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Growth and Cadmium Accumulation of Plants Grown on a SOil Treated with a 
Cadmium-Enridled Sewage Sludge 1 

F. T . Bingham, A. L. Page, R. J. Mahler, and T. J. Ganje2 

ABSTRACT 

.wheat . rice , field Ot!an , soybean , cabbage, spinach, lettuce, 
"""' ' carrot, turnip , radish, tomato, and squash plants ·Nere 

~::Ommercial harvest stage using as the substrate, :;oil pre
,. !D rth 1 municipal sewage sludge {1%) containing variable 
...,_ "'of CdS0 4 up to 640 .1.11!1 Cd/g soil. Observations included 
~ mptoms, yieid decrement, Cd level of diagnostic tissue, 
~ "'nd zn content of harvested produce. Cadmium-sensitive 
tf1ll Clj -''en as spinach , j()ybean, curlycre~s. dnd lettuce were injured 
tJII"" Cd 1eveh of 4-13 !.1tJ Cd/g soil; whereas, tomato and cabbage 
.. _,., 10;1 lev!!IS of approximately 170 ,1./g Cd /g 50il without ex
.... ~,niurv symptoms. Rice was tolerant dt ail levels tested. 
.... ~,u such as lettuce, spinach, and turnip greens (topsl ac
~ 175 to 354 JJ9 Cd/g; whereas, fruit and seed tissue of 

... ...der comparable treatment, with the exception of soybean, 
,... . · Jillt.-d no more than 10 to 15 ~ Cd/g tissue. The concan

. ~ fOf soybean extendlld up to 30 ~ Cd/g tistue. Paddy rice 
~ no ill effects for soil Cd treatments up to 640 ~ Cd/g 

c;nin of plants under the 640 1J4 Cd/g treatment contained 2 
.... C4J't tissue. OPi.A.--.tractable Cd r.orrelated (r=0.991 with the 
:..,., CdS04 added to the substrata. 

Additional Index Words: Cd availability, Cd toxicity for eco
..,c plants, OT?A utractable Cd. 

~n~ the past decade , there has been an increasing con
-"' over Cd in the environment because of its toxicity 
• pbnt5 an~ animals. Chronic expos~e to !ow Cd con
~tra(ions v1a mtake of Cd-polluted air, water, and food
tl[\!f i ; has resulted in numerous cases o f ill hp!th in 
JIGmans. De tails of Cd pollution and consequences re
,..ding plants. :md animals are discussed in review papers 
.,- Friberg, P1scator, and Nordberg ( l ), Fulkerson and 
GorDer (2), and Page and Bingham (12). 

Recent research consisting mainly of short term green
experiments has established that plants absorb sub

entia! amounts of Cd from Cd-amended or contaminated 
41b~trates and that Cd accumulation by plants depends 
~n plant species as well as substrate Cd level. in solu
ioa culture experiments, Page, Bingham, and Nelson {13) 
~Pond that leaves of cabbage, tomato, barley, pepper, 
-:Tlrn, le t tuce, red beet, and turnip plants, cultured on 
.cmpiete nutrient so lutions with Cd concentrations of 0.1 
• 0.5 IJ.g Cdfml, contained up to 200 to 300 IJ.g Cd/g tis
w. Turner ( 15) :Uso observed damage and excessive up
.kc of Cd with assorted vegetable plants in solution cui
~~ containing :.~s lit tle as O.l iJ.g Cd/m!. John (-+) 
cudied Cd up take t> y eight crop species grown on soil pre
Tnred with CJ m 3.ITlounts varying from 40 w ~00 J.Lg 
c.t;g. He found leaves o.f lettuce, '>-pinach, broccoli, cauli
llDwer, and oat plants contained Cd ranging from l 00 to 

•:U j.lg Cd/g. Haghiri ( 3) presented comparable data fo r 
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selected vegetables. soybean, and wheat plants. Thus, 
there is no question that plants absorb and a..:cumulate 
Cd in the ir ,;hnots . The re is, however , little in tL> nnation 
'm Cd levels in harves~ed produce from crop plants under 
Cd creatments . 

