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SUMMARY AND CONCLUSIONS 

This study utilized soils spiked with soluble 
zinc (Zn) salts to assess the relationship of 
plant leaf Zn concentration and plant 
growth. The point at which the leaf Zn con- 
centration first results in a reduction in plant 
growth is referred to as the phytotoxic Zn 
threshold. Phytotoxic Zn thresholds were 
determined h r  15 plant species in this study 
by growing the plants in the spiked soils in 
large pots far four to ten weeks in a research 
greenhouse maintained by the Metropolitan 
Water Reclamation District of Greater Chi- 
cago (District). 

Two beet varieties were sampled and ma- 
lyzed at 3 weeks and again at 10 weeks 
(maturity), fn both cases the phytotoxic Zn 
threshold determined at 4 weeks was lower 
than the threshold determined at 10 weeks 
indicating that the plants are more sensitive 
to Zn phytatoxicity at earlier stages of their 
life cycle. We therefore conclude that these 
studies, which were conducted on plants not 
grown to maturity, are consetvative. 

Three varieties of beet and two varieties of 
lettuce were included in the study. The 
phytotoxic Zn threshold was found to vary 
among varieties or cultivars of the same 
species. A single phytotoxic threshold 
therefore cannot accurately represent all va- 
rieties or cultivars of a species. 

The results of the study were utilized to 
evaluate the phytotoxic Zn threshold utilized 
in the Part SO3 risk assessment, 400 mg Zn 
kg-' leaf tissue. Fow species had phytotoxic 
Zn thresholds above 1,000 mg Zn kg-' leaf 
tissue including beet (v. Early Wonder), reed 
canary grass, perennial ryegrass, and tall 
fescue. Five species had phytotoxic Zn 
thresholds above 600 mg Zn kg" leaf tissue, 
including beet (v. Ruby Queen), spinach, 
Kentucky bJuegrass, buffalo grass, and oat. 

Six species had phytotoxic Zn thresholds 
above 400 mg Zn kg-' leaf tissue, including 
beet (v. Red Ball), cotton, corn, red top, to- 
mato, and wheat. The Part 503 risk assess- 
ment is very conservative and protective for 
these species. 

The Part 503 risk assessment identified let- 
tuce as the most sensitive species axid util- 
ized it to set the phytotoxic Zn threshold. 
This study corroborates this since lettuce 
had the lowest measured phytotoxic Zn 
threshold. In this study two varieties of let- 
tuce and creeping bentgrass were found to 
have estimated phytotoxic Zn thresholds 
below the Part 503 threshold of 400 mg Zn 
kg" leaf tissue. Iceberg lettuce was deter- 
mined to have a phytotoxic Zn threshold of 
380 mg Zn kg-' leaf tissue with 41 3 mg Zn 
kg" leaf tissue estimated to cause 25 percent 
growth reduction (this is very similas to the 
Part 503 lettuce based threshold). Creeping 
bentgrass had an estimated phytotaxic Zn 
threshold of 300 mg Zn kg-' leaf tissue, and 
it was estimated that 543 mg Zn kg" leaf 
tissue would be required for a 25 percent 
growth reduction. Therefore, applying the 
Part 503 threshold to this species would not 
result in a growth reduction of greater than 
25 percent. Black Seeded Simpson lettuce 
was the most sensitive species tested, In the 
two trials in which it was grown it had esti- 
mated Zn phytotoxic thresholds of 130 and 
230 mg Zn kg-' leaf tissue. In both cases 
applying the Part 503 threshold to this spe- 
cies would result in a growth reduction of 25 
to 50 percent but likely closer to 25 percent. 
Use of the Part 503 phytotoxic Zn threshold 
of 400 mg Zn kg-' leaf tissue is protective of 
nearly all species tested and may result in a 
growth reduction of only approximately 25 
percent for the most sensitive species. 



Turfgrass was variable in its sensitivity to to identify Zn phytotoxicity where questions 
Zn. Creeping bentgrass showed the most arise at biosolids project sites. Zinc con- 
sensitivity while tall fescue was the most centrations in leaves of turf grasses grown in 
tolerant. A set of diagnostic leaf tissue con- District biosolids have never been observed 
centrations were developed that can be used to be as high as these thresholds. 



INTRODUCTION 

In 1993 the United States Environmental 
Protection Agency promulgated their 40 
CFR Part 503 "Standards for the Use or 
Disposal of Sewage Sludge". The Part 503 
regulation is risk based and utilizes 14 expo- 
sure pathways to set regulatory limits for 9 
trace elements for land applied biosolids. 
The Part 503 limits llor Cu, Ni, and Zn were 
set to be protective of phytotoxicity since 
the biosolids -+ soil + plant (phytotoxicity) 
pathway produced the most restrictive 
regulatory limits for these elements 
(USEPA, 20023. During the development of 
the risk analysis for the Part 503 phytotox- 
icity pathway Chang et al. (1992) proposed 
an approach that involved using published 
information in the scientific literature in 
which plants were exposed to elevated con- 
centrations of only one of the trace elements 
(either Cu, Ni, or Zn) at a time to establish a 
relationship between leaf trace: element con- 
centration and plant growth reduction. The 
approach called for establishing phytotoxic 
threshold leaf trace element concentrations 
which correspond to a 50 percent growth 
reduction in four to eight week old seed- 
lings. ?he phytotoxic thresholds would then 
be used in conjunction with plant uptake co- 
efficients, which relate trace element loading 
to soil from biosolids to plant tissue trace 

element concentration, to determine the 
phytotoxic biosolids loading threshold. 

The USEPA subsequently utilized a some- 
what different approach to derive the regu- 
latory limit for Zn from the phytotoxicity 
pathway. The USEPA utilized the lowest 
observed adverse effect level to set the 
phytotoxic threshold leaf Zn concentration 
(USEPA, 2002). This turned out to be 400 
pg Zn g-' plant tissue based on studies con- 
ducted on lettuce (Logan and Ghaney, 
1983). 

The objectives of this study were to evaluate 
the applicability of the lettuce derived Zn 
phytotoxicity threshold to a range csf other 
crops to evaluate the protectiveness of the 
Part 503 rule. In addition, the District often 
utilizes biosolids as a topsoil substibte or 
soil conditioner where biosolids are- applied 
in very heavy loading rates. Riosolids users 
at these sites have had a tendency to be ap- 
prehensive about effects of biosolids. metals 
on turf grass due to the high biosolids load- 
ing rates. The study also determines the 
phytotoxic threshold leaf Zn concentration 
for several varieties of turfgrass so that the 
likelihood of inducing Zn phytotoxicity in 
turf grasses planted at these sites can be 
evaluated. 



MATERIALS A SD METHODS 

The studies described in this report were all 
conducted fiom 1997 through 1999 in the 
Lue-Hing R&D Complex greenhouse at the 
District's Stickney Water Reclamation 
Plant. 

Soil Preparation, Sampling, and Analysis 

The pulverized topsoil utilized in the study 
was of unknown origin and was acquired 
from a local topsoil vendor. The soil had a 
heavy texture and was blended three parts 
soil to one part sand to improve its tilth. 
The resulting blended soil had a loam tex- 
ture (44 percent sand, 35 percent silt, and 21 
percent clay), 1.04 percent organic carbon, 
83 mg kg-' total. Zn concentration, and a pH 
of 6.7. 

Reagent grade ZnS04.7H20 was used to 
produce four series of eight Zn spiking lev- 
els. The four series of spiking levels were: 
Grass Series 1 (0, 125, 250, 500, 1000, 
2000, 4000, and 8000 mg Zn kg-' soil), 
Grass Series 2 (0, 250, 500, 1000, 2000, 
3000, 4000, and 5000 mg Zn kg-' soil), 
Vegetable Series 1 (0,40, 80, 160, 320,640, 
1280, 2560 mg Zn kg-' soil), and Vegetable 
Series 2 (0, 80, 160, 320,460, 640, 960, and 
1280 mg Zn kg-' soil). All blending and 
mixing of soil and spiking chemicals was 
conducted in stationary cement mixers hav- 
ing 100 L polyethylene lined drums. 

