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ROGER W. CARLSON A!'D ·..JARY L. ROLFE' 

ABSTRACT 

R;n ,,... U..olimn per- L.) ud red fesc~~e (Fesructl 111bN1 L.) 
•ert IVO,. f,... ~ ill fertilized (l"w"P-., 12:6:6) ud wllfertllized 
F"&Uaean silt ioam soil trailed witll Pb tO, JG, 100, 1,000, 5.000. 
JCI,oot I'll-'), at (0, 8.1, 1, 10, 50, 100 111 a-•), or a c:ombinatioa of 
,._,. plw Cd at a r.tio of 100 Pb:1 C4. Pla•t aro1Vt.ll aad Ha'fY metal 
~tnt of ,.._ weft ~ at tilt - or tllree. couec:atiYe, 1 .. 
lla7 perio& Gnt-.tk .r Plt-tratel ...,_ .. _. aot llqia .. ~ 
udl areatae~~t eo~~CCStradoas r-=W 1,000 ~ a-• Pb or alto~ 
Abo~ 1 ~~doe ef l,Mil&a-• Pb wttl or_....... 
added Cd, &rowtla ..-u ~uc-ed shiUJily Ia I loa-linear fashion 11itb ill
crea.. trt:am.e.a eoacutrado-. So.. recloctioa Ill arowrtlt of · 
,._.. ~ wb C4 llloae oecarn4 For fertila4 felcM abo~ 11 ~ 
a-' C4 Rt ..c. for '-7E uti tresbaellll U.~ st I'll-'· N• rechlc:doe Ia 
IJ"O...U WW fo ... ct for aoaf~ plub tre&ted wida C4 aJoM at tile 
~ toil co.c:eandoa (}00 "" , - •). Redlldioe .. arowtl for ,... .. 
~ ~ ... + C4 -110 lowu ..... dial of plull treated witll n 
Uolle. 1fWit fmll:atiM ICimaJue.t p1nt1ll at trtaa-c eo.cntn
.._ <l.M ~ a-'.ll61110t amellonte 1M dfec:bllf Pit atwpu 
_.,....__ F~ I'NIIeed Pit ~tNt ... llptaR Ill rye <P 
< ti.OII) Mt .. Ia r--. ~ C4 eoalellt of fer1ilbM plu1l -
p'CIIIfr (P <I .IS) daaa dial of IIO&fenillze4 pluts. c..tbai•• c:o.teat 
of plull tn:a.,. 1riOi Pit + Cd w• paaer (P < 1.15) t11aa t.Ut of 
piaau trnted wid! Cd aloae. "ILOt IMre was ao dif'f~ ill Pll eo.
lnlt illcnreea ,. ..... n + u areaa-ca. 

ANhlotwl IJWID: Wor*: lAibDrr ~ F~ rwbra, .,_,.. 
p., ............ Clitia~ c:o~~CCStratioL 

EleYated concentrations of Pb and Cd have been found 
in both plants and soil near urban and rural roadways 
(Lagerwerff and Specht. 1970; Lagerwerff, 1971; Gish 
and Christemc:n. 1973; Solomon and Hartford. 1976; 
Hassett and Miller, 1977). Metal conc~ntrations are 
ueatest in the dust (up to 7,000 p.g Pb/&) and surface 
soils (up to 15,000"" Pb/g) near road~-ays and decrease 
with increasing distance from the road ~d increasing 
depth of soil. The ratio of Pb to Cd cot·~tent in soils is 
alsc greatest near roadways (up to 945 ,.g ,-a Pb:1 p.g ,-a 
Cdi and decreases to SO: 1 at background metal concen
trations [calculated from tabular values in Lagerwerff 
and Specht (1970) and Gish and Christensen (1973)]. In 
cer.a.in instances, metal contamination of roadside soils 
may be high enough to adversely affect plant growth 
(Jones et al .• 1973). 

