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ABSTRACT

Little biuestem (4dndrnpogon icoparius) amd disck-eyed Susan
Amdbeckia 'uria) were grown im two soils with al combimations of
Cd. Za. PY, and Cu at two Jevels each Tor 12 weeks. Cermination and
@abiyhment were completely retarded by the 1dgition of 2,000 .y g
1a s ZnCl,, which was due {0 2 sait effect. Neither Cd sov Ca addi-
sows aifected germinution. A stight decrease ‘n germination was noted
for P additions of 900 1g/g which may aiso he ssociated with a salt
affect. Cacmium at 10- and 20-ug/g addition rates did sot affect top
w reot dry weight. Lead and Ca additions reduced shoot and root dry
seight vieids of .indrmpogon scoparius, oot weights heing more
arverely affected tham shoot weights. Metal additions to the arban site
mid did not reduce jields (o the exient they did om the raral site sod.
Rewever, vields on the arban site 30il control reatment were lower
compared 10 thase for tse rurai site conwroi treatment.

DTPA extraction levels of beavy metaly were sot well correlated t0
plast coaceatrstions for comparisons detwees the two solls. It was
coaciuded that DTP A soil extraction may not be sccepiabie for metal
svailability comparisons smong soils of differing pH.

Circamsiantial evidence was found for both symergistic and
mtagonistic effects amoag the heavy metals. These were of 3 low Jevel
wd 30 consistent response coald be determined over species or soils.

Additional Index Wards: csdmium, lead, copper, zinc.

In a previous experiment with Cd (Miles, 1978) the
zowih of several species grown in the greenhouse was
Runted on a heavy metal-contaminaied urban site soil.
This was especially true for little biuestem (Andropogon
Xoparius} which was shown to have growth tolerance to
(d additions in an uncontaminated rural site soil. Total
?tml cencentrations found in the urban site soil were
+3,442.5,78.5, and 16.9 ug’/g for Cd, Zn, Pb, and Cu,

7235

respectively. These are not unusually high values and
perhaps couid not individually account for the large re-
duction in plant dry weight noted for the urban site scil
as compared o0 the rural site soil containing 9.3. 99 .9,
12.6, and 5.5 ug/g for Cd, Za, PY, and Cu, respecuiveiy.
This, however, needed to be empiricaily tested.

Several recent papers have investigated the nossible
interaction effects of heavy metais on each cther. Dijk-
shecorn et al. (1975) found some evidence of a Za by Cd
interaction effect ca growth. Carlson and Bazzaz (1977)
found a positive Cd by Pb interaction (synergistic ef-
fect) on growth parameters for American sycamore
(Platanus occidentalis). Hassett et al. (1976) alsc ‘ound
a synergistic effect for Cd and Pb on maize root zionga-
tion and root dry weight. Miller et al. (1977) nave aiso
studied interactions of Pb and Cd and found significant
interactions.

Other researchers have found interactions among
metais which affect their availability or ‘ptaks
(Findenegg and Broda, 196S; Lindsay, 1972; Brar and
Sekhon, 1976; Chaudhry et al., 1973; Bingham et ai.,
1976; Haghiri, 1974).

Hassett et al. (1976) explained the synergistic Pb sy
Cd response they found as partially due to the sievared
accumulation of metals in combination treaiments.
Such clevated metal accumulations may imply rcot
damage (Turner, 1973). Competiticn betwesn meras
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for physiologically active sites have been speculated 10
be a possible factor in antagonistic metal interactions
(Miller et al., 1977).

The research reported here was conducted to deter-
mine interaction effects of Cd, Zn, Pb, and Cu on plant
growth.