After each fresh spiking, soils were placed 
in 26.7 x 49.5 ern plastic pots for Vegetable 
Series 1 and 2 and in 22.9 x 38.1 cm plastic 
pots for Grass Series 1 and 2 (three replicate 
pots for each spiking level) and were mois- 
tened to field capacity and allowed to 
equilibrate for eight weeks prior to planting. 
After each trial the replicate pots were com- 
bined in the cement mixer and thoroughly 
mixed. A composite sample was collected 

at the time of mixing to verify that Zn spik- 
ing levels were not altered by watering dur- 
ing the previous test cycle. 

Prior to each experimental cycle composite 
samples were taken from each soil treat- 
ment. Total Zn analysis was conducted by 
digesting duplicate 2.5 g samples in 7.5 mL 
of concentrated trace metal grade nitric acid 
(HN03) overnight at 100 OC. The samples 
were diluted to 75 rnL and filtered prior to 
Zn analysis using inductively coupled 
plasma atomic absorption spectroscopy. 
Water soluble Zn analysis was conducted by 
extracting duplicate 20.0 g samples with 20 
mL of ultrapure water (1 hour shake time). 
Samples were centrifuged and filtered prior 
to Zn analysis using inductively coupled 
plasma atomic absorption spectroscopy. 
Soil pH and electrical conductivity were 
analyzed on duplicate 20 g samples using a 
1 :1 slurry. 

Plant Culture, Harvest, and Analysis 

All plants tested in this study are listed in 
Table 1. They were all seeded directly into 
the potted spiked soils. The spiked soil se- 
ries that were used to culture each of the 
plants used in this experiment are also listed 
in Table 1. Plants were cultured for four to 
ten weeks prior to harvest as indicated in 
Table 1. Two varieties of beet, Ruby Queen 
and Red Ball, were harvested twice during 
the study period. Shoots were harvested at 4 
and 10 weeks. 

At the end of the culture period, for each 
pot, the number of plants was recorded and 
all above ground tissue was harvested and 
washed with deionized water and mild 
phosphorus-free detergent solution. Leaves 
were separated fiom stems and the tissues 
were dried at 6S°C. Dry weight of the en- 



TABLE 1: LIST OF PLANT SPECIES TESTED IN THE ZINC PHYTOTOXICITY STUDY 

Conamon Name Scientific Name Variety Dates ~ested '  Soil 
. - 

Beet 
Beet 
Beet 
Bentgrass-creeping 
Bluegrass-Kentucky 
Buffalo grass 
Corn 
Cotton 
Fescue-tall 

w Lettuce 
Lettuce 
Lettuce 
Oat 
Red top 
Reed canary grass 
Ryegrass-perennial 
Spinach 
Tomato 
Tomato 
Wheat 

Beta vulgaris 
Beta vulgaris 
Beta vulgaris 
Agrostis stolonifera 
Poa prutensis 
Buchloe Dactyloides 
Zea mays 
Gossypium hirsutum 
Festuca arundinacea Schreb 
Lactuca sativa 
Lactuca sativa 
Lactuca sativa 
Avena sativa 
Agrostis alba 
Phalaris arundinacea 
Lolium perenne 
Spinacea oleracea 
Lycopersicon esculentum 
Lycopersicon esculentum 
Triticum aestivum 

Red Ball 
Ruby Queen 
Early Wonder 
Penncross 
Banjo 
unknown 
Pioneer 3394 
Acalla 
Houndog 
Black Seeded Simpson 
Black Seeded Simpson 
Iceberg 
Ogle 
Streaker 
unknown 
Essence 
Bloomsdale longstanding 
Rutgers 
Rutgers 
Madison 

Aug-C)ct 1997 (4,101 
Aug-Oct 1997 (4, Z 0) 
Aug-Oct 1997 (1 0) 
Aug-Oct 1997 (7) 
Aug-Oct 1997 (3) 
April-June 1998 (9) 
Jan-Mar 1999 (7) 
Sep-Nov 1998 (8) 
Dec 1997-Jan 1998 (7) 
Jan-Feb 1998 (6) 
Aug-Sep 1999 (6) 
June-July 1999 (6) 
Dec 1998-Jan 1999 (6) 
Feb-Mar 1998 (8) 
Sep-0ct 1998 (6) 
Nov 1997-Jan 1998 (6) 
Oct-Dec 1997 (6) 
May-July 1998 (6) 
Feb-Mar 1999 (6) 
Nov 1998-Jan 1 999 (6) 

' Numbers in parenthesis indicate length of test period in weeks prior to plant harvest. 
2 G1 = Zn spike levels of 0, 125, 250, 500, 1000, 2000, and 4000, and 8000 mg kg-'; G2 = Zn spike levels of 0, 250, 500, 

V l = Zn spike lev?vcls of 0,40, 80, 160, 320,6401, 9.280, md 2558 mg kg'" 112 -- &I spike levels of 0, 80, 160,320: 460,640, 
968, and 1280 rng kg" 



tire shoot was recorded prior to grinding 
the leaf tissue in preparation for chemical 
analysis. Leaf tissues were prepared for 
trace element and macronutrient analysis by 
digesting duplicate 0.50 g samples in con- 
centrated HN03 at 100°C overnight. Di- 
gests were analyzed for Zn, Cu, K, Ca, Mg, 
Fe, and Mn using inductively coupled 
plasma atomic absorption analysis. Where 
tissues were also analyzed for total Kjel- 
dahl nitrogen (TKN) and total phosphorus 
content, duplicate 0.30 g samples of tissue 
were digested in concentrated sulfuric acid 
overnight using a copper/seleniurn catalyst 
at 350°C. 

Statistical and Phytotoxicological Analy- 
sis 

In this study two statistical tools were util- 
ized to evaluate the effect of leaf Zn con- 
centration on growth of various plant spe- 
cies. Plant growth, or dry matter production 
(mg plant"), and leaf chemical composition 
were determined for a variety of plant types 
grown in pots spiked with zinc at several 
dosage levels. Zinc dosage levels varied 
with plant type, but indexes of consecutive 
dosage levels are reported rather than the 
dosage level itself to emphasize the pattern 
of change in plant growth over adjacent zinc 
dosage levels rather than in t e r n  of the ac- 
tual amount of zinc spiked in the pots. The 
zero index level corresponds to a zero zinc 
dosage. The raw data are reported in Avven- 
dix I. - 

An initially constant one-knot spline model 
is used to estimate the phytotoxic threshold 
at which the level of zinc in plant tissue be- 
gins to have a toxic effect on plant growth. 
Adaptive grouping analysis is also used to 
estimate the highest no adverse effect and 
lowest observed adverse effect leaf Zn con- 
centration levels. The results of the adaptive 
grouping analysis are presented in A~vendix 

I1 and the relationship between plant dry - 
matter production and leaf Zn concentration 
predicted by the one-knot spline model are 
displayed in figures in Avvendix 11'. 

Spline Analysis. It was desirable to develop 
a statistical method that could account for, 
or describe, the monotonic decay in plant 
growth that was expected to occur for in- 
creasing tissue zinc after a phytotoxic 
threshold was crossed. For this reason, an 
initially constant one-knot spline model was 
used to estimate the phytotoxic threshold at 
which the level of zinc in plant tissue begins 
to have a toxic effect on plant growth. 

A leave-one-out likelihood cross-validation 
was used to select an initially constant one- 
knot spline model for plant growth (y) in 
terms of tissue zinc (x). Regression models 
with y normally distributed with constant 
variance are used with expected response 

E ( ~  lx) = Po+ 01T(x, XT)' Equation 1 

where 
0 i f x s x *  

T ( x ,  x r )  = 
x - ~ r i f ~ > x r  

for the single knot XT. The intercept pa- 
rameter flo represents expected plant growth 
at the zero spiking level. The knot XT repre- 
sents the phytotoxic threshold at which leaf 
zinc concentration starts to have a negative 
effect on plant growth. Only nonnegative 
powers p are considered, and so the ex- 
pected plant growth decreases after the 
phytotoxic threshold since estimates of as- 
sociated slope parameters B1 are all negative. 