Metal uptake and toxicity varies with soil characteris
tics. Soils with high cation exchange capacity and high 
phosphate levels tend to bind Pb and Cd, making them 
less available for uptake by piants and therefore less 
toxic (Miller et al., 1975a, 1976). Adding sulfur to a sul
fur-poor soil decreases Pb uptake in rye uass (Jones et 

al., 1973). The interaction between metal uptake and 
soil fertility suggests that application of fertilizer may he 
a way to reduce metal toxicity of contaminared soil. 

Environmental contaminants may act synergistical)~ 
on plant growth. A synergistic response for Pb and Cd 
was found by Carlson and Bazzaz (1977) for root and 
shoot growth of American Sycamore (Platanus occi
denuzlis L) and by Miller et a]_ (1975b) and Hassett et 
al. (1976) for root growth of maize (aa mays L.). In 
some instances the synergism may be doe to increased 
metal uptake by plants when more than one to~c metal 
i~o in the soil (Miller et al., 1977). 

Lawngrass species are the most common plants in ur
ban environments. They are usually fertiliz.ed regularly 
and may have high Cd and Pb concentrations. Yet very 
little is known about their response to heavy metals. lo 
this study we examine the effects of Pb and Cd both 
separately and together on the growth of two grass 
species. rye (Lo/ium perenne L.), and red fescue 
(Festuctl rubra L.), at two different soil nutrient levels. 
Our objective was to test for interactions between Pb, 
Cd, and fertilization and metal uptake and plant 
growth. J 

MATERL-\.I.S AND METHODS 

Tb~ experiment was factorially arranged with four fa::ton and fi~ 
replications. Factors included the two ,rass species, two fertilize! 
levels, three metal treatm~ts. and silt metal concentrations. 

Soi: was collected from the topO.S m of a Flanapn silt loam (a fane. 
monunorillonitit, mesic aquic Aflindoll) far from major sour:xs .or 
Pb and Cd contamination. Soil pH wa& 5.9, cation exchange capaco· 
21 mcq/ 100 &. total Pb content 6.1 p.g/f.. and total Cd content 0 • 
l'lfJ. The soil was passed through aiOil shredder-grinder and a 0.96-
cm mesh screen and allowed to air dry. Plastic pots (l6.S em dlaml 
haviJli larg~ drainag~ boles were filled to 2.S 'QJl below the rim w1tt: 
1,450 & of air-dr} 10iJ and plao:d in I &lassbouse· Seed WIS SOwt! at J 

dcosity of 1.2 seeds/ em=, IDd after JCI"'Dinatioo wu complete r.bt 
pl.anu were thinned to 1 plam/car. Half the potS were fertilized W1dl 
"Liquid Onho Gro" (12:6:6) a the rate of 0.7 mL'pot (equivalent to 
34 ml· m' of surface area} applied in 250 mJ H.O. Lead '-hlorid: an-' 
CdC, in solution was then added to each pot to give five replicatiol» 
at each of siJI concentrations including 0, 10, 100, 1,000. 5.000. ant! 
!0,000 ug Pbi g air dry soil; 0, 0.1, J .0. 10, SO, and 100 ,.g Cd ~: anCl 
combined treaunem or 10 + 0.1, 100 + 1.0, 1,000 + 10, .5.000 .... ~ 
and 10,000 + J(J(; for Pb .;. Cd, respectively. The metals were wo. 
into the soil by repeated passin& of leachate through the soil vol~:nf 
until there was no eviaence of prccipnatt on the soil surface. ·"-·~~ 
heavy metal addition and incorporation th~ plants wert dipped to ;; 
emiL height on U July and the experiment begun. To simulate ~ 1C 
might occur iL a lawn th~ plants were clipped again at JO, 20. an rbt 
days after the fmt clippin& to obtain harvests lai:>cllccl l. : . and 3 · dr' 
clippings were oven dried at ss•c to constant weight. 1o subsamPie 0: 
ashed at 450°C for S hours, the ash dissoi\/Cd in HCi. and PI:: anCi die' 
coment determined ~)' the Institute for Environme_ntal St~ 
Analytical Laboratory at the University of Illinois ust~ ~ 011. 
atomic absorption methods. Over the coune of the expenmc:n .. ut1)ll 
time air temperature maxima varied from 2S to 3S°C WJth noct ~ 
minima from 13 to 23•c. Relative humidity varied from 30 to fl)liJt" 
durin& the day and from IS to 9;5 .. at niJht. Soilmoist.ure w~c:;atiOII 
Wned at a high level throuabout the experiment by daily app 
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of deionized wate~ to the soil surface until it just became visible in the 
iau= beneath each pot. 