METHODS

A Tactorial experiment was set up in the gresnhouse atilizing (wo
species, ‘ittie Muestem .4 adropogon scoparius} ind biack-2ved Susan
Ruabeck:a vra), and 1wo sois with all cominauens of Cd. Za, 24,
and ‘a1t ;wo ‘eveis 2ach. This resuited in 3 )' ‘actoral sxperment
‘or zach soil. Five diocxs (repiicate sxperments) were sel ap Ising
Plainfieid sand :Mesic Typic Udiesamments) ccilected from 3 cural
site aith heavy me:al addinon ‘evels of Cd at?) and 20 a4g/3, Znat d
andg 3.000 . ¥, PY at U and 900 «g/g, and Cu at 9 and 266 - 2. Two
blocks were set 4p asing Cakville sand (Tvpic Udipsamments) col-
‘ected from an uroan site with heavy meral adcition leveis of Cd at 0
an {0 ug-'g, Za 219 and 2,000 ag- g, PY at O andt 430 4g-g, and Cu a1 0
and (00 «g/g. Cne pot {or 2acn of the species and 2ach of the metals
ndividually at in intermediate addition levet (Cd at 10 ug 3, Za at
2,000 ag’g, Ph 1t 45C ag/g, and Cu at 100 xg-'g) was aiso set up within
the first thres ruras site 50ii olocks 0 provide more information on the
shape of the response curve for each metal. More detaled descripuons
of the two sails were given in an zarlier paper (Parker =t al., 1978).

In a previous sxperiment {Miles and Parker, :979) tittle bluestem
was found to-be the most tolerant to soil-added Cd of seven species
rested and dlacx-2ved Susan was the least cierant. Therercre, these
:wq ipecies ~ere used in zhis experiment :0 -epresent :he range of
Jeavy metai responses {or species aative 70 che urban ste soil.

Mezal <oncentrauons given ‘or the wo suils in the :nuroduction
-epresent the mean ccncentration of the A horizon {top 14 -m). The
cop 2.5 :m of rhe urban site soil were several \imes jgreater than the
mean 9t the A honzon (Parker ¢t al., :978). Since we were aitempting
10 sumuiate :fie poteanai eifects of the arban site sodl on Stant species,
ana since the top 2.5 cm of soil is befieved criticai or sstablishment
and growth of plants, heavy metal addinon levels weye chosen to ap-
sroximate ‘he lverage ccncenirations !intermediate addiuon leved)
and -he maximum :oncentrations (high addition .evef) ‘ound for zhese
netais in the top 2.3 cm of soil on the urban site. )

Zxcept for Cu ~vhich was added as suiphate, all the metais were
added as cruorides. Ty assess the potenuai effects of the high sait con-
centrations of the metal additions, severai nots with CaCl, additons,
of comparabie C1” concentraticns {0 those enccuntered in the heavy
metal aaditnions, were run concurrently with the 2tperiment.

While past experience indicated that hiocking over gresmhouse
bench pesition did aot conwribute 10 a reduction in <xperimentai error,
:his experiment was begun in winter ‘ising supplemental arificial
lighting 10 Teate a 16-hour photoperiod. Blocking was therefore
utilized :0 remove variapility due t0 variation in light intensity associ-
ated with greennouse Yench position.

A precipriate formed when the four metals were mixed in the sciu-
tion and was partculariy heavy for the Zn and Pb stock solutions.
This aecessitaied adadition of each metal be made separately (o the
soils in sequence. A i-week incubation period was allowed 0 fotlow
the addition of one metal before another was added so that any assoq-
ated soil reactions would have time (o equilibrate. After the inal
metal additions were made the soil was allowed 10 compietely dry out.
The sc1l was then removed {rom each pot, mechanically mizxed, ind
repotted. After mixing and repotting in ! 1.4-m standard plastic pots,
the sotl was again saturated using deionized water and allowed to
incubate and partiaily dry before pianting. Each pot containing 300 g
of soil was diaced in a 13.3-am’ plastic tray which was used to subirri-
gate, thereby minimizing wastout of seedlings and ieaching loss of
metals.

After seeding cach pot with 40 seeds, the numper of germunavons
were recorded zvery 2 to 3 days. When germunation appeared 0 o¢
complete the ‘1 day’” was calculated. This was taken to be the day
midway berween the dayv the initial germinarion was recorded and the
3av the ‘inal germination was recorded. This vas done separately Jor
2ach pot And was used (0 represent the beginning of vegetadve growth
for zach pot. Each pot was thinned to a maximum of five piants per
pot | week after vegetative growth siarted. Two to J days later che pot
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weksthepimuwmscpunedmmtopsmdroou rinsed i
ized water, dried at 30°C, and weighed to the nearest 9.001 g‘.'

sampls were also anaiyzed r‘or havy metals ‘xsing ."u'tr;c
ion. Determinations were made using 3 Varian AAd uomic % -
a0on specizophotometer. A hydrogen lamp dackground corTectiom y y
used for Cd. Za, ana Pb. Zxtraction, digesuion, ind e X
wns were alockea on replicates in order '0 -auce he mumive o
samptes handled at sne ume.