Ylunicipal sewage sludges differ greatly in their contenr 
of trace metals, depending upon the nature and degree of 
industrial ac uvny. According w Page 's review <J f the bte 
of trace metals added with sewage sludge to soils (ll ), Cd 
concentratio ns range fro m l to l ,500 J.l.g Cd /g drv sludge . 
The studies by J ones. Hinsely , and Ziegler (i ) and Linn
man ( 10) indicate the possibility of Cd uptake by plants 
growing on sludge-treated soil. The above questions 
served as a stimulus fo r lhe presen t research on Cd uptake 
and accumulation of a variety of crop plants grown to ma
rurity on soil treated with a Cd-enriched sewage sludge. 
These experiments were also designed to yield sufficient 
information on pJ.ant growth and tissue Cd relations to 
establish diagnostic ..:riteria for assessing Cd hazards. 

MATERIALS AND METHODS 

' Sufficient soil (Domino silt loam, XeroUic Calciorthid) was col
lected from a field site for the greenhouse experim.,nts. This soil 
has a pH5p of 7.5, CEC of l4 meq/100 g, PW5p of 40%. and an 
ECe of l.O mrnho/cm {16). Mica and montmorillonite predominate 
the clay fraction. 

To have sludge low in heavy metals, ;~ewage sludge was o btaint!d 
from a treatment plane which processes sewage wastes ~ xclusively 
from a residential community. The sludge was air-dried. ground, 
md sieved through a 3.2-mm screen. Separate batches of the sludge 

Table 1-Crop specie$ and description of leaf sampling technique 
used in Cd availability experiment 
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Fig. 1-Aelative yield in relation to soil Cd level. 

were moistened with CdS04 solutions to have treatment rates of 
0.0, 250, 500, 1,000, 4.000, 8,000. 16.000, 32,000. and 64.000 
J.lg Cdig dry :iludg.:. Soil Cd treatments of 0, 2.5, 5.0, 10, 20, 'lO, 
80, 160, 320, and 640 Jli Cd.{g soil were prepared by incropor.lting 
10 g of a given Cd-treated su./kg 50il. Sufficient 15-3~15 
fertilizer w:u also added to the soil-5ludge mix to meet NPK re
quirementt- Q{_ the test crops. The prepared soil was placed in 7.6-
titcr plastic pots and arranged on greenhouse benches to b.ave a 
completely randomized design with 6-fold replication for each Cd 
treatment level. Freshly prepared '!Oil was used for each crop 
;pecies. The pH of the soil mixe:s r.uied from 7.5 to 7.8. 

Crops were established by germinating .seed in each soil culture 
md thinnmg to two :~eedlings per pot. All crops were grown ~o 
maturity to note treai:mmt effects on yield of edible produce ad 
to have samples of the edible produce for chemical analysis. In 
addition, leaf samples were collected .1t early blossom stage for 
chemical analysis. Deionized water was used for irrigation. A s~ 
marv of crop species tested and details of sampling the diagnostic 
tissue (blade, leaf, wrapper leaf, etc. ) is given in Table l. 

Chemical analysis of plant tissue for Cd md.Zn were c:rrried out 
by drying the plant samples at iOC. grinding, and minemlizing 
(digesting) tOO :ng of the ground tissue with a pcrdt.loric-nillric acid 
solution, and determining the Cd and Zn concentrationa of the 
perchloric-aitric solution with m atomic absorption inetr1Jmcnt 
equipped with a gr-'phite furnace attachment (the graphite cell wu 
used for low concm·trations of Cd). 

Available .oil Cd wu measured according to the technique de
scribed by Lindsay (9) for available Fe, Mn, and Zn which, in e:s
sence, entails shaking for 2 houn 10 g soil with 20 ml of DTPA
TEA solution adjusted to pH 7.3 and <eparating the solution phase 
for determination of Cd. 