R.ESUL TS AND DISCUSSION 

Growth 

~~: Ill unfertilized soil at Pb treatments below 1,000 "' 
~. gowth of rye averaged 13.6, 12.6, and 10.8 g m·2

, 

and growth of !"escue averaged 9.8, 8.9, and 14.5 g m· 2 

f• harvests 1, 2, and 3, respectively. This is greater than 
tile 6 .9 g m·2 per 10-day period found for an irrigated 
'blueg:-ass-fescue suburban lawn in southern California 
(Falk., 1976). Fertilizing with NPK in the present study 
cmased an approximate doubling of growth at Pb treat
lilie:at concentrations < I ,000 ~ g·• for both species. 

-~ a treatment concentration of 1,000 1'& Pb g·•, 
"fc;wtb was reduced sharply in a log-linear fashion with 
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inc-easing treatment concentration (Fig. 1 ). While soil 
Pb concent;-ations above I ,000 JL& g·• presently occur 
only rarely in the environment, they were necessary in 
the present study to obtain reduced growth in rye and 
fescue . Tr~tment with Cd aJone caused only a slight re
duction in growth in treatment concentrations of 50 and 
100 IL& 8-• . ln general the growth of plants treated with 
both Pb and Cd was not different from the growtb of 
plants treated with Pb alone except for reduced growth 
of plants treated with > 1,000 1'8 Pb g·• + 10 1-'8 Cd g· •. 

The results of an analysis of variance computed sepa
rately for each harvest revealed several significant 
differences and interactions. (i) Growth of rye was better 
than that of fescue in the frrst two harvests (P <0.05), 
but not in the third harvest. (4) The difference between 
growth at low and high metal concentrations was great
er for fertilized plants than for nonfertilized plants (P 
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< 0.005) . This is caused by the fact that while fertiliza
tion stimulated growth at treatment concentrations 
< 1.000 ~g Pb g·•, the added fertilizer did not appreci
abiy ameliorate the effects of Pb at higher treatment ,, 
concent rations. (iii) Increased growt h due to 
fertiliza~ion. was greater for fescue than rye in harvests 1 
and 2 but the reverse was true for harvest 3 (P <0.005). 
Thus, it seems that fescue benefited more than rye near 
the beginning of the experiment from the higher fertility 
level, while the reverse was true for the third harvest. 
frv) The interaction between species. fertilizer, and metal 
treatment was significant at P <O.OS . Growth of ferti
lized rye was higher for treatments with Pb and Cd 
alone than for· treatment with Pb + Cd. For fertilized · 
fescue, growth was. higher for the Cd treatment than for 
the Pb alone and Pb~+ Cd treatments. For unfertilized 
plants, growth was appr,oximately equal for all m~ 
treatments. . ' /'' [.;, ';; r • . ' _, ' .<·. 

These results suggest that (i) growth of rye in soil con-: , 
ta:minated with either.Pb or Cd alorie may be increased · 
with fertilization more readily than growth in soil con
taining both metals; (il) growth of fescue in soil con
taminated with Cd may .~ increased with fertilization 
more readily . than· growth' in soil contaminated with ;:,., 
either Pb alone or· Pb + Cd; and (m) differences -~;~ · 
tweeD P~ aDd . Cck:ontamini.ted soil will not be ex
pressed by diffa:entiaf &fOWtb~ if soil fenility is ·low • . · 
Further experiments .. with a range of fc:rt:iliz.ei' concentra.,. , 
tions are needed to verify these observations. 

. Metal Uptake 

The Pb content ~f norrlertilized rye increased from s 
100 ~g Pb ,., for~coritrol plaDts to >9,000 p.g Pb~£-i at 
the highest treatmeritconcenirations (Table 1). Similar 
results were found for fescue · except that the maltimum · . 