For a fixed choice of the phytotoxic thresh- 
old XT, the best nonnegative power p(xT) is 
determined by maximizing the likelihood 
cross-validation score over p 2 0. The asso- 
ciated score LCV(XT) is then maximized 
over selected choices of XT. A starting value 



for x~ is deteimined by the average tissue 
zinc values in appropriate tables in Avpen- 
&I. For example, for Kentucky bluegrass, 
the average tissue zinc concentration is 359 
mg kg-' for the second highest spiking level 
grouped with the zero spiking level (Table 
AII-10). The next lower value, 350 mg kgm1 
in this case, that is a multiple of 10 is used 
as the starting value for XT and then the 
search proceeds over multiples of 10 greater 
than the starting value until the score 
LCV(x*) becomes less than 1 percent of the 
highest score so far. We determined a range 
of acceptable thresbol8s which is the largest 
contiguous interval about the best score 
threshold with LCV scores within 1% of the 
best score. Growth reduction levels of a.100 
percent equal to 110 percent, 25 percent, and 
50 percent were also determined by solving 
for E(y1x) equal to f l-a)$o at the threshold 
for XT with tfie best score. 

The figures in A ~ ~ e n d i x  Ill display the pre- 
dicted plant growth over initial segments of 
tissue zinc concentrations for each plant type 
based on this spline model. 

Adaptive Grouping Analysis. An adaptive 
grouping analysis was also conducted to 
provide an additional tool for assessing the 
phytotoxic threshold. This was accom- 
plished by systematically merging data with 
adjacent zinc dosage levels in order to iden- 
tify ranges of zinc causing constant expected 
plant growth. Analyses for all plant types 

E(~/x= xi)=Ej for ij-I< i l h , l  I j I J  

where 

were conducted using PROC MLTM in 
SAS@ Version 8.00 with code implementing 
the methods described below. This analysis 
generated plots of the observed tissue dry 
matter data for each of the plant types to- 
gether with predicted expected tissue dry 
matter values for adaptively gr~zaged zinc 
dosage levels. These figures provide an in- 
dication of the number of initial zinc dosage 
levels for which the impact of Zn spiking on 
plant growth is similar to the zero dosage 
level. They also provide an indication of the 
progression of the phytotoxic: effect that oc- 
curs as the zinc dosage level increas~.  

Special SAS macros were used for model 
selection based on a likelihood cross- 
validation approach similar to that of  Knafl 
et al. (2004), but in the linear regression set- 
ting rather than the Poisson regression set- 
ting considered there. A standard one-way 
analysis of variance or single predictor re- 
gression context is assumed, that is, suppose 
n pairs (xi,yi) of values are sampled inde- 
pendently with conditional response ylx 
normally distributed with expected value 

2 E(y1x) and constant variance Vm(ylx)= a . 
(For the zinc spiking data, response y is 
plant growth while x is the index of in- 
creasing spiking levels.) Assume fitrther that 
the values of x are naturally ordered and that 
it is desired to determine groupings of adja- 
cent observed x values over each of which 
the conditional expected value E(yix) is rea- 
sonably treated as constant, that is, 

O=io<ii<...<ij-l<h-n and XIIXZ< ...Ix~-I<X~ 



The appropriate number of groups J is un- likelihood estimate of variance is used in- 
known as are the indexes i, which determine stead of the unbiased estimate. 
the grouping of x values into ranges 
G,= [xi, - xi,] for 1 Sj I J. Assume further, Under a full or leave-one-out type of cross- 

in order to simplify the notation, that obser- validation, the contribution to the LCV score 

vations with the same x values are always for each observation (xi,yi) is the likelihood 
evaluated at its response value yi, its x value, placed in the same groups. xi, and the deleted estimates of the parame- 

Given a grouping G=(Gl,. . .,GJ), the as- 
sumption of constant expected value (Equa- 
tion 2) for each and every group Gj deter- 
mines the maximum likelihood estimates of 
those expected values. In the normally dis- 
tributed, constant variance case, the esti- 
mated expected value for each group Gj is 
the average of the response values 

Equation 3 

ni 
for the nj=ij-ij.] observations in that group. 
The associated maximum likelihood esti- 
mate of the constant variance is given by 

&2 - j-1 I-i,-1+1 ' - 
J Equation 4 

T1 

where the denominator equals the sample 
size n. The unbiased estimate of variance is 
often used in place of the maximum likeli- 
hood estimate in which case the denomina- 
tor is changed to the degrees of freedom n-J. 
When the sample size is large relative to the 
number of groups J, there is little difference 
between these two estimates. 

A scoring criterion is needed in order to dis- 
tinguish between groupings. The scoring 
criterion utilized in the method of this sec- 
tion is likelihood cross-validation (LCV) 
with larger values corresponding to better 
groupings. To be consistent with the use of a 
likelihood scoring criterion, the maximum 

ters computed using all the other observa- 
tions. In the normally distributed, constant 
variance case, deleted estimates of the con- 
ditional expected value E(ylx=xi) and con- 
stant variance $ need to be computed for 
each observation. General k-fold cross- 
validation is possible in which k subsets, 
called folds, of about the same size are de- 
leted one at a time. Leave-one-out cross- 
validation is the special case with k set to 
the sample size and is used in the analyses 
of the plant growth data. 

An algorithm is needed in order to search 
systematically through possible groupings 
since exhaustive search is impractical. Heu- 
ristics are needed to adapt the search to the 
data in a way that balances the need for ex- 
tensive coverage of models with practical 
issues like limitations on time. An ag- 
glomerative algorithm systematically com- 
bining finer groupings into coarser group- 
ings is used. 

This algorithm may be described as fol- 
lows. Start with an initially selected 
grouping with observations having the 
same x values combined into the same 
groups, one for each distinct observed x 
value. At each iteration, consider pairwise 
adjusted groupings determined from the 
currently selected grouping by combining 
each possible pair of adjacent groups leav- 
ing the other groups unchanged. The ad- 
justed grouping formed from all pairwise 
adjusted groupings with LCV scores within 
a fixed tolerance (0.1 percent was used in 



this study) of the best pairwise adjusted 
grouping is the candidate for the next se- 
lected grouping. If the LCV score for this 
candidate adjusted grouping was no worse 
than a fixed tolerance (2 percent was used in 
this study) below the best score for all can- 
didate groupings considered so far, it was set 
to the cunently selected grouping and the 
search was continued. If not, the search was 
stopped and the current selected grouping 
was used as the final selected grouping. At 
each stage of the algorithm, there is at least 
one less group than at the previous stage, so 
either the algorithm stops because the next 
candidate for the selected grouping has too 
low a LCV score or else the currently se- 
lected grouping is eventually reduced to a 
single group. In the latter case, the algorithm 
stops and uses the overall constant model, 
that is, average response values for all the 
observations in the data set. 

This search procedure is adaptive in the 
sense that it adapts to the data by utilizing 
groupings that are more consistent with the 

data as measured by LCY scores. It is also 
heuristic in the sense that it employs rules on 
how to adapt to the data. One of its d e s  is 
that groupings no worse than a fixed toler- 
ance (2 percent was used in this study) be- 
low the best score so far are acceptable 
groupings even though their scores may not 
be optimal. This rule allows for the selection 
of more parsimonious groupings as long as 
the penalty is not too large and reflects the 
practical reality that the groupkg with the 
numerically best score need not be the best 
practical choice. Another of its rules is to 
consider multiple pairwise adjusted group- 
ings for the next iteration as long as their 
individual scores are close to b a t  (within 
0.1 percent of best was used in this study) 
rather than only those with the best score. 
This reduces the amount of computations 
and reflects the reality that grouped adjacent 
pairs with close to best scores in one itera- 
tion will tend to become pairs with the best 
scores in later iterations and so are reason- 
able to include in the selected grouping at an 
earlier stage of the computation. 



RESULTS AND DISCUSSION 

Phytotoxic thresholds determined for the 
vegetable and grass species utilized in this 
study are reported in Table 2. In addition to 
phytotoxic thresholds, Table 2 also contains 
intervals of acceptable values for those 
thresholds with likelihood cross-validation 
scores (see Adaptive Grouping section of 
Materials and Methods) within 1% of the 
score for the estimated threshold, and esti- 
mates of leaf zinc concentrations at which 
lo%, 25%, and 50% growth reduction oc- 
cur. 