T .able 2-Soil and plant tissue Cd levels associated with a :25% 
yield decrement 

SoU Cd- prodloc"'C n-cotiftelat~ 
a ~ yiM!..,ro_ ,.Widdecn-• c..,.. Ylald Cd- ~ 

apeel• ...__ Cliaddod (DTPA) t..t II .able 

~~~" 
Spi.D&eh Shoot • 2.4 15.0 75.0 
3oybe&n Dry bean 5 J. 0 7.0 7. 0 
Cllrlycre•• 3hoot 3 • . 8 70.0 80. 0 
Lettuce H..ad 13 7. 8 48.0 70.0 
Con Ke1'11&1 18 lO. 8 35.0 2.0 
Carrot Tuber lQ u.o 12.0 19.0 
TVllil> r..,.r 28 16. 8 121.0 15.0 
Fteld bean Dry beu 40 24. 0 !5. l) 1.7 
~ Grala so ,10, 0 3.1.0 1L5 - ":'uD.r 96 >1. 6 75.0 21.0 
To,.... Rl~ tnl& 160 ~0 125.0 7.0 
Zcacehlat -- '"'' 160 96. 0 68.0 10.0 
Cabllqe Head 170 102.0 100. 0 11.0 
.!tloe .:; rato >640 >-lS.. 0 1. o· 2.0' 

• Max.Lmwn ••lue• 1o.r MO ~ Cdlc eotl tNatmeDt -- oo y teld depreNiOd DOted~ to (M,() 

~C Cell~ a.idllloa. 
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RESULTS AND DISCUSSION 

Yield Relations 

Yields expressed relative to that of the
Cd/g treatment yield = 100%) are plotted · 
function of rhe soil Cd level up to 160 l'g 
er treatment levels (320 and 640 l'g Cd/g) 
duded for ;1 number of crop species because 
treme toxicity. This figure is composed of 
each showing relative yields of crop plants 
comparable tolerance to Cd. The left-hand 
ample, illustrates yield relations of 
(spinach, soybean, carrot, curiycress, and 
strate concentrations of 4 to 20 1'8 Cd/g 
ated with yield reductions of 25% for such 
The right-hand graph depicts yields of 
plants such as rice, cabbage, and wheat. 
trations for a 25% yield decrement varied 
g for wheat to 1 70 p.g Cd/g for cabbage.. 
other hand, was tolerant; actually yields 
crease with soil Cd up to the highest level 
Cd/g). Increased yields upon adding small 
to the substrate were exhibited by most of the . 
tested in the current investigation. Such n· 1a· ~:s:l 
also been observed by Turner ( 15) and 
not have an adequate explanation for Cd 
yields. 

The present study was conducted under high 
conditions for establishing tolerance to Cci.. 
sents a tabulation of crop species listed 
soil Cd level causing a 25% yield decrement. 
of this ranking (Table 2} are censistent with 
rankings deduced from short term solution 
ments by Page et al. (13) and from soil 
ments by Haghiri (3) and John (4). However, 
soil concentrations (Jlg Cd/g producing a 25% 
ment) reponed in Table 2, pertain to the spe 
tions of experiments and, hence, are not ""''r"'""..,. 
cable to other 50ils or soil mixes. Perhaps 
tracted with DTPA solution is a more 
ment o f av:1ilabk S•>il Cd. Lindsay (9 ) reco 
DTP A technique fo r available Fe, Mn, and Zn; 
cause Cd is chemically akin to Zn, th is prnrr-•·,un:.· 
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Fig_ 2-Relat ive v ieid in relation to Cd content of di39nostic tissue. 

, . .. h r Cd. This technique extracts approximately 
"' 1 ~·~ -~- th t: Cd added to the sludge-so il mixture (y = 0.07 

f'"' · I • 

: · ,1:-j i) x. r == 0.99 ) and thus can be correlated with yields. 
• recognize that the utility of the DTPA extraction 
(~~ i a ue for available Cd is still subject to question be
. ; (il a ur study includes only one soil , and (ii) in::;.,0 ~ f a variety of .soils may resuJ.t in different DTPA-

CAf plant relations. Nevertheless, soil chemical tests for 
!'""lilable Cd need to be calibrated for spe~ific crop . specie~, 
• ibown in Table 2, as well as for a vanety of soil condt
QonS· The reader int~rested in additio~ d~tail on chemi
ol so il tests for Cd IS referred to publications by Lager
.-crff (8) and John and associates (5, 6). 

Laaf Analysis 

Another technique frequently employed for assessing 
tutritional levels or possibilities of _a toxicity consists of 