-~ : .• ~.1fili, ::.~.:~~{ ·:·;t,.' -.~'·:!· 

average concentrations were not as high. The (.Q 

content of nonfertilized rye and fescue varied from < 1 
~g Cd g- • for control plants to > 200 ~g Cd g-• at tLt 
highest treatment concentration. 

The effect of fertilization on Pb and Cd content w;u 
examined by expressing the metal content of fenilized 
plants as a fraction of the metal content of nonfertilized 
plants. This was done for each determination and tbr 
values averaged over all concentrations for each harve;; 
(Table 2). Values less than unity indicate reduced metal 
content for fertilized plants with respect to nonfertilizec! 
plants and values greater than unity indicate increased 
metal content for fertilized plants. The significance of 
differences between variables was evaluated by a "I· 
test" statistic.. The Pb contenf of fertilized rye was 0.44 
to 0 .69 of the value observed for nonfertilized plants. 
Reductions . in Pb content have beeu ' found for other 
species in experiments ,where. sqjl phosphorusJevels hav~ 

. been increased (MacLean et al;U 969; Rolfe. 1973). For . 
fescue the Pb content of. fertilized plants· varied from -
0.76 to 1.89 of that for nonfertilized plarits. For each -· 
species these values were not _significantly. different be
tween harvests n~r between plapts treated with Pb 
and plants treated with Pb .+ ,..Cd, Therefore, a meaa . 
was calculated for eactl 'species:; _The difference betwcial 
rye (0.58) and f~ (1.~8) v.:~ significant (P,.<O.OOI), 
with the mean for rye also being significantly less thaD , 
unity {P <O.OOS): The difference between 1.12 (not si&
Dificant)y greater. than unity) , and 2.18 (greater thaD 
ttmity, P <0.001) for total Pb uptake by rye and fescue. 
respectivelSr. is aiso significant ·, (P <0.001 ). This 
suggests the presenee o{a .basic difference between these 
species, with fertiliz&tion ca:\1smg. increased Pb content 
and uptake in fescue with reSpect to rye. The same kind -· 
of analysis was done for the effect of fertilization on 01 

""'~>\~:f.(\ _j"r:' :~~· ,'' • '\~~,: . /: ~,,_. :~~~: . ." .. ' · 
Table 1-MMal coateDt of clippbap few eac.la harve.t aDd tre&tmeat IIIWhr fertilisecl m aad DODfertiJizecl (NF) eoDCiitioaa. 

- ' Eadl eatr;y i. u average far three replicate oa.-v.ao.:. · 
. a,. .· --: ·;: . ... 

<»' ' At At 

TCt .. .. HP'>. · F F F 

___ ............... -·~· -~------":'"'-' -':..· __._ . .._, "-'' :"" __ _ ... _ ,.g•g---'------~-'-------~ 

1 - ]. 100 0.7 ·u 30 a . -~ o.s'' 0.4 ~· 34 1.1 ;3.1 . 34 74 0.8 
2 74 140 ' S•O . 1.5 130 ·'230 . '· .. ··a.7 4.2· 56 liO 0:3 - 1.4- ·' 29 76 2.0 
3 . 200 : ~ · i .6.4 .. 4 170 670 ,,;:· .. 8 ••. . ,.~, !> .8 150 78 12:0 ( .0 81 •: 100 17.0 ~ -f 

. 4 1.1~:, 2.2211' ' 50.0 26.0 630 1.~ ,:;-'.~.0 1fi.O 160 400 31.0 2.7 '190 430 60.0 39.li 
5 2.uo • 4,7110 fi7 .o M.o 2;120 s.o7o · ·1.a;o · 200.0 930 760 53.o , 30.o . . 1;231> 1.100 (60.0 340.P 
6 4.7~o •n.aoo 1ou 100.0 s .490 :, 9.400 ;-,: 2io:o 220.0 4.640 ·3.520 1oo.o . S&.o :.; -~·!!!'> . 1,950 660.o 51io.o 