Effect of Plant Age on Phytotoxic Zn 
Threshold Determination 

In this study plants were grown in Zn spiked 
soils for four to ten weeks prior to harvest. 
The duration of the growth period was de- 
termined by the species specific growth rate 
and the time of year the trial was conducted. 
Generally, plants with slower rates of dry 
matter production (e.g. slow germinating 
grasses) and trials conducted during late fall, 
winter, and early spring months were con- 
ducted for longer time periods than trials 
conducted during late spring, summer and 
early fall months for species with rapid dry 
matter production rates. 

Other studies conducted to date, which have 
utilized short duration experimental periods 
(four to six weeks) have been criticized in 
the scientific literature as being not repre- 
sentative of phytotoxic effects that can be 
manifested during a full life cycle in the 
field (Schmidt, 1997; McBride, 1995). 
Concerns include the question of whether 
sensitivity to Zn changes during the life cy- 
cle. To address this we determined the 
phytotoxic Zn threshold for two varieties of 
beet after four weeks of growth (immature 
seedlings) and at plant maturity (10 weeks 
of growth). 

The estimated phytotoxic Zn threshold for 
Red Ball variety beet was determined to be 
240 mg kg-' for plants that were 4 weeks old 
and 430 mg kg-' for plants that were 10 
weeks old m. For Ruby Queen vari- 
ety beets the phytotoxic Zn threshold was 
also determined to be 240 mg kg-' for plants 
that were four weeks old and 930 mg kg-' 
for plants that were 10 weeks old (Table 2). 
These results indicate that beets become less 
sensitive to Zn phytotoxicity as it matures. 
This suggests that short term study durations 
(harvesting plants prior to maturity) is a 
conservative method of estimating the phy- 
totoxic Zn threshold. 

Temporal and Varietal Variability in 
Phytotoxic Zn Threshold 

In order to test the question of applicability 
of a phytotoxic threshold to various varieties 
or cultivars of a species and to determine 
reproducibility of this methodology for de- 
termining phytotoxic Zn thresholds we grew 
three varieties of beet simultaneously and 
two cultivars of lettuce. We also conducted 
the trial on tomato and Black Seeded Simp- 
son variety lettuce in 1998 and repeated it in 
1999. 

The estimated phytotoxic Zn thresholds de- 
termined for the three varieties of beet were 
1010,430, and 930 mg kg-' for Early Won- 
der, Red Ball, and Ruby Queen varieties, 
respectively. The ranges of acceptable 
thresholds overlapped for Early Wonder and 
Ruby Queen but Red Ball had a significantly 
lower phytotoxic Zn threshold than the other 
two varieties m). 
The estimated phytotoxic Zn thresholds 
determined for Iceberg and Black Seeded 
Simpson lettuce in 1999 were 380 and 230 
mg kg-', respectively. The ranges of 



TABLE 2: ESTIMATED LEAF PHYTOTOXIC ZN THRESHOLDS DETERMINED FOR 
GRASSES, CEREALS AND GRAINS, AND VEGETABLES 

Plant ~ y p e "  - Estimated Acceptable Estimated Leaf 
~hreshold~ ~hreshold~ Zn Concentration at 

Growth Reduction of 
10% 25% 50% 

Beet-EW (Leaves- 9 0 Wks) 
Beet-RB (Leaves-4 Wks) 
Beet-RB (Leaves- 10 Wks) 
Beet-RQ (Leaves4 Wks) 
Beet-RQ (Leaves-1 0 Wks) 
Buffalo Grass 
Corn 
Cotton 
Creeping bentgrass 
Kentucky Bluegrass 
Lettuce-Iceberg 
Lettuce-BSS (1 998) 
Lettuce-BSS (1 999) 
Oat 
Perennial Ryegrass 
Red Top 
Reed Canary Grass 
Spinach 
Tall Fescue 
Tomato (1 998) 
Tomato (1 999) 
Wheat 

EW = Early Wonder, RB = Red Ball, RQ = Ruby Queen, BSS = Black Seeded Simpsan 
Leaf Zn value with best LCV score searching among multiples of 10 starting at the average 
tissue Zn value for the largest level grouped with the zero level after rounding it to a multiple 
of 10 with the search in both directions continuing until a score occurs that is less than 1 % of 
the best score so far. 
Largest contiguous interval about the estimated threshold of multiples of 10 with LCV scores 
within 1 % of the score for the estimated threshold. 



acceptable thresholds did not overlap for 
these two cultivars (Table 2). 

The estimated phytotoxic Zn thresholds de- 
termined for Black Seeded Simpson lettuce 
grown in 1998 and 1999 were 130 and 230 
mg kg-' respectively. The ranges of accept- 
able thresholds did not overlap for these two 
trials (Table 2). 

The estimated phytotoxic Zn thresholds d e  
temined for tomato grown in 1998 and 
1999 were 420 and 420 mg kg-' respectively 
(Table 2). 

These results indicate that phytotoxic Zn 
thresholds can vary significantly among 
cultivars or varieties of the same species. 
This methodology for assessing phytotoxic 
Zn thresholds can have significant temporal 
variability although it does not consistently 
occur. The cause of this temporal variability 
is not known. 

Evaluation of Part 503 Phytotoxic Zn 
Threshold 

The USEPA utilized a phytotoxic threshold 
of 400 mg Zn kg" leaf tissue in their Part 
503 risk assessment. We used the results of 
this study to evaluate the applicability of this 
threshold to vegetable and fiber crops and 
species in the grass family which included 
turf species, vegetative cover crops, native 
range grass, and cereal and grain crops. For 
the purposes of this evaluation only data for 
beet grown for 10 weeks were used since 
they were generated from mature plants. 

In this study, four species were determined 
to have phytotoxic Zn thresholds greater 
than 1000 mg Zn kg-' leaf tissue. These 
were beet (v. Early Wonder), perennial rye- 
grass, reed canary grass, and tall fescue. 
Their phytotoxic Zn thresholds were deter- 
mined to be 101 0,1150, 1520, and 1250 mg 

Zn kg-' leaf tissue, respectively. The lower 
bounds of the acceptable range of thresholds 
for these four species were all above 700 mg 
Zn kg-' leaf tissue (Table 2). 

An additional five species had estimated 
phytotoxic Zn thresholds greater than 600 
mg Zn kg-' leaf tissue. These were beet (v. 
Ruby Queen), buffalo grass, Kentucky blue- 
grass, oat, and spinach. Their phytotoxic Zn 
thresholds were determined to be 930, 930, 
690, 970, and 720 mg Zn kg-' leaf tissue, 
respectively. The lower bounds of the ac- 
ceptable range of thresholds for these five 
species were all above 600 mg Zn kg-' leaf 
tissue. 

An additional six species had phytotoxic Zn 
thresholds greater than the Part 503 thresh- 
old of 400 mg Zn kg-' leaf tissue. These 
were beet (v. Red Ball), corn, cotton, red 
top, tomato grown in 1998 and in 1999, and 
wheat. Their phytotoxic Zn thresholds were 
determined to be 430, 560, 440, 460, 420, 
and 420 and 550 mg Zn kg-' leaf tissue, re- 
spectively. The lower bounds of the accept- 
able range of thresholds for all of these spe- 
cies except red top and tomato (grown in 
1998) were above the Part 503 phytotoxic 
threshold of 400 mg Zn kg-' leaf tissue. 

The lower bound of the acceptable threshold 
range for both red top and tomato grown in 
1998 was determined to be 370 mg Zn kg'' 
leaf tissue (Table 2). This lower bound is 
below the Part 503 phytotoxic Zn threshold. 
To further evaluate the phytotoxic threshold 
we conducted adaptive grouping analysis for 
all of the species that were tested (Avvendix 
11). Tables 3 and 4 present the results of - 
grouping analysis for red top and tomato. 
The first column of these tables, labeled in- 
dex of dosage level, relates the soil Zn 
spiking level imposed on the plants (Table 
1) with 0 being the control and Zn spiking - 
concentration increasing with increasing 



TABLE 3: RESUX,TS OF ADAPTNE GROUPING ANALYSIS FOR RED TOP, LrARETTY 
STREAKER, INCLUDING GROUPING DESIGNATION (GROUP INDEX), 

ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (mg 

TABLE 4: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR TOMATO, V TY 
RUTGERS, GROWN IN 1998 INCLUDING GROUPING DESIGNATION (GROUP WDEX), 

ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Mean Leaf 
Dosage Group Group Mean Zinc 
Level Index Dry Matter Concentration 

(mg plant") (mg plant") 



index number. The second column, labeled 
group index, indicates which dosage levels 
are grouped together (i.e. which Zn dosages 
produced plants with mean dry matter not 
significantly different fiom each other). 
Dosages with the same group index pro- 
duced plants with dry matter not signifi- 
cantly different. Group 0 includes all treat- 
ments (Zn dosage levels) that did not show a 
significant phytotoxic Zn effect (i.e. no sig- 
nificant reduction in shoot dry matter with 
respect to the control). The third column 
displays the mean plant dry matter estimated 
for the group of dosage levels by the group- 
ing model and the last column displays the 
mean leaf Zn concentration for plants fiom 
each dosage level fiom which plants were 
harvested. 