RESULTS AND DiSCUSSION
GERMINATION AND SURYIVAL

Germination for both species in Soth soik
regligible at 2,000 and 4,000 ug/2 Zn addition levely
The {ew seeds which did germinate died Sefore astatusg
ment. Similar germination occurred for the CaQ; 2
tion pots. Thus the lack of germmauon for Za 5
ment is concluded to be a salt effect resulting fmu. '
teing added as ZnCl,.

With the pessibie excepticn of Pb there was n
sistently discernable sffect of Cd, Pb, and %
Zermination. Since ZnCl, at 2.800 ug/g Zn comp
cetarded germination due (0 a possible sait =iext, Wy
germination effect noted for 00 ag/g PY as PHCh akd
may be a sait effect. S

Seedling survival was essentiailly complete ow
treatment combinations except Za at 2.000 and 4
ug/g on the urban site soil. This is consisient with
‘ack of moraiity noted in a previcus sxperiment for 48
soul (Miles, 1978). Mortality did occur “or 3ct spech
on the rural site scil wihich can be accounted for in.
by t(reatment differences berween the rwo g
Intermediate leveis for the singie slement hexvyn
additions (i.s., Cd, 10; Pb, 430; Cu, {0 glg) ,
rural site scil are comparabte 10 the fevels et
the urban site soil. Litile bluestem on the rrad :ﬁé
at these intermediate levels, like the urban site soil tresf
ments, showed no monality =fTec:. 3lack- e‘yed Susas
however, did show mortality effects at the interms
levels on the rural site soil. Thus, while part of
differences for survival can be accounted for by ditft
ences in metai leveis between the 1v¢ soils, there is :ome
other scil factor, such as CEC or pH or
antagonism, which is counteracuing the dele

e
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soil. Characteristics of the two scils are given m T
Black-eyed Susan mortality on the rurai site scd

Mortality occurred within 3 weeks, indicating :bat
effect for black-eyed Susan is on seedling estabiis
Cadmium (20 2g/g) did ot affect survivaj of f:-iack«:
Susan.
No monality of little bluestemn occurrad with Cd ﬂ‘
12/2 in the rural site soil. Addition of P% (700 ag/g}’
Cu (200 xg-g) did decre=ase surnival, it 30U ooady.
Copper had a greater effect on survivai *han did 7!
Charges in survival over time were due scietv to Cix
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snd urban sito soils.
Rural site Urben site

sl F'W‘ny soil soil nt
il Cd. ppm 0.33 2.32 3
;";“ .50 7.82 ‘
56.8 24.4 4

p.5gds

ha 88.0 18.3 4
5 . - NC. ppm 15.21 25.88 4
Srganic DACter. % 1.93 2.48 1
ToC, meq 8.28 12.22 4
b 24.28 37.36 i

Jaw sacuration, %

s No. of sampies.
gURAL SITE SOIL—-PLANT WEIGHT EXFECTS

Cadmium additions to the rural site soil had no sig-
pificant effect on ziack-eyed Susan top, root, or total
dry weight (g per piant), or on roct/shoot ratio, with
Lverall averages of 0.40, 0.25, 0.63, and 0.63, respec-
jvely, for the 12-week growth pericd. A Pb addition of
450 ppm i{the only Pb or Cu treaiment surviving) did
appear to reduce dry V_m'ght vield data by one-haif to
(wo-thirds. but since this resuit is pased on only one sur-
viving Pb treatment pot it can serve as no more than an
indication of a potentiai effect.

Little biuestem on the rural site soil showed a sig-
aificant Pb effect for ail four weight variables analyzed
sut a significant Cd effect {a = 0.05) oniy for top and
.otal dry weight. Cadmium by Pb interacticn {possible
ateractions with Cu being uninterpretable due (0 empty
ils) was not significant for any piant weight vanabie.
gffects of Cd and Pb thus appear to be additive for little
siuestem on the rural site soil.

inear regression equations were cbtained (Table 2)
sor additions of each individual metal to the rural site
soil for little bluestem. From an absciute standpcint
‘Tatie 2. 25" reduction concentration column) Cd is
more effective in reducing yield than is a comparabie Cu
concentration. Lead is much less toxic than either Cd or
Cu. Relative to the actual addition !evels utilized in this
experiment, however, Cu is more toxic than Pb, which’
is more toxic than Cd. Both Pb and Cu affect root
weight more than top weight. Cadmium has no signifi-
cant effect on the root/shoot ratio, however.