gt!!pi ing and chemically analyzing specific plant parts 
jl,l.Lh J S me leaf blade or petiole at a given ph,y siological 
vowth stage. In most cases, we sampled the most recent- · 
lw mamred leaf at early bloom (see Table 1 for additionaf 
druiJ5). Figure 2 presents the relationship between leaf 
Cd and yield for various crop species. These data ClearlY 
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indicate that leaf analysis may serve as a valuable guide to 
diagnosing Cd toxicity. Leaf Cd values for 25% yield de
crements are listed per respective crop species in Table 2. 
These values differ from the extremes of 3.0 and 7.0 pg 
Cd/g leaf for rice and soybean at early flowering to 160 
and 125 ,ug Cd/g leaf for cabbage and wmato. There is no 
distinct relationship between Cd tolerance with respect to 
yield and accumulation of Cd in the diagnostic tissue. 
Leaf analysis for Cd from earlier but less extensive experi
ments by Page et al. (13), Turner (15), Haghiri (3 ), and 
John (4) are consistent with those of the present experi
ment . 

Cd Contltnt of Edibte P1ant Parts 

Figure 3 indicates the range of Cd concentrations for 
edible parts of mature crop plants under known treatment 
levels of Cd. In general, the lowest Cd concentrations are 
found in tuber, seed, and fruit tissue, and the h ighest in 
leafy tissue. Moreover, there are marked plant species ef
fects to contend with when discussing uptake and ac
cumulation of Cd in specific plant parts.. As an example, 
seed Cd content for rice, bean, com, wheat, and soybean 
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Fig_ 3- Cadm ium -:ontent of edible tissue in relat ion to soil Cd le11el. 
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Table 3 •ium and zinc content of diaqnostic and edible tissue n relation to Soil Cd treatment 

,.,_ Cora -Lat - Lat 

Zll Cd h Cd Za Cd ZD 

~• Celie •oil ..ctcu ..... 
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2.5 1.. 8& 440 Q.lab 25cl l. 7ab 511 1.9bc 7-- 1l..IJ> 4lll Q. 0!5& 38ab 2.7& J- I. !!&I> 470 Q.la 
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lO.O 12. ild 29abc l. Oc 3)c ll. Od ·-- 17. 0. 55cclo ..O.Oc l6ab 2.4Cd 4!!&1> U . llc 34bc s. 7d " !be o. la 
-10.0 14. ()o 29abc l. 7d 1~ 29.0. lllbcd 29. 0& S4bc: 58. ild lTabc l.~ 541> 31.0 l7bod lO.Ild He O.!a 
!0.0 19. or l lab 2. 3& l3ab J6.0f J6&bcd 29.()& ~be 71. ild l 4a J. ld <lab 4l. lld l lllll 13. Oc 3 21lb o. Jb 
~60. 0 19. or l4abc 1. or 1:11. J $. Ocr lllo.h 11. or 37& ~. Oe 22& 6. 5c ;Jb 48. Od 24a 14. 1le l9a !l. ic 

• 'lalue• toilowed by •me lettor within oolumo an. oot :tlgntncamly 110'ereot by Duncan muHlple ~ teat at tbe 5% hrvtd. 

plants under a uniform Cd treatment o f LO J.lg Cd/g soil 
were found to be, respec tively, 0.2, 0.7, L4, 5.8, and 10. 7 
J.lg Cd/g tissue. Under the comparable trea tment , 0. 2 and 
1.2 J.lg Cd /g ti ssue were noted fo r squash and tomato fruit. 
The leafy tissue from le ttuce, curlycress, and spinach had 
markedly higher concentrations, namely 60, 90, and 160 
Jlg Cd/g tissue. Moreover, comparison of shoot and tuber 
content of Cd reveals large differences dependent upon 
pi ant tissue. A s exam pies, turnip tops under the l 0 JJg 
Cd/g soil treatment accumulated 70 J.lg Cdftissue, whereas 
the tuber accumulated 9.3 J.lg Cd/g tissue. Table 3 gives 
additional data on Cd content of leaf and seed tissue of 
corn, whe:1t~ rice, soybean, and field bean plants under 
soil Cd treatments ranging up to 160 J.lg Cd/g soil. Zinc 
analyses are also included. Other than the publications 
by Haghiri (3 ), John (4). and Jones et al. (7), there is a 
paucity of data pertaining to Cd content of edible plant 