Table 3 shows that dosage levels 0 and 1 
were included together in Group 0 indicating 
that statistical analysis found dry matter to 
be not significantly different for red top 
grown in control soil or in soil spiked at the 
first Zn dosage level. Therefore Zn dosage 
level 1 produced no phytotoxic effect and 
had mean leaf Zn concentration of 438 mg 
kg", which is above the Part 503 phytotoxic 
Zn threshold. Phytotoxic Zn effects are first 
observed for red top in plants &om dosage 
level 2, Group 1, and they had average leaf 
Zn concentrations of 676 mg kg-' which is 
we1 above the Part 503 phytotoxic threshold 
of 400 mg Zn kg" tissue. It therefore ap- 
pears that the phytotoxic Zn threshold for 
red top lies above the Part 503 threshold of 
400 mg kg-'. 

Table 4 shows that dosage levels 0 through 5 
were included together in Group 0 for To- 
mato grown in 1998. Therefore Zn dosage 
levels 4 and 5 produced no phytotoxic effect 
and had mean leaf Zn concentrations of 493 
and 443 mg kg-', respectively. These are 
above the Part 503 phytotoxic Zn threshold. 
Phytotoxic Zn effects are first observed for 

tomato grown in 1998 in plants fi-om dosage 
level 6, Group 1, and they had average leaf 
Zn concentrations of 1026 mg kg-' which is 
far above the Part 503 phytotoxic threshold 
of 400 mg Zn kg-' tissue. Based on this and 
the observation that the lower limit of the 
acceptable phytotoxic threshold range for 
tomato grown in 1999 was 420 mg Zn kg-' 
tissue, it therefore appears that the phyto- 
toxic Zn threshold for tomato lies above the 
Part 503 threshold of 400 mg kg-'. 

The lettuce varieties and the creeping bent- 
grass that were tested in this study all had 
estimated phytotoxic Zn thresholds below 
the Part 503 threshold of 400 mg kg-'. The 
estimated phytotoxic Zn threshold for 
creeping bentgrass, Iceberg variety lettuce, 
and Black Seeded Simpson variety lettuce 
grown in 1998 and 1999 were determined to 
be 300, 380, 130, and 230 mg Zn kg-' plant 
tissue. The range of acceptabIe thresholds 
for these species were all below 400 mg Zn 
kg-' plant tissue (Table 2). 

The estimated threshold for iceberg lettuce, 
380 mg kg", is very close to the Part 503 
threshold. Since spline modeling in this 
study estimates that leaf Zn concentration of 
413 mg kg-' produces a 25 percent growth 
reduction (Table 2), allowing Zn to accumu- 
late in the leaves of this plant species up to 
the Part 503 Zn phytotoxic threshold of 400 
mg kg-' may produce a growth reduction, but 
it should be less than 25 percent. 

The spline model in this study estimated the 
phytotoxic Zn threshold for creeping bent- 
grass to be 300 mg kg-', and that 326 mg kg- 
' will produce a 10 percent growth reduction 
while 543 mg kg-' is required for a 25 per- 
cent growth reduction. Thus, allowing Zn to 
accumulate in the leaves of this plant species 
up to the Part 503 phytotoxic Zn threshold 
may produce a growth reduction, but it 
should be less than 25 percent. 



The results of this study are not as clear-cut 
for Black Seeded Simpson variety of lettuce 
because it was tested twice and the results of 
the two trials were not consistent. The re- 
sults of this study indicate that the estimated 
phytotoxic threshold is 130 and 230 mg kg-' 
for the 1998 and 1999 trials, respectively. 
Allowing ZD to accumulate in the leaves of 
this plant species up to the Part 503 phyto- 
toxic Zn threshold will likely produce a 
growth reduction. According to the results 
of spline modeling for both trials in Table 2, 
a leaf Zn concentration of 400 mg kg-' 
should result in a growth reduction of be- 
tween 25 and 50 percent. The grouping 
analysis for the 1998 trial indicated that dos- 
age levels 0, 1, and 2 were all included in 
Group Index 0 (Table 5). Significant growth 
reduction was not observed at dosage level 2 
which had mean leaf Zn concentration of 
227 mg k g " h u t  was observed at dosage 
level 3 which hacl an average leaf Zn con- 
centration s f  483 mg kg-' (Table 5). For the 
1999 trial, grouping analysis indicated that 
dosage levels 0, 1, 2, and 3 produced 
equivalent dry matter (Table 6) .  Growth 
reduction did not occur at dosage level 3 
which had mean leaf Zn concentration of 
223 mg kg-' but was observed at dosage 
level 4 which had an average leaf Zn con- 
centration of 321 mg kg-' -). The 
phytotoxic Zn threshold is likely between 
220 and 320 mg k g '  for this variety of let- 
tuce. The study corroborates the Part 503 
assumption that lettuce is the most sensitive 
species to 2.n and illustrates that small 
growth reductions can result in some varie- 
ties of lettuce if Zn concentration in leaves is 
allowed to rise to the Part 503 threshold. 

Determination of Zn Phytotoxicity in 
Turf Grasses 

This study determined phytotoxic Zn 
thresholds for turf grasses irlcluding: Ken- 
tucky bluegrass, perennial ryegrass, tall fes- 
cue, creeping bentgrass, and red top. In ad- 
dition, buffalo grass and reed cmary grass 
were also tested. The estimated phptoxic 
Zn threshold for these grasses ranged from 
300 mg kg-' for creeping bentgrass to 1520 
mg kg-' for reed canary grass* The 
turfgrasses from the genera Agr~stis 
(creeping bentgrass and red top) were the 
most sensitive. 

For diagnostic purposes, the phyt~taxic leaf 
Zn concentration for each grass species 
tested can be set to the concentration pro- 
ducing 25 percent growth reduction rounded 
to two significant figures. Table 7 displays 
these thresholds. For turf grasses grown in 
District biosolids in greenhouse pots or in 
the field, concentrations of Zn in leaves of 
the turf have never approached the thresh- 
olds in Table 7. For instance, Granato et al. 
(1998) reported that the meaa concentration 
of Zn in leaves of two Kentucky bIuegrass 
varieties, a creeping bentgrass, an Idaho 
bentgrass, a red top, an alkali grass, nnd four 
tall fescue varieties was 162 mg kg" when 
the plants were grown in 100 percent bio- 
solids in pots in the greenhouse, Since 
plants grown in greenhouse pois show 
greater uptake rates of metals thm plants 
grown under field conditions it therefore 
does not seem likely that Zn in the District's 
biosolids will ever induce phytotoxic;ity in 
turf even when biosolids are used as topsoil. 