URBAN SITE SOIL—PLANT WEIGHT EFFECTS

Analysis of the urban site soil data would appear to
offer a better test of metal interactions since there is no
missing data, and thus all metal interactions can be

analyzed. This is not the case, however, due to low repli-
cation and significant block effects. This is particularly
true for black-eyed Susan because only for top dry
weight are the block by metals interactions poolable to
ailow an estimate of experimental error with 4 degrees
of freedom, which in itseif is not adequate. While top
weight ANOVA results do show some significant (a =
0.05 level only) interactions, Student-Newman-Keuis
tests on these interaction effects do not show any sig-
nificance. It is therefore concluded from the resuits of
this sxperiment :hat biack-eyed Susan weight results are
dot significandy affected by metal additions to the
arzan site scil. Overail averages can be caiculated for
hiack-¢ved Susan cn the urban site soil of 0.54, (.32,
.86, and 3.59 for top, root, tctal dry weight per plant
{2), and rhe root/shoct ratio, respectively.

Little bluestem on urban site soil showed no effect cn
root/shoot ratio from any added meral treatments
ioverall average, 0.51). The other variabies (top, root,
and total dry weight) ail show significant Cd-Pb-Cu
interactions {Table 3). Overall, Cu appears :o have a
negauve effect on dry weight, which is not influcnced by
C¢ and/or Pb. Cadmium and Pb both negatively inilu-
ence growth singly but whea combined have an
antagonistic effect. For the urban site soil, sffects of the
three metals are not additive but antagonistic (Cd and
PYb) or aeutrai (Cd and Pb with Cu).

Cu had the greatest negative effect on dry weight yvield
for little bluestem on the urban site soil. A comparabpie
levei of Cu in the riral site s0il resuited in a dry weight
vield (Table 3) similar to the urban site soil. These re-
suits warrant a closer look at Cu as a possible causative
agent for the stunting effect noted for little bluestem in
the urban site soil compared o the rurai site soil for
control treatments (Table 3) and in a previcus experi-
ment (Miles, 1978). '

METAL AVAJILABILITY

DTPA exwraction shows a linear increase in meral
availability with increasing additions of Cd, Pb, and Cu
to the rural site soil (Table 4). It was assumed that
species had nc effect on metal availability, so extracted
metals {Tables 4 and 5) represent averages over species
and analysis blocks.

Zinc additions decreased the availability of Pb and
Cu for both scils and slightly increased Cd availability.
Since there was no germination and growth on the Zn
treatments, there are no plant analyses to indicate

Tabie 2— Regression parametsrs and metal concentrations sufficiest for 2 25% reduction for Aadropogon scoparius em 3 rurai seil

25% rednction

Metal Weight variahle. g n Intercept Slope R* concentration. xg'g

Cd Shoot 13 0.7279* -0.0066 0.238 M5
Root 13 0.9163 -1.0123 0.262 18.62
Totai 13 1.6442 ~0.9189 0.303 2175
Root/shoot ratio i3 - NS - -

» Shoot 13 0.3267 -0.0004 0.299 516.39
Root 13 0.9435 -0.008 0.743 295.47
Totai 13 1.7722 -0.0013 0.638 340.31
Root/shoot ratio 13 1.2201 -0.0009 0.660 338.92

G Shoot 9 0.7044 ~0.0044 0.385 10.02
Root 9 0.3451 ~0.0056 0.756 ' 7.73
Totai 9 1.5495 -0.0100 0.512 38.74
Root/shoot ratio 9 1.2060 ~0.0064 0.992 47.11

* Al regression are significant at the o = 0.05 ievel, sxcept NS.
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Tabie 3 Averages and (standard errors) for Andropogon scoparius shoot. root. and total dry weight for all reatment eg
on the arban site soil and at comparsble metal leveis on the rural site soil