parts to compare with those of the present investigation. 
As mentioned earlier, investigations on Cd accumulation 
by plants have consisted, in general, of short term experi
ments. 

Although yield relations are of utmost importance to 
agronomists, entry of Cd into the food cl}ain through con
sumption of produce with elevated Cd"concentratipns is 
of greater importance because of the unusually high 
toxicirv of Cd to animals. Health and welfare workers in 
Japan,' as a result of associating Cd with the "'tai-Itai" 
disease epidemic in the Jintsu basin (14, 17), consider a 
daily intake of 300 J.lg Cd/person the maximum accepta
ble rate. Their upper limit for Cd in unhulled rice is set at 
0.4 J.lg Cd/g. The locally produced rice in this epidemic 
area was identified as a major dietary source of Cd for 
the diseased residents. The Cd concentrations of this rice 
averaged over 1.0 1-lg Cd/g and ranged up to 3.4 1-lg Cd/g. 
The reader is referred to the discussions of the "ltai-Itai" 
disease by Yamagata and Shigematsu ( l 7) and Tsuchiya 
( 14) for ~pecific details. Thus, the observation of devated 
levels of Cd in the edible portion of crop plants subjected 
to relatively low additions of substrate Cd, viz. plant Cd 
analysis corresponding to the 2.5 , 5, and 10 J.lg Cd/g soil 
trea tments (Fig. 3 and Table 3) me rits serious atten tion 
fro m a public health consideration. The Cd data fo r the 
basic staple crops such ·as soybean, field bean, com, 
wheat, and rice are particularly relevant (Table 3). O f 
this group, wheat and soybean seed reflect the greatest Cd 
concentrations. The hazard depends on the accumulative 
intake of Cd; thus, dietary customs as well as Cd content 
of foodstuffs are importa n t parame te~s to include in 
setting " threshold" limits which is beyond the scope of 
this paper. We have po in ted ou t some of the growing 
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condit ions exerting influences upon the Cd 
o f plant parts. 

Cd-Zn Relations 

Table 3 lists Cd and Zn analyses for the d . 
and edible plant part from tive crop ;pecies 
trea:ments. Accord in g w Duncan'; :nuitipie 
the Zn concentrations o.f plant tissues are 
duced at the higher Cd treatment rates. The 
beans are illustrative: leaf Zn, for example, 
4 7 JJ.g/g tissue for con trol plants to ~4 
piants under the 160 Jlg Cd /g soil 
seed Zn concentrations decreased about 
the higher rreatment levels of Cd curtailed 
Zn concentrations markedly , none of these 
developed Zn deficiency 3ymptoms. Some 
at the highest Cd treatment rates did 
however, chlorosis is commonly associated 
of deficiency and/or toxicity conditions 
specific for Cd toxicity. Turner { 15 ) likewise 
from solution culture experiments with a 
veg_e table plants under Cd treatments that 
yield reductions were caused by Cd directly 
through an induced deficiency. 

SUMMARY AND CONCLUSIONS 

The present series of experiments aem<)n:sn:ill 
is accumulated by a wide variety of cro p -~··~'""" 

sponse to Cd concentrations of the sub 
the Cd content of plants varies according to 
and plant tissue. Cereals and le~mes ac <cuJ~nu<l1 
in the shoo t than leafy plants such as len uce, 
and spinach. Extremes in the accumulation 
are noted upon comparing rice with lettuce 
Regarding Cd distribution, the least amount 
the tuber, seed, and fruit tissue, while the 
leaf tissue. Analyses of Cd and Zn in leaf and 
sue reve:Ll a significant negative effect of Cd 
cumulation, especially wi th plants under 
trea tments of CdS04 ; however, no de ficiency 
were exhibi ted by any of the crop species. 
the possibility of Cd interference with 
through restricting Zn uptake to induce Zn 
The resultant Zn concentratio ns were no t low 