TABLE 5: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR LETTUCE, VARIETY 
BLACK SEEDED S W S O N ,  GROWN IN 1998 INCLUDING GROUPING DESIGNATION 

(GROUP INDEX), ESTIMATED GROUP MEAN DRY MATTER AND MEAN 
LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-') (mg plant1) 

TABLE 6: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR LETTUCE, VARIETY 
BLACK SEEDED SIMPSON, GROWN IN 1999 INCLUDING GROUPING DESIGNATION 

(GROUP INDEX), ESTIMATED GROUP MEAN DRY MATTER AND MEAN 
LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant") (mg plant-1) 



TABLE 7 :  LEAF ZN CONCENTRATION THRESHOLDS TO DETE E 
PHYTOTOXICITY IN GRASSES 

Grass Phytotoxic Zn 
Species Threshold 

Creeping bentgrass 

Red top 

Kentucky bluegrass 

Buffalo grass 

Perennial ryegrass 

Reed canary grass 

Tall fescue 
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APPENDIX I 

P W  DRY MATTER PRODUCTION AND LEAF CONCENTRATIONS OF ZINC, 
COPPER, POTASSTCJM, CALCIUM, MAGNESIUM, MANGANESE, IRON, NZTRKrEN, 

AND PHOSPHORUS 



TABLE AT-1 : PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATIOK l[N 
LEAVES OF BEET, VARIETY EARLY WONDER, TEN WEEKS 

FOLLOWING PLANTING IN SOIL SPIKED WITH ZnS04 

Pot 
i; 

Index of Leaf 
Dosage Dry Matter Zn 
Level (mg/~lant) 6 ~ & g l  



TABLE AI-2: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF BEET, 
VARIETY EARLY WONDER, TEN WEEKS FOLLOWING PLANTING IN 

SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg M n  Fe N P 
# (mglkg) (mg/k;g) (mg/kg) ( m a g )  (mg/kg) (mgkg) (mg/kg) (mg/kg) 

1 7.6380 73425.00 17156.75 19585.13 181.938 

2 6.5630 72375.00 13204.75 25910.38 132.663 

3 9.5160 82562.50 12915.00 19542.97 83.359 

4 8.1880 81750.00 12618.25 14979.88 70.588 

5 7.9630 65225.00 16575.75 28405.88 126.238 

6 7.2345 62736.88 16440.00 26786.72 79.578 

7 11.6410 83500.00 14800.63 17914.84 63.734 

8 40.5840 48766.23 37207.79 21217.53 95.779 

9 9.1550 44627.59 22699.17 23618.00 182.754 

NA: No analysis 



TABLE Bf-3: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATIBN IN 
LEAVE% OF BEET, VARIETY RED BALL, FOUR WEEKS FOLLOWING 

PLANTING IN SOIL SPIKED WITH ZnSOa 

Pot 
# 

Index of Tissue 
Dosage Dry Matter Zn 
Level (mdplant) 

AI- 3 



TABLE 141-4: NUTRJENT ELEMENT CONCENTRATIONS IN LEAVES OF BEET, 
VARDeTY RED BALL, FOUR WEEKS FOLLOWING PLANTING IN 

SOIL SPlKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgflcg) (mgflcg) (mgf'kg) (mg/kg) (mgflcg) (mgkg) (mg/kg) 

NA: No analysis 



TABLE AI-5: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF BEET, VARIETY RED BALL, TEN WEEKS FOLLOWING 

PLANTING IN SOIL SPIKED WITH ZnS04 

Pot 
# 

Index of Tissue 
Dosage Dry Matter Zn 
Level (mg/plmt) ( m d b l  



TABLE Al-6: NUTRIENT ELEMfiNT CONCENTRATIONS IN LEAVES OF BEET, 
VARIETY RED BALL, TEN WEEKS FOLLOWING 

PLANTING IN SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mi3 Mn Fe N P 
# (mg/kg) (mgkg) ( m a g )  (mglkg) ( m g k )  (mgfl<g) (mglkg) 

NA: No analysis 



TABLE AI-7: PLANT DRY MATTER PRODUCTION AND ZN CONCENTUTIQX IN 
LEAVES OF BEET, VARIETY RUBY QUEEN, FOUR WEEKS 

FOLLOWING PLANTING IN SOIL SPIKED WITH ZnS04 

Pot 
if 

Index of Tissue 
Dosage Dry Matter Za 
Level (mg/~lant) (mf~/kg) 



TABLE AI-8: NUTRIENT ELEMENT CONCEIVTRATIONS IN LEAVES OF BEET, 
VARIETY RUBY QUEEN, FOUR WEEKS FOLLOWING 

PLANTING IN SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgkg) (mgfkg) (mg/kg) (mg/kg) (mg/kg) (mgflrg) (mgflrg) (mg/kg) 

NA: No analysis 

AI- 8 



TABLE N-9: PLANT DRY MATTER PRODUCTION AND ZN CONCEN'I%ATI:ON IN 
LEAVES OF BEET, VARlETY RUBY QUEEN, TEN WEEKS FOLLOWING 

PLANTING IN SOIL SPIKED WITH ZnS04 

Index of 
Dosage Dry Matter 
Level @&plant) 

Tissue 
Zn 

t m f l ~ a  

AI- 9 



TABLE AI-1 0: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF BEET, 
VARlETY RUBY QUEEN, TEN WEEKS FOLLOWING 

PLANTING IN SOIL SPEED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mi% Mn Fe N P 

# (mgflcg) (mg/kg) (mdkg) (mgflrg) (mg/kg) (mgflcg) (mgflcg) (mgfl<g) 

NA: No analysis 

AI- 10 



TABLE AI.-11: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATICfN IN 
LEAVES OF BUFFALO GRASS PLANTED IN SOIL SPIKED WITH Zn50,: 

Pot 
# 

Index of Tissue 
Dosage Dry Matter Zn 
Level (mgj~lant) (mgik;gl 

AI -  11 



TABLE AT-12: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF BUFFALO 
GRASS PLANTED IN SOIL SPIKED WITH ZnS04 

Pot 
# 

Tissue 
Cu 

(mg/kg) 

Tissue 
K 

(mg/kg) 

Tissue 
Ca 

(mg/kg) 

Tissue 
Mg 

(w&g) 

Tissue Tissue 
Mn Fe 

(mdhz) (mg/kg) 

Tissue Tissue 
N P 

(mglkg) (mglkg) 

NA: No analysis 



TABLE AI-13: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF CORN PLANTED IN SOIL SPIKED WITH ZnSO4 

Index of Tissue 
Dosage Dry Matter Zn 
Level (mg/~lmt) (m@gl 

AI- 13 



TABLE AI-14: NUTRTENT ELEMENT CONCENTRATIONS IN LEAVES OF CORN 
PLANTED IN SOIL SPIKED WITH ZnSO4 

Tissue Tissue 
Pot Cu K 

# (mg/kg) (mg/kg) 

Tissue 
Ca 

(mgflcg) 

Tissue Tissue 
Mg Mn 

(mg/kg) (mlzfkg) 

Tissue 
Fe 

(mgflcg) 

Tissue Tissue 
N P 

(mg/kg) (mglkg) 

NA: No analysis 

AI- 14 



TABLE Af- 15: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF COTTON PLANTED IN SOIL SPIKED WITH 

Index of Tissue 
Dosage Dry Matter 25x1 
Level (mg/~lant) (mgkg) 

AI- 15 



TABLE AI-16: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF COTTON 
PLANTED IN SOIL SPIKED WITH &So4 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg M n  Fe N P 

# (mgkg) (mg/kg) (mflg) (mgkg) (mflg)  (mg/kg) (mflg) (mgkg) 

NA: No analysis 



TABLE AI- 17: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF CREEPING BENTGRASS, VARIETY PENNCROSS, 

P1,ANTED IN SOIL SPIKED WITH ZnS04 

Pot 
ii 

Index of 
Dosage Dry Matter 
Level (mgl~lant) 

Tissue 
Zln 

(adkgj 



TABLE AI- 18: NUTRlENT ELEMENT CONCENTRATIONS IN LEAVES OF CREEPING 
BENTGRASS, VARIETY PENNCROSS, PLANTED IN SOIL SPIKED WITH ZnSO, 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgf"kg) (mg/kg) (mg/kg) (mgfkg) (mg/kg) (mdk)  (mgflcg) (mg/kg) 

NA: No analysis 

AI- 18 



TABLE AI- 19: PLANT DRY MATTER PRODUCTION AND ZN CONCENTKATIC )N IN 
LEAVES OF, KENTUCKY BLUEGRASS, VARIETY BANJO, 

PLANTED IN SOIL SPIKED WITH ZnSO4 

Index of Tissue 
Pot Dosage Dry Matter Zn 
$ Level (mg/~lant) Cmg%$) 



TABLE AI-20: NUTRENT ELEMENT CONCENTRATIONS IN LEAVES OF KENTUCKY 
BLUEGRASS, VARIETY BANJO, PLANTED IN SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mg/kg) ( m g k )  (mg/kg) (mgkg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