Trestment Shoos Root Totak
Soil Cd Py Cu v Sy $4 Sy 3
Tg F 4
Urbant - - - 2.377 a* 10.018) 0.249 a 0.092) ).626 a
10 - - 2.214b 0.101) 0.1325 :0.063) ).3468 ¢
- 50 - 2.204 5 10.062) 1).095 b 0.018) 3.299¢
10 1650 - 2324 a 10.368) 2.135 b :0.032) ).459 5
- - 130 ).:46 b :0.098) 1.068 b 10.025) 2.2014
10 - 190 21305 10.070) 20705 0.044) 2.201d
- +5Q i00 0.155 b '0.062) 0071 0 0.J26) 0.226 4
:0 150 100 .60 0 :0.064) 1.076 b 0.039 22374
Rurait - - - 2,741 10.056) 2.902 0.:16) 1644
i - - }.618 0.072) 1.341 0.128) 1457
- 450 - 0.326 .121) 2.708 '0,148) 1.834
- - 00 0.143 0.056) 1091 10.043) 3.233
* Means foilowed Dy the same ietzer do aot aiffer significantly at the x = 0.05 lever
th =2,
in=3.

whether this is 2 real effect on availability or merzly a
Zn effect operauing on the exiractant.

A omparison of pH (Tables 4 and 5) reveais that
there is about a three-unit difference berween the two
scils and that for both seils metal additions depress pH
stightly. Comparacie metal additions to =ach soi {id
ag/2 Cd, 450 ug/g Ph, or 100 az/g Cu) resuit in com-
parabie availabilities for Cd. Pb. and Cu. This is in spite
of the great difference between the two scils with respect
:0 pH, which has been reported 1o affect availability
{Lagerwerff, 1971; Fuikerson and GCoeller, 1973;
Linnman et al., 1973; Miiler et ai., 1975a, 197%h, 1976;
DuP'essis and Burger, 1971; Jcan, 1976; Street et ai.,
1977; Lindsay, 1972; Hempiill, 1972; Singh, 1974; F. ¥.
Munshoweru 1972. Cadmium ccmparimentation and
cyciing n a grassfand ecosysiem in the Ceer Lodge

Tabie 4—DTPA extraciable metals and pH for 2 raral site sail, averages and {siandard errors).

Valley, Montana., Ph.D. Thesis, Univ. o Mog
pubiished.).

Similar metal avaijability for the two scils may
to buffering capacity of the exiractam minimszrag
ability differences serween :he two so1is due to p¥E
attribute cf the DTPA extraction precedure veoe ik
:0 reduce its utility for comparisons of
amoengy soiis of differing reaction. For such ¢
an extraciant which could reflect availability &iff
due !¢ the natural acidity of the scil would b
:Symeomides and McRae, 1977). :

H R

METALS IN PLANTS

The true test of meral availability, nuwr'v':: Bv
piant (Hemphill, 1972; Forescue and Marren. 1y,
Plant analvsis (Tables 6 and 7) indicates har x

Metais adaea Metais extractod
Zn Cd ] Ca pH? a Cd Zn -]
8 T8
- - - - 4.30 6 2,50 3.i8 1.34
10.91) i1.54) 10.27)
- 20 - - 435 8 10.83 11.18 145
0.70) 1.15) i0.21)
- - 200 - 4.40 5 2.13 11.38 520.40
10.01) 2.51) 127.31)
- 29 900 - 145 5 13.24 12.7 341.20
0.35) 12.54) 28.75)
- - - 200 4.50 4 0.08 4.32 2.32
0.01) (1.47) i0.21)
- 2 - 200 +.80 4 10.90 3.30 3.0
10.52) (1.98) 10.14)
- - 300 200 4.0 4 214 i2.35 306.50
10.01) i0.37 125.311
- 20 900 200 4.40 4 11.12 3.58 430.00
0.7 i1.95) i27.34)
- 10 - - - [} 5.50 10.02 3.78
i0.27) 1.34) 0.15)
- - 450 - - b] 0.10 3.30 241.36
'10.02) {1.38) i13.19)
- - - 100 - 3 .99 3.08 3.18
0.02) (1.51) {0.31)
2,000 - - - - 3 2.09 769.33 -0.15
10.03) itk AN 10. 36}
4.000 - - - 4.35 3 il 1.087.33 -9.13
i0.06) i107.92) :0.08)