1 · '' ,.68 · · 41 No 52 ·• -•· ss· -, No. 39 r7 o.5 o.s > ao ; .21 o.4 ;l 
~ - ~ : ~ · : data :: ~~r·- · data· !! :: ~~ ·:t> : ~: ~~:~ 'i.b 
4 . . &0 200 ;; ' 150 370 120 230 29.0 -. 18.0 110 86 64.0 J8.0 
fi 260 880 270 630 800 790 30.0 46.0 950 250 510.0 46-0 

6 -610 1.%110 1.350 780 3.720 1.!70 63.0 84.0 8,780 2.330 920.0 3-4().0 

1 

2 

1 · ;27 58 u 2.0 63 · 96 "" i s 2.11 .s 41 2.6 4.0 40 30 2.2 3;2 

2 . ' 16' 87 8.11 7.1 70 120 ;;_4;s . u 62 74 1.9 2.6 86 100 1.8 lJ 
3 • . ' 140 2.4 6.4 82 . 140 •; 2.9 4.1 u 2110 . . 6.6 4.8 86 140 7.2 •.b 
4 • . lTO 1&.0 8.8 88 . eoo i6.0 20.0 toci 100 . 11.0 &.8 ' 130 1110 27_o - 26·0 

6 210 '<uTO u..o u 4110 610 100:~ 61.1 110 aao u.o 11.0 . .· HO sao . 200.0 .260~ 
6 · 5;410/ 1.580 .a.o u..o s1o ,.,., ~.o 160.0 3.800 no -.o · u.o ·,, uao u1o 280.0 ~ .. 

''"'··· · .. · · ·• ·•·•· .. · ·. ·· · ··· ·· · · CdlcJCJIL ·,· t Tnat:mmt coda rJ'CI1;;s ,.,._ca 0.10.100, 1.000. 5,000, aDd 10,000 .CPblc .ail~- for ~ted plaDta; O; O.A.J.-10. 60, aDd 100 4 . y~~ · ·. 
IWpCtirilly,lorQI.cr.tlldplutl; adh·0.10+0.1.100+ 1, 1,000+10. 6,000+60, aDd 10,000+100.1CPb + IIJCdiCea!l;~wq. for plaDU gwa .· 

wicabGthPbaDC!Cd. ·)tN· ~<::: . J. •• :, > ~- · . 
- 1 ,.:o;. 
; .. ~- ··.~~·: 
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Tabl~ 2-Effect of fer-..ilization on Pb eoatent. Lead content of 
feriifu.ed planu divuiecf by Pb content of nonlertilized plaJlt.5 

for each sampie aDci averagec! fo:- each harvest. 

R~ FMCUe 

Ha:·vest ?r: Pb ... C'.C Pb Pb ~ Cri 

l (,47•- 0.4.c••• 1.18 1.29 
I C.58• 0.67 1.48 1.89 
I (;.611 G.6 l • 1.68 0.76 
MI!Bc r.s; ••• 1.36 

•.••• Sienificantiy different from unicy· at 6.0 and O.l% level&. respecti~ 
~ . 

~ntem and uptake. The average ratio of Cd in fertilized 
to Cd in nonfertili.zed plants varied from 1.06 to 3.29 
for the t.'tree harvests (Table 3). This ratio was not sig
nificandy different from unity except for harvest 1 of 
i-,e treated with Cd. The "t" statistic is sufficiently in
.::reased when ~he data from all harvests are combined to 
suacst that fertilization increast.d Cd content for both 
species. The total amount of ~ taken up by fertilizc:d 
p&rru; expressed as a fraction of the Cd taken up by 
nonfer.:ilized plants and averaged over all observations 
11'115 3.27 for rye and 4.46 for fescue. Both values are sig
rrificantfy geater than unity of P <O.OOS. Cadmium is 
I80R .soluble in the presc.oce of phosphate than Pb and 
ttiaefore its availability for uptake should not be in
flucDced by differences in soil fertility to the extent that 
?b is (Miller et al., 1976). The greater Cd uptake and 
cooc:cntration for fertilized plants in the present study 
may have occurred simply as a passive consequence of· 
the more favorable conditions for grow:h. A difference 
between species in fertilizer effect on Cd uptake and 
:Oalmt similar to that observed for Pb was suggested by 
dle data but excessive variability precluded the demon
stration of statistical significance. 

