration 
and soil pH is somewhat surprising, and it is probably at· 
tributable to the absence of data for the highest soil Cd 
level in soil 1 (the most acid soil). Plants grown on soill 
at the highest Cd level died shortly after germination and 
the shoots did not emerge. That soil acidity is an im· 

Table 3-Correlation coefficients (r) from linear regressio n analysis 
across all soils and soil Cd treatments of plant Cd concentrations 

and vegetat ive yield with soil properties, soil Cd content, 
and plant dry weight 

Plant Cd Dry w•ight 

Variable All soils Minus soil 4L All soils Minus soil 4L 

- w. .'g dry w•ight-

CEC -0.21* -0.25* 0.27•• 0.26• 
pH -0.16 -0.04 0.01 0.05 
P, 0.28•• 0.23• -0.13 -0.15 
CEC X P1 -0.06 -0.13 0.15 0.14 
CEC X pH -0.22 • -0.24* 0.27•• 0.26* 
P1 X pH 0.25* 0.22• -0.12 -0.14 
CEC XP 1 X pH -0.07 -0.12 0.15 0.14 
Soil Cd concentration 0.58•• 0.63•• -0.59•• -0.60 .. 
Dry woicht -0.69** -0.72 .. 

•.••Indicate significance at 5% and 1% le..,l . respedinly. 



portant factor affecting Cd uptake by soybeans is appar
ent, in that plants grown on the acid soil at intermediate 
soil Cd levels contained high Cd concentrations and were 
very stunted (Table 2). 

Regression analysis of the data (Table 2) omitting soil 
4L. which had been altered by the addition of 1% calcium 
carbonate, produced similar results {Table 3). Calcareous 
soils with high pH values are not typical of the other soils 
used in this experiment, and thus soil -!L was omitted from 
the anal ys is on this basis . 

In ,·iew of the anomalous results with two of the nine 
soils at the highest soil Cd level, the data were analyzed 
within soil Cd treatments. In general the same type of 
relationships are apparent in the analysis within so il Cd 
levels (Table -!) as were e\·ident when the analysis was 
done across all soils. One important except ion is that soil 
pH significantly correlated with plant Cd concentrations 
in the 1 and 10 J.lg Cdfg soil treatments, although no t at 
the 100 J.lg Cdfg soil level, again probably due to the loss 
of data for the 100 J.lg Cd/g so il treatment on the acid soil 
due to death of the plants. Also, the correlations of shoot 
dry weight with the CEC X P 1 X pH interaction was sig
nificant at the highest Cd level. As before , exclusion of 
soil 4L from the analysis did not appreciably change the 
results. 

The effect of CEC on the availabilitY of cations to 
plants has been extensively studied. Th~ importance of 
~oil CEC in controlling Cd uptake has been noted by 
John et al. {1972), Jones et al. {1973), and Haghiri 
{1974). Our results basically agree with the earlier work 
in that Cd uptake at any given level of applied Cd was 
found to decrease with an increase in CEC. 

Table 4-Correlation coefficients (r) from linear regression analysis 
within soil Cd treatments of plant Cd concentrations. and 
vegetative yield with soil properties and plant dry weight 

Plant Cd Dry weight 

Variable SoiiCd All soils Minus soi14L All soils Minus soil 4 L 

llll /1 - j.tg/g dry weight- ---g 

CEC I -0 .33 -0 .38 0.16 0.15 
10 -0 .46* -0 .53** 0.61* 0.65** 

100 -0.36 -0 .55* 0.70** 0.84** 

pH I -0 .57•• -0 .55•• 0.10 0.24 
10 -0.53•• -0 .47* 0.37 0.34 

100 -0.26 -0 .17 0.26 0.14 

P, I 0.48** 0 .44* 0.48 0.01 
10 0.61** 0.58** -0.63•• -0 .62* 

100 0.40 0.30 -0.33 -0.29 

CEC XP, I -0 .09 -0.18 0.01 -0 .04 
10 -0 .24 -0.35 0.37 0.42* 

100 -0.06 -0 .27 0.53* 0.71** 

CEC X pH -0.39* -0.43* 0.18 0.17 
10 -0.51** -0.56** 0.64•• 0.67•• 

100 -0.39 -0.54* 0.74** 0.85•• 

P, X pH I 0.32 0.28 0.06 0.03 
10 0.45• 0.42* -0.50 -0.48* 

100 0.42 0.37 -0.30 0.27 

CEC XP 1 X pH -0.1 i -0 .24 0.01 -0 .03 
10 -0.30 -0.40 0.38 0.44 

100 -0 .04 -0 .22 0.53* 0.68 .. 

Dry ••icht I -0 .20 -0.24 
JO -0 .76•• -0 .7 6•• 

100 -0 .;,4". -0 .52* 

•,•• lDdicou oignificanco at 5~ and 1% le\'0!1 , respertiwly. 
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Fig. 1-The effect of tissue content of Cd on the dry weight of 
4-week-old soybean shoots. 