*a = 2 for ail pil measurements. No SV given due to no variahility in jorae ceils.
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T&h&—UﬂAmmhndpﬂfwnMdun&awndwmﬁ*- :

Metal added Meotale artractad
In Cd Pb Cu pH? a cd Z» P Cu
— &8 o'z

- - - - 7.36 4 0.78 8829 1271 4.54
10.03) 1.44) 10.38) 10.18)
- 10 - - 1.7% 4 3.75 70.00 1310 4.82
10.32) 3.24) 0.7 10.08)
- - 450 - 1.65 4 .38 48.50 177.48 4.24
10.02) 13.78) 15.82) 10.12)
- i0 450 - .70 4 3.32 72.50 185.98 4.87
0.41) {3.52) (1.07) 10.18)
- - - 100 7.80 4 0.78 62.75 12.08 47.25
0.03) (1.93) 0.18} {1.28)
- 10 - 100 1.70 4 5.40 59.25 12.34 48.i0
i0.29 13.30) 0.87) 11.98)
- - 450 100 7.70 4 .94 85.25 188.50 47.58
{0.02) 13.35) 2.09) 11.73)
- 10 150 100 1.8 5 5.14 70.00 196.12 48.20
10.33) (3.00) {11.59 1.8T)
2,000 - - - 5.90% 4 1.04 $80.00 1.23 (.52
0.04) 6.58) 0.1TY ‘0.7

able metal additions to the two soils, even though pro-
ducing comparable DTPA extracted metals, did not
produce comparable plant metal <concentrations
berween the two soils. Plant metal concentrations were
much lower on the urban site soil with comparable
metai acdditions. This could well be a function of soil pH
an metal availability to the plant. The Cd** and Za** ac-
gvity in soil can decrease 100-fold for each unit increase
in pH (Lindsay, 1972; Street et al., 1977). The ability of

a soil to sorb heavy metals is a major influence on plant
accumuliation of heavy metals and is predominately a
function of CEC and pH (Miller et al., 1975a, 1975b,
1976; John et al., 1972). The added metals were more
available than the native soil metals. The effects that
can be associated with such metal additions therefore
probabiy represent an overestimate of the effects that

- could be obtained with a comparable total innate con-
. centration of that metai. This points out that care must

Table 6—Shoot and root average metal concentrations and (standard errors) fox two sampies, each of Aadropogon scoparius
and Rudbectia hirta en an arban site soil

Metals added . Andrepogon Rudbeciia
Plant -
prt Cd Pb Cu Cd Zn [} Ca Cd Zn o} Ca
&g
Shoot - - - 0.88 10275 9.48 6.72 7.10 21200 10.7¢ 44
0.11) {12.28) 0.70b 0.42) 10.30) (24.000 229 0.34)
10 - - 2.48 116.78 12.96 1.29 45.34 21358 3.82 8.94
1.13) {36.85) 17.400 {1.56) 3.16 18.50) 058 {1.38)
- 450 - 3.92 111.75 86.58 8.07 127 262.88 51.14 9.30
0.08) 15.36) 80.28) i0.21) 10.97 29.98) 3.9 10.34)
I 450 - 3.08 131.40 ”n 1.54 58.38 305.50 95.22 11.23
0.42) {7.40) 12.29) 10.86) 5.14) (131.50) 561.18) 4.59)
- - 100 9.48 120.06 10.10 17.82 3.00 299.80 n3 10.20
10.24) (12.98) i1.30) a1 0.08 (1100 {1220 B8
10 - 100 2.47 192.00 21.80 16.19 54.63 w1 1218 9.85
0.04) 187.30 (14.81) (4.84) 19.72) (36.35) 3.249 {1.24)
- 450 100 143 145.85 28.18 16.32 17.24 325.06 53.71 18.32
0.32) 18.75) 18.28) 2.4 (LX) (124.08}) 8.68 8.74)
10 450 100 3.08 123.20 24.58 1428 67.40 200.50 41.70 11.97
0.09 {4.709 12.56) 1.82) 6.20¢ (45.500 2.300 i0.89)
oot - - - 10.22 304.00 76.04 50.59 743 £36.30 181.35 26.05
i0.44} 135.00) 120.70) {13.41) 1.7 {77.50) (37.45) 117.15)
10 - - 50.46 487.55 39.77 47.63 37.58 951.25 148.25 TN
(2.35) (21.53) 141.35) 116.79) i9.36) (189.26) {11.75) 11.79}
- 450 - 16.59 657.35 330.21 43.48 9.19 1.010.50 452.06 37.56
‘ i6.20) 52.35) 43.79) i10.89 10.68) 241.50) (318.35) 15.62)
10 450 - 99.70 702.50 349.92 51.28 37.88 575.00 761.85 56.02
12.70) 130,500 :3.28) 10.36} i4.95) 53.00) 132.28  © T.82
- - 100 14.00 543.80 33.44 209.50 3.69 1,021.00 182.60 388.60
223 125.20) (17.12) 149.30) 10.98) (108.000 (23.20) i2.90)
10 - 100 86.02 £66.00 87.24 236.28 34.10 620.00 125.32 287.58
31.28) (114.000 {8.16) i34.15) 10.90) {327.00) (44.48) 184.85)
- 450 100 22.38 220.535 589.98 131.92 14.36 310.10 889.15 352.06
i0.36) 117 45) 133.02) i5.32) 16.93) 1212.10) (162.538) 31.04)
10 450 100 87.26 569.30 240.04 189.38 47.25 1.007.00 1,137.20 425.00
(14.96) 154.80) 13.08) 13.62) 16.05) (82.00 (92.00) 152.90)