NA: No analysis 



TABLE N-21: PLANT DRY MATTER PRODUCTION AND ZN CONCENI'RATION IN 
LEAVES OF LETTUCE, VARIETY ICEBERG, PLANTED 

IN SOIL SPIKED WITH ZnSO4 

Index of Tisme 
Pot Dosage Dry Matter 251 

f: Level (mdplant) (mk"kd 



TABLE AI-22: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF LETTUCE, 
VARIETY ICEBERG, PLANTED IN SOIL SPIKED WITH ZnSO4 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca M!3 Mn Fe N P 

# (mgkg) (mg/kg) (mgflrg) (w&g) (mg/kg) (mgkg) (mEdkg) (mgflcg) 

NA: No analysis 



TABLE AT-23: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF LETTUCE, VARJETY BLACK SEEDED SIMPSON, 

PLANTED IN  SOIL SPIKED WITH ZnS041N 1998 

Index of Tissue 
Pot Dosage Dry Matter Zn 

+# Level (mg/~lant) ( m f l ~ )  



TABLE AI-24: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF LETTUCE, 
VARIETY BLACK SEEDED SIIMPSON, PLANTED IN SOIL SPIKED 

WITH ZIISO~ IN 1998 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mg/kg) (mgkg) (mg/kg) (mg/kg) (mg/kg) (mgkz) (mgkg) (mgkg) 

NA: No analysis 



TABLE M-25: PLANT DRY MATTER PRODUCTION AND ZN CONCEIVIRATION IN 
LEAVES OF LETTUCE, VARIETY BLACK SEEDED SIMPSON, 

PLANTED IN SOIL SPIKED WITH ZnS04 I N  1999 

Index of Tissue 
Pot Dosage Dry Matter Zn 

.ff Level @%/plant) ( m a g )  



TABLE AI-26: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF LETTUCE, 
VARlETY BLACK SEEDED SIMPSON, PLANTED IN SOlL SPIKED WITH ZnS04 IN  1999 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgfkg) (mg/kg) ( m a g )  (mg/kg) (mg/kg) (mg/kg) (mgkg) 

NA: No analysis 



TABLE AJ-27: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF OAT PLANTED IJSJ SOIL SPIKED WITH ZnS04 

Index of Tissue 
:Pot Dosage Dry Matter Z11 
# Level (md~lmt )  (m@li) 



TABLE AI-28: IdlTEUENT ELEMENT CONCENTRATIONS IN LEAVES OF OAT 
PLANTED IN SOIL SPIKED WITH &SO4 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg M n  Fe N P 

# (mg/kg) (mg/kg) ( m d k )  (mgkg) (m@g) (mgflcg) ( m a g )  

NA: No analysis 



TABLE AI-29: f LANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF PERENNIAL RYEGRASS, VARIETY ESSENCE, 

PLANTED I N  SOlL SPIKED WTTH zdo4 

Index of Tissue 
Dosage Dry Matter Zn 
Level (mgl~lant) ~~~~~ 



TABLE AI-30: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF P E R E m  
RYEGRASS, VARIETY ESSENCE, PLANTED I N  SOIL SPIKED WITH ZnSOs 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mg/kg) (mgflrg) (mg/kg) (mg/kg) (mgkg) (mg/kg) (mg/kg) 

NA: No analysis 

AI- 30 



TAB LIE 14f-3 1 : P L N  DRY MATTER PRODUCTION AND ZN CONCENTRATION ICN ' 
LEAVES OF RED TOP, VARIETY STREAKER, PLANTED 

IN SOIL SPIKED WITH ZnS04 

Index of Tissue 
Pat Dosage Dry Matter Z;n 
# Level (mgl~lant) r(mgflc:gl 



TABLE AI-32: P4UTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF RED TOP, 
VARIETY STREAKER., PLANTED IN SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mglkg) (m@g) (mgflcg) Cmgflcg) (mg/kg) (mg/kg) (mgflcg) (mgkg) 

NA: No analysis 

AI- 32 



TABLE AX-33: PLANT' DRY MATTER PRODUCTION AND ZN CONCENTRA?I][ON ZN 
L,EAVES OF REED CANARY GRASS PLANTED IN SOIL SPIKED WITH &.SO4 

Index of Tissrae 
POT Dosage Dry Matter Zn 
# Level (mg/~lant) (mg&g) 



TABLE AI-34: NUTF3ENT ELEMENT CONCENTRATIONS IN LEAVES OF REED 
CANARY GRASS PLANTED IN SOIL SPIKED WITH &so4 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgkg) ( w k )  (mgflcg) (mgflcg) (mg/kg) (mg/kg) (mgflcg) (mg/kg) . 

NA: No analysis 

AI- 34 



TABLE N-35: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRA'EION IN 
LEAVES OF SPINACH PLANTED IN SOIL SPIKED WITH %SO4 

Index of Tissue 
Pot Dosage Dry Matter Zn 
# Level (mgf~lant) C m ~ ~ l  



TABLE AI-36: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF SPINACH 
PLANTED IN SOIL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mgflrg) (mg/kg) (mg/kg) (mg/kg) 

NA: No 'analysis 

AI- 36 



TABLE AI-3'7: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRAT1[QN IN 
LEAVES OF TALL FESCUE, VARIETY HOUNDOG, PLANTED 

IN SOIL SPIKED WITH 

Index of Tissue 
Pot Dosage Dry Matter Zn 
# Level (mg/~lant) ( :mag> 



TABLE AI-38: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF TALL 
FESCUE, VARIETY HOUNDOG, PLANTED IN SOlL SPIKED WITH ZnS04 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mgnEg) (mg/kg) (mgflcg) (mgflcg) (mglkg) (mg/kg) (mg/kg) (m&'kg) 

NA: No anaIysis 



TABLE AI-39: PLANT IlRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF TOMATO PLANTED IN SOIL SPIKED WITH ZnS04 IN 1 998 

Index of Tissue 
Pot Dosage Dry Matter Zn 
8- Level (mg/~lant) i(mgkg1 

AI- 39 



- TABLE AI-40: NUTRENT ELEMENT CONCENTRATIONS IN LEAVES OF TOMATO 
PLANTED IN SOIL SPIKED WITH &SO4 IN 1998 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg M n  Fe N P 

# (mg/kg) (mgflcg) (mgflcg) (mgflcg) (mg/kg) (m&g) (mg/kg) 

NA: No analysis 



TABLE AI-41: PLW DRY MATTER PRODUCTION AND m CONCENTRATION IN 
LEAVES OF TOMATO PLANTED IN SOIL SPIKED WJTH ZnS04 IN 1989 

Index of Tissue 
Pot Dosage Dry Matter 233 
# Level (mg/~lmt) (mgrICg1 



TABLE AI-42: NUTRIENT ELEMENT CONCENTRATIONS IN LEAVES OF TOMATO 
PLANTED IN SOlL SPIKED WlTH ZnS04 IN 1999 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg M n  Fe N P 

# ( m g k )  ( m g k )  (m@g) (mgflcg) ( m a g )  (mg/kg) (m@g) (mg/kg) 

NA: No analysis 



TABLE M-43: PLANT DRY MATTER PRODUCTION AND ZN CONCENTRATION IN 
LEAVES OF WHEAT PLANTED IN SOIL SPIKED WITH ZnS04 

Index of Ti'iswe 
Pot Dosage Dry Matter Zn 
# Level (mgl~lant) (mgkg) 



TABLE AI-44: NUTRIENT ELEMENT CONCENTRATIONS I N  LEAVES OF WHEAT 
PLANTED IN SOIL SPlKED WITH ZnSO4 

Tissue Tissue Tissue Tissue Tissue Tissue Tissue Tissue 
Pot Cu K Ca Mg Mn Fe N P 

# (mflg) (mgkg) (mg/kg) (mg'kg) (mflg) (mgflsg) (mgfkg) (mg/kg) 

1 12.3250 55214.00 
2 8.7750 54894.50 
3 8.5750 56631.00 
4 9.9250 56225.50 
5 9.5250 61565.50 
6 9.2250 58564.50 
7 8.2750 55861.50 
8 8.2750 54577.50 
9 7.5250 53656.00 

10 8.8750 47611.00 
11 7.4250 48665.50 
12 7.1250 53123.50 
13 5.8750 44593.00 
14 7.7750 44328.50 
15 5.8250 47100.50 
16 7.1390 30025.56 
17 6.8055 30218.89 
18 6.9380 24027.50 
19 7.6945 14148.61 
20 7.6945 23098.33 
21 7.3250 27512.00 