no r were symptoms noted to cause Zn ddi.jency. 
not have an adequate explanation to account · 
duced Zn levels. Chemical analysis for both DTP 



ic lt:af..Cd may be used a gnostic criteria for 
. ,f111CS'taii'IUjll,,g • C d toXicity • 
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The Responses of Soils and Soil Microorganisms to Silver Iodide Weather 
Modification Agents 1 

I 

R. A. Sokol and D. A. Klein1 

ABSTRACT 

T• determine the consequences of Agl weather .Modification 
... ICCIImulation to the toil microbial environment, the effec:u 
.,,._.silver compounds on microbial growth, anaerobic cellulose 
.-.uon. illld the soil environment adjacent to 1 cloud SIMding 
........, were investigated. Silver ion from AgN03 inhibited 
.-..eiaf growth in cultures at concentrations as low as 6 X 10-9 g 
.,.-. ...t cultures saturated with Agl displayed an inhibition of 
.,..stt initiation approximately equivalent to 36 X 10-9 11 ml-1 

.,_ ion. Muds containing Agl exhibited significantly decreased 

.-.robic cellulose degradation rates in long term experiments, 

..,.. concentrations of 100 SJ4 Agl/g were present. An analysis of 

.. IDil surrounding a teeding generator siU in Steal'l'lbiMt Springs, 
CIIDrado indicated that depositlld til- tends to r...U. - the 
.. .-face (0-2 em). Alterations in the soil environment due to 
.., tilver concentrations were indicated by consistently higher 
. ......,C matter levels, water contenu, microbial populations, and 

· - of soil respiration. These results suggest that high concentra
... of seeding agent potentially can alter the soil microbial en
--.nt by inhibiting organic matter decomposition, but that the 
._ levels which accumulate in seeded target areas should have no 
_, fffects on the JOil environment. 

Additional Index Words: cloud seeding, silver accumulation, 
~I decomposition, anaerobic cellulose decomposition, or· 
lillie matter decomposition, Arthrobacter sp. 
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The -:nvironmental consequences of weather modification 
must be considered in assessing the ramifica tion of these 
opl!ration5 for land use. One aspect of weather modifica
tion which has not been adequately investigated is the 
residual effect of the most commonly used cloud seeding 
agent, silver iodide, on the soil and the micro-organisms 
present in this environment . 

Present weather modification operations produce seed
ing nuclei by burning a mixture of silver iodide and an 
iodide salt dissolved in acetone. Burning rates vary with 
the type of stonn being seeded and the meLhod o f applica
tion. but amounts as high -as 10 Kg Agi hour-• storm-• 
have been used (14). Silver concentrations as high as 45 
X l 0 - 10g ml- 1 ( l7) have been measured in seeded precipi
tation compared to levels of 20 X 10 -l2g ml - 1 in unseeded 
precipitation ( 5, 13) . 

The amount of nucleating agent deposited in the soil 
from any one seeding event would appear to be negligible . 
Long term weather modification operations; however, in 
conjunctio n with recent evidence (3) that silver iodide de
posited on the ~o il tends to be retained predominantly in 
the surface 2 em would indicate that residual seeding 
:.tgenr. could even tually be deposited in so ils to b!d ogic::tlly 
significant levels. In addition, wind and wa ter erosion of 
soil may be capable of concentrating silver in the sedi
ments of streams and lakes resulting in silver levels higher 
than predicted bv overall .uea accurnulati•ln calcula tions. 

Cooper and Jolly (-1:) have postula ted thaL it is unlikely 
tha t silver from weather modification will adversely effect 
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