Lagerwerff (1971), John et al. (1972), and others have 
shown the effect of soil acidity on the uptake of Cd. 
Plant availability of Cd appears to be affected by soil 
acidity in a manner similar to that of other metals such as 
~i, Zn, Fe , and Cu (Lindsay, 1972). Cd availability in 
creases with increasing soil acidity, pro bably due to in
creased solubility of Cd compounds such as hydroxides, 
phosphates, and carbonates. Greater competition for ex
change sites due to increased levels of ions such as Fe 3• , 

Mn2+, Zn2+, and H+ in acid soils m ay also be a factor. 
High levels of available soil P, as measured by the Bray 

P 1 test, were previously found to reduce Pb uptake by 
com plants (Miller et al., 1975b), although no appreciable 
effect of P on Pb uptake by soybeans was found {Miller 
et al., 1975a). If the apparent stimulation of Cd uptake 
by soybeans is indeed due to P, an explanation in not 
readily evident. One possibility is that high P levels pro
vide a readily available counterion that accompanies Cd 
into the root, or vice versa if the anion is considered to be 
the primary species accumulated. In addition it has been 
shown that P enhances Ca uptake by com roots (~iller et 
al., 1972) and by isolated com mitochondria (Elzam and 
Hodges, 1968). It is possible that Cd and P have a similar 
relationship in soybeans. Further experimentation is in 
progress pertaining to the mechanism of the P affect on 
Cd uptake. 

The relationship between vegetative growth and plant 
Cd content at all treatment combinations is shown in Fig. 
1. The threshold of vegetative yield reduction occurs at 
3 to 5 J.lg Cd/g dry weight of tissue, which is similar to the 
results ofHaghiri (1973) with wheat and soybeans. 

The Cd sorption capacities (Cds) of the soils used in 
this experiment, as obtained from adsorption isotherms, 
vary widely (Table 1). Examination of the soil character
istics indicates that soil CEC is the primary soil factor con
tro lling Cds, but comparison of soils number 1 and 10 
illustrates the importance of soil pH . Simple linear coore
lations between the Cdsvalue of the soils a nd the measured 
shoot concentrations of Cd at each soil Cd level were 
made (Table 5 ). The correlations were calculated for all 
soils exclusive of soil 4L. The negati,·e coefficients of 
correla tion reflect the tendency of less plant Cd accumu
lation to occur from soils with a greater capacity to sorb 
Cd, as would be expected . However, signi ficance at the 
5% level was obtained only at the 10 JJ.g Cd/g soil lt>vel 
when soil 4L was not included . 

If the total Cd added to each soil (Cdt) is divided by 
the Cds of that soil, the resultant value reflects the degree 
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Table 5-Correlation coef ts (r) between Cd concentrations in 
soybean shoots (Cdpl at each level of soil Cd and the Cd 

sorption capacities (Cdsl of the soils 

Soil Cd 

IIIII 

1 
10 

100 

• Significant at 5% l•vol. 

Correlation co•ffici•nt (r) of Cd, with Cdp 

Ail soils Minus soil ~L 

-0.60 -0 .65 
-0 .65 -0 .71• 
-0.45 -0 .66 

Table 6-Correlation coefficients (r) of Cd concentrations in 
soybean shoots and Cd added to soils with extractable Cd 

Plant Cd, J.lll /g 
Soil Cd , J.lll ie 

• Significant at 5% l•vel. 
•• Significant at 1% l•v•l. 

Bray P1 

0 .865•• 
o.8oo•• 

Soil•xtractabl• Cd . J.lll /g 

0.689• 
0.988•• 

2N MgCI , 

0.700• 
o.9oo•• 

O.l.V EDTA 

0.650• 
0.997•• 

of saturation of Cds in each soil at each Cd concentration. 
The linear correlation coefficients for these values with 
plant Cd concentrations were r = 0. 77 for all soils, and r 
= 0.83 for all soils exclusive of 4L. Both were significant 
at the 1% level. This illustrates that the uptake of Cd by 
soybeans was related to the amount of Cd in the soil rela· 
tive to its capacity to sorb Cd. A similar relationship was 
found with Pb uptake by soybeans and corn (Miller et al., 
1975a, 1975b). 

The soils used in this experiment were extracted with 
four reagents and simple linear correlations were run be· 
tween extractable soil Cd and both plant Cd and soil Cd 
concentrations. Table 6 illustrates that Cd extracted by 
the Bray P 1 reagent correlates best with plant Cd (r = 
0.865) and the poorest with soil Cd (r = 0.800}. The 
Bray P2 reagent, 2N MgC12 , and O.lN EDTA extracted 
nearly all of the Cd from the soil, and thus correlations 
with soil Cd levels were quite high. Soil extraction of Pb 
by the Bray P 1 reagent was previously found to be highly 
correlated with Pb levels in com and soybean (Miller et 
al. , 1975a, 1975b). The Bray P1 reagent appears to have 
some promise as a soil extractant for predicting Cd and 
Pb uptake by plants, although further experimentation 
needs to be done, especially under field conditions. 

The results presented here indicate that soil CEC, pH, 
and available P are important soil factors affecting plant 
Cd accumulation. It would be expected that problems 
with plant Cd toxicity would more readily occur at lower 
so il Cd levels in sandy soils or those low in o rganic matter, 
rather than in heavier soils high in clay and/or organic 
matter. Acid soils would also be prone to presenting a Cd 
hazard at lower soil Cd levels. The majority o f agricultur· 
al soils in the ~'lidwest have medium to high CEC's (8 to 
30 meq/100 g of soil), intermediate Bray P 1 tests (45 to 
6 7 kg Pfha soil) , and are maintained at pH 6 or above by 
application o f lime. Thus, soil levels o f Cd far in excess of 
those commonly encountered would have to occur for ap· 
preciable plant Cd accumulatio n to occur in most so ils. 
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