1"be concentration of Pb in plants treated with both 
Pb and Cd varied from 0.98 to 2.50 times that found in 
plaMs treated with Pb alone (Tabie 4). These values are 
o.x· "liplficantly different from unity. indicatin& that 
the Jn5ence of Cd in the soil at a concentration of 
lilOOth of that of Pb did not influence Pb content. The 
IWZio fli Cd in plants treated with both metals to the Cd 
I'IIL'Iiliia. of plants treated with Cd alone, averaged for a harvest. varied from 1.41 to 2.82 for rye and 2.74 
to., . ~? for ~escue (Table 4) . The values for each harvest 
WII:R DOt significantly different from unity except for · 
tlae first harvest of fertilized rye. However, the overall 

Table '-Effect or Cd OD Pb content aDd effect of Pb on Cd 
-teaL Metal rontent of plaJlte treated with both Pb aDd 

Cd divided by metal coatent of plaat.5 treated 
with either Pb or Cd alooe. 

!Pb in Pb + Cdi/Pb !Cd in Pb ... Cdl/Cb 

R~ Feacue Ic.ye F'll8CUl< 

f' NF F NF F NF F NF 

0.96 1.09 1.07 l.Sl> 1.41 1.90 4.3l 0 7.63 
1.80 1.60 1.16 1.10 N.D.-t N.D. 6.2!! 2.24 
l.lt l.3t t.a uo Ut 2.12 4.26 6.07 

1.31 1.41 2.18• r, .u••• 
1.16 1.86 1.87• 8.47-

different from llllity at li.O. 1.0. and 0.1 'l levela. ,. 

Table 3-Effect or fenllization OD Cd content. CadmiiUD content 
of fertilizecl planu divided by Cd content of nonfertilized 

plaDU for each 1>8D1pl~ and averaged for each harvelit. 

Ic.~ 

!-l.arvet~t Pb ?b- Cc 

1 l oM• 1.17 
2 KD.t N.D. 
3 1.29 1.03 

Mear: 1.23• 

• Significantly diffenmt from unity at 5% level 
T 1\i.D. = no data. 

FMCUe 

Cd Pb- Cc 

3.23 1.40 
1.32 3.29 
1.22 1.06 

: .93• 

averages of 2.18 (P <0.05) for rye and 5.11 (P < 0.001) 
for fescue are significantly greater than unity and sug
gest that Pb has caused an increase in Cd content above 
that of plants treated with Cd alone. The effect of Pb on 
Cd content has been noted previously for maize (Hassett 
et al., 1976, Miller et a!., 19i7). The difference between 
rye and fescue is also significant (P <0.01) and is in
dicative of a basic difference betwee~~ these species in 
their response to Cd in the presence of Pb. A similar 
analysis on Cd uptake produced nearly identical results, 
i.e., (i) the presence of Cd did not significantly influence 
Pb uptake in either rye or fescue; (il) Cd uptake in 
plants treated with both Cd and Pb was greater than 
that measured for plants treated with Cd alone; and (iii) 
the ratio of Cd uptake by Pb + Cd-treated plants to 
uptake by plants treated with Cd alone was greater for 
fescue than for rye. 