1. Eavirca. Qual., Vol. 8, ne. 4, 1979 447




Table 7—Shoot and roet average metal concentrriions 1nd istandard arrurs) for Aadropogon scoparius and Rudbeciia 3

o a rural site soil
Plant Metais added Andropogon Rudbecitia
part Cd Pb Cu n Cd Zn Ph Ca Cd 2a Ph
&8 we
Shoot - - - 3 0.47 166.83 10.08 3.32 71.58 868.57 37.18
0.07) :39.78) 0.99) 10.38) {1.08) i245.58) 22.91)
20 - - 3 30.50 :89.33 10.38 5.02 593.73 1.010.87 23.99
i1.28) 118.32) 1.29) 0.23) {77.46) 1292.06) :13.44)
- 200 100 2 142 34.2% 62.20 3.30
).36) 5.35) 142.30) i0.83)
20 930 - 2 119,50 i76.30 813.13 3.37
13.30) 13.301 .35} 0.28)
i0 - - 3 13.36 161.30 0.32 3.13 371.30 1.047.33 37.44
{3.00) 62.20) i0.62) 0. 44) {23.36) {281.19) 10.34)
- 430 - 3+ 0.39 145,47 259.60 1
H3.27) i23.35) 12.52) 10.63)
- - 00 2 .78 169.30 15.18 30.56
{0.30) 7200 14.79) 11.10) A
Root - - - 3 3.64 315.30 54.32 23.06 6.73 358.67 89 37
{1.59) 96.01) 120.48) 12,539 1.78) :302.27) (28.58)
20 - - J 236.43 31433 50.13 22.24 302.33 J99.67 34.36
i31.72) 147.02) 115.800 2.3 161.74) i115.30% 112.32)
- 360 - 2 338 a4l 3i3.34 2138
i4.51) {108.75) 13.16) 16.15)
20 300 - 2 792.15 395.38 365.10 17.12
1138.55} {168.46) 58.62) 2.809
.10 - - 3 128.70 246,95 19.78 19.42 17413 463,67 79.34
- 122.00) 90.35) 0.08) .38) 25.24) {145.34) i2.34)
- 450 - 31 7.3 299.07 67.30 1232
i2.21) 74.39 i470.51) (1.20)
~ - 100 2 3.82 295.56 16.58 286.35
10.22) -53.35) 0.22) 125.86)

ta = 2 lor Aadropogon scoparus.

be taken in choosing the form in which 10 add a metal.
Dijksheorn and Lampe (1975) found Zn and Cd about
twice as availabie from suiphate fcrms than from sew-
age sludge. Resufts may be more meaningful if ex-
pressed on a :cil availabie or a plant tissue concentra-
1ion basis rather than on a tcoral {or added) concentra-
tion basis which is not a necessarily reliable guide 1o the
amount that is available to plants (Hemphill, 1972).

Metal additions increased the concestrations of the
metal in both the tops and roots cf beth species on
each soil (Table 6 and 7). Accumuiation of metals
was usuaily greater for black-e¢yed Susan than for little
bluestem, irrespective of the soil. Accumuiaticn of
added metals at comparabdle addition rates was much
greater {or top and root concentrations on the rurai sie
soil than on the urban site soil with the possibie excep-
tion of root Cu. This helps (0 =aplain why survivai was
affected more for the rural site soil than for the urban
site soil with comparable metal addition for black-eved
Susan. This difference in accumuiation characteristics
between the two soils can probabiy be accounted for oy
soil differences in pH, CEC, etc.

While Peuersson (1976} found vast differences in the
motility of metals within the plant for different species,
most researchers have reported restricted transport
from roots to top (Pettersson, 1976; Jarvis et al., 1976;
Fuikersoa and Goeller, 1973). This is aot the case for
black-eyed Susan where Cd is readily tragsiocated from
roots to shocts, with a2 root/shoot ratio <!. Oun the
other hand little bluestem retains most of the cadmium
in {or on) the reoes, with a rect/shoot ratio > 1. While
there is no ncticsabie difference n the Cd root/shock
ratio between :he soils or additicn levels for black-eyed
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Susan, Cd is more rezadily transported to- the sh
little bluestem on the rurai site scil than on the’
site soil. This indicates that either differeaces m
tors {pH, CEQ) are influencing !ranspers wivhin
siant or arz influencing root aptake or metal adsorp

metals might be a function of soil pH. v
All the metais seem to have a2 more equntabie
ticn within the plant on the rural site soil than o

urban site soil. Copper is the only metal that sa’

anamcndcd treatznents, the amended Cu being
sirongly associated with the root systems.
Copper content of the littie biuesiem root
comparable berween the two scils with compa
additions {Tables 6 and 7). Both of these trea ;
stated previously, had similar dry weight vields (T3
3). A power curve (y = ax?) can be fit through theyn
site soil data for Cu additions relating *op weight
function af root Cu concentration (@ = 6.299;
~0.6815). This gives a good estimate cf top weizhw ¥
<he root Cu concentrations of little b{uesten on the” %
urkan site soil (0.43 and 0.16 g estmates for the ua=
amended and Cu-amended urban site soil treatments,
resve"tlvely, as compared to recorded mea.suremenu t(
0.383and 0.15 g). . >

CONCLUSIONS

With the nossible exception of Ca (1¢ data was ob .
tained for Za), neither scil nor plant mcul concemik. | o
tions adequately account for the stunting of g - ’!




e

Ly
el

AT NN

qoted on the urban site soil. Copper can oaly be used o
explain this we.xght rcducnon‘lf a m?nhnar response is
assumed. Nonlinear response is a valid representation of
neavy metal response (Miller et al., 1977), but consider-

g Lhe extent of the data presented here it is still only an
ﬁsumptlon. .

Some evidence of synergism and antagonism couid be
;cund. As these did not seem to be consistent but varied
with species, soi, and piant variable analyzed we do aot
el that the resuits provide conclusive procf that metai
qreraction effects occurred for the meral, soil, species

.~mbination used here. More work needs to 2e done
;g;';ne the mechanisms of synergistic rasponses. it dces
qot appear that the stunting noted for little bluesiem on
-he urban site scil can be :xplained by either a linear
-ombinarion cf or a synergistic interaction amcng the
qetals investigated here. This cannot be adeguareiy de-
«ermined however until the pessibie effects <f seil pH
ind CEC on metal uptake and transport can e Juanti-
fed.

A syuergism is defined as the :cral 2fTect of an inter-
action exceeding the sum of the effecis of each sub-
sance (Odum, 1971). The technique proposed by
Carison and Bazzaz {1977) to quantify synergistic mter-
actions is not based on a summed effect, as synergism is
defined, but on a muitiplicative effect. This is oot neces-
sarily wrong. What is important is that the experimenter
idenufy the criteria he uses to test {or synmergistic re-
sponses. 1deally there shouid be some conceptual hasis
sor this criteria. With the recent increase in the oumber
of papers presented on possibie heavy metal mterac-
yons, perhaps concommitent work on the theorzucal
aspects o and the mechanisms of synergistic effects is
aisc called for.
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