The sharp declin~·in growth that occurred for plants 
at Pb treatment concentrations above J ,000 p.g g·•, with 
or without Cd, (Fig. 1) was correlated with a sharp in
crease in Pb content (Table 1). The decrease in growth 
at high treatment concentrations appeared to be propor
tional to plant Pb content expressed as log p.g g·•. while 
plant growth at lower treatment levels appeared to be in
dependent of plant Pb content. Beckett and Davis 
(1977) found this in their experiments with toxic metals 
and have suggested a method of data analysis that 
divides the growth curve into two parts. The first part is 
a horizontal line or plateau where growth is not..reduced 
and the second a negatively sloping regressiorr line 
where growth is inversely proportional to the loa of leaf 
metal content. Each data set is objectively divided into a 
plateau region and a negatively sloping regression line 
by dividing the data set consecutively into two parts 
from below to above the point of apparent intersection 
and selecting the expression with the lowest variance. 
The intersection of these two curves is defined by 
Beckett and Davis as the "upper critical level" or leaf 
metal content at which growth begins to decline in re
sponse to a particular toxic metal. Critical levels de
termined for barley (Beckett and Davis, 1977) and other 
spec1es (Davis and Beckett, 1978) were found to be quite 
similar at widely varying soil nutrient conditions. This 
prompted the authors to suggest that indicator plants 
with known critical levels grown in areas of suspected 
metal contamination could be used to determine the 
potential hazard of such areas. As the authors point 
out, this analysis depends upon the upper critical level 
being independent of all environmental parameters. 

The results of the present study were readily adapted 
to the Beckett and Davis analysis. Critical levels of Pb 
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and Cc and plateau values for growth are presented in 
Table! for rye and fescue. The differences between har
vest".! and between fertilizer treatments are quite large 
for Pr-treated Dlants. The difference in criti:al concen
trations of Cci · are generaliy not as large but are still 
appreciable in ~rtain instances. The wide variation ob
sc::ved for critical levels in this study does not appear to 
support the use of critical value analysis as a tool for the 
determination of potential met.al toxicity of soil where 
large differences in fenility may exist. 

Beckett and Davis (1978) extend their analysis to a 
consideration of how the threshold level of pne toxic 
metal may be modified by the presence of a second 
metaL Yield is frrs! PlOtted as a function of the tissue 
concentration of both md:als. Then b:y noting the shape 
of the yield isopleth& they distinguish between syne:gist
ic, additive, independent, and antagonistic effects of 
metal combinations. An examination of the data in · 
Table 5 indi=ate& that for threshold concentrations the 
interaction& between Pb and Cd are either additive, in
dependem, or antagonistic. On!y for ·the second ha!"vest 
of nonfertil.ized fescue is there an indication of syner
gism, i.e., at the upper critical level the Pb and Cd con
tents o! Pt. + Cd treated plants are both substantially 
lower than the respective metal contents of plants 
treated with each metal a.ione. 

SUMMAR\:' 

Growth of rye and fescue were found to be relatively 
toie:-an: of Pb and Cd. Rye was more tolerant of Pb and 
Cd than fescue during the first 20 days of treatment, 
~itt nc jifference occurring thereafter. The decrease in 
grow:h at high treatment concentrations was propor
tional to piant meta1 content expressed as log J.tg g-•. 
while piant growth at low treatment ievels was inde
pendent of plant metal ~ontent. The growth of plants 
treatee with both Pb and Cd was not different from the 
growth of piants treated with Pb alone. Fenik:ation 
stimulated growth at treatment concentrations < ;. ,(X)() 
1'8 Pb g-•, but did not ameliorate the effects of Pb at 
higher concentrations. The increase in growth due to 
fertilization was greater for fescue than rye during the 
flJ'St 20 days of treatment, with the reverse being true for 
the 21· to 3<Hlay period. Growth of rye in soil contami
nated with either Pb or Cd alone was increased with 
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fertilization more readi!~,. than soil c_omaminated "·ia 
bott metals. Gro':":h of !~~cu~ m sot! treated with Cc 
was m::~eas~a wnn fer:u;za:10n more readily :~.&:~ 
~ov:th m soil treatee wn.h eit~er Pb or Pb + Cd. Fen}. 
hza:10n reducec! Pb comen: m rye but no: in ft~c.:e 
C"'omi~m :onrem wa~ me--eased by fer:iiization :.;,.: 
both specie&. Lead content was not increased by tbt 
presence of Cd. However, Cd content was increased ~ 
the presence of Pb in both species, with this effect beinr 
greater for fescue than for :-ye. The wide variation ~ 
served for critical levels (the concentration at whi:h 
grow:n begim w be effected by Pb and Cd 1 does ncx 
support the use of critical value analysis as a iOol for the 
determination of potential metal toxicity where lar&e 
differences in soil fertility may exjst. 
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