NA: No analysis 



APPENDIX 11 

RESULTS OF ADAPTIVE GROUPING ANALYSIS INCLUDING GROUPING INDEX, 
ESTIMATED GROUP MEAN PLANT DRY MATTER AND AVER4GE LEAF ZLN% 

CONCENTRATION FOR EACH ZINC DOSAGE LEVEL 



TABLE AII-1: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR 10 WE= OLD 
BEET, VARIETY EARLY WONDER, INCLUDING GROUPING DESIGNATION (GROUP 

INDEX), E S m T E D  GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (ma kgg1) 



TABLE AJI-2: RESULTS OF ADAPTIVE GROUPLNG ANALYSIS FOR FOUR WEEK OLD 
BEET, VARETY RED BALL, INCLUDING GROUPING DESIGNATION (GROUP INDEX), 
ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC CONCENTRATION 

FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-') (mg kg-') 



TABLE AII-3: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR 10 MrEEK OLD 
BEET, VANETY RED BALL, INCLUDING GROUPING DESIGNATION (GROW INDEX), 
ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC CONCENTRATION 

FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant") (mg k*il 



TABLE AIf-4: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR FOUR WEEK OLD 
BEET, VARIETY RUBY QUEEN, INCLUDING GROUPING DESIGNATION (GROUP 

INDEX), ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (mg kg-') 



TABLE AII-5: RESUZTS OF ADAPTIVE GROUPING ANALYSIS FOR 10 WEEK OLD 
BEET, VARIETY RUBY QUEEN, INCLUDING GROUPING DESIGNATION (GROLF 

INDEX), ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Aver%$ 
Dosage Group Group Mean Tisme 
Level Index Dry Matter Zinc 

(mg plant-') tmg kgi) 



TABLE Al-6: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR BUFFALO GRASS 
INCLUDING GROUPING DESIGNATION (GROUP INDEX), ESTIMATED GROUP MEAN 
DRY MATTER AND MEAN LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (mi3 kg-') 



TABLE AB-7: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR CORN, V 
PIONEER 3394, INCLUDING GROUPING DESIGNATION (GROUP INDEX), ES 

GROUP MEAN DRY MATTER AND MEAN LEAF 
ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plantt') 6% kg"!) 



TABLE Af[-8: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR COTTON, 
VARIETY ACALLA, INCLUDING GROWING DESIGNATION (GROUP INDEX), 

ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(lng plant-1) (mg kg-') 



TABLE RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR CREEPING 
BENTIGRASS, VARIETY PENNCROSS, INCLUDING GROUPING DESIGNATTON 

(GROW INDEX), ESTIMATED GROUP MEAN DRY MATTER AND 
hmAN LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (mg kg-9 



TABLE ATZ-10: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR KENTUCKY 
BLUEGRASS, VARIETY BANJO, INCLUDING GROUPING DESIGNATION 

(GROUP INDEX), ESTlMATED GROUP MEAN DRY MATTER AND 
MEAN LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-') (mg kg-') 



TABLE AII-11: RESULTS'OF ADAPTIVE GROUPING ANALYSIS FOR L E m C E ,  
V4iRTETY ICEBERG, INCLUDING GROUPING DESIGNATION (GROUP INDEX), 

ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissm 
Level Index Dry Matter Zinc 

(mg plant-') (mg 



TABLE AD-12: RESULTS OF ADAPTIVE GROWING ANALYSIS FOR OAT, VARIETY 
OGLE, INCLUDING GROUPING DESIGNATION (GROUP INDEX), ESTIMATED 

GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg (mg kg-') 



TABLE AII- 13 : RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR P 
RYEGRASS, VARIETY ESSENCE, INCLUDING GROUPING DESIGNATION 

(GROW LNDEX), ESTIMATED GROUP MEAN DRY MATTER AND 
1mm IM m CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant") (mg kg') 



TABLE AI-14: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR REED CANARY 
GRASS INCLUDING GROUPING DESIGNATION (GROUP DIDEX), ESTIMATED GROUP 
MEAN DRY MATTER AND MEAN LEAF ZINC CONCENTRATION FOR EACH DOSAGE 

LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant") (mg kg-') 



TABLE AII-15: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR SPIMACH, 
VARIETY BLOOMSDALE LONGSTANDING, INCLUDING GROUPING DESIGNATION 

(GROLT INDEX), ESTIMATED GROUP MEAN DRY MATTER AND ]MEAN LEAF 
ZhiC CONCENTRATION FOR EACH DOSAGE LEVEL 

M e x  of Estimated .4verage 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant-1) (mg kg-') 



TABLE AII- 16: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR TALL FESCUE, 
VARIETY HOUNDOG, INCLUDING GROUPING DESIGNATION (GROUP INDEX), 

ESTIMATED GROUP MEAN DRY MATTER AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter zinc 

(mg plant'1) (mg kg-') 



TABLE AII-17: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR TOmTO, 
VARIETY RWGERS, GROWN IN 1999 INCLUDING GROUPING DESIGNATION 

(GROUP WDEX), ESTIMATED GROUP MEAN DRY MATTER AND MEAN 
LEAF ZINC CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zim 

(mg (mg kg;) 



TABLE AII-18: RESULTS OF ADAPTIVE GROUPING ANALYSIS FOR WHEAT, 
VARIETY MADISON, INCLUDING GROUPDIG DESIGNATION (GROUP INDEX), 

ESTIMATED GROUP MEAN DRY MAT= AND MEAN LEAF ZINC 
CONCENTRATION FOR EACH DOSAGE LEVEL 

Index of Estimated Average 
Dosage Group Group Mean Tissue 
Level Index Dry Matter Zinc 

(mg plant") (mg kg-') 



OBSERVED AND INTTIALLY CONSTANT SINGLE-KNOT SPLINE MODEL PWDICTED 
PLANT DRY MATTER PRODUCTION ASSOCIATED WITH L E N  Zn 
CONCEI?TR.ATIONS FOR GRASSES AND FOOD AND FIBER CROPS 



FIGURE AIII- I : OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR BEET, VARIETY EARLY 
WONDER, 10 WEEKS AFTER PLANTING 

o raw data -predicted values 
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FIGURE Am-2: OBSERVED AM> SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR BEET, VARIETY RED 
BALL, FOUR WEEKS AFTER PLANTING 
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FIGURE Am-3: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 
WITH LEAF Zn CONCENTRATIONS FOR BEET, VARIETY RED 

BALL, 10 WEEKS AFTER PLANTING 
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o raw data - predicted values 
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FIGURE Am-4: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 
WITH LEAF Zn CONCENTRATIONS FOR BEET, VARJETY RUBY 

QUEEN, FOUR WEEKS AFTER PLANTING 
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FIGURE AID-5: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PKEDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 
WITH LEAF Zn CONCENTRATIONS FOR BEET, VARlETY RUBY 

QUEEN, 10 WEEKS AFTER PLANTING 

1 0  1 o raw data - predicted values 
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FTGURE AIJI-6: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR BUFFALO GRASS 
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FIGURE Am-7: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED WITH 

LEAF Zn CONCENTRATIONS FOR CORN 
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FIGURE Am-8: OBSERVED AND SINGLE-KNOT SPLINE 
MODEL PREDICTED PLANT DRY MATTER PRODUCTION 

ASSOCIATED WITH LEAF Zn CONCENTRATIONS 
FOR COTTON 
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FIGURE Am-9 OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR CREEPING 
BENTGRASS 
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FIGURE Am-10: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WJTB LEAF Zn CONCENTRATIONS FOR KENTUCKY BLUEGRASS 
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FIGURE AID-l 1 r OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR LETTUCE, VARIETY 
BLACK SEEDER SIMPSON, GROWN IN 1998 

o raw data - predicted values 
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FIGURE Am-1 2: OBSERVED AND SINGLE-KNOT SPLINE 
MODEL PREDICTED PLANT DRY MATTER PRODUCTION 

ASSOCIATED WITH LEAF Zn CONCENTRATIONS FOR 
LETTUCE, VARIETY BLACK SEEDED SMF'SON, GROWN IN 
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FIGURE AIII- 1 3 : OBSERVED AND S WGLE-KNOT SPLINE MODE12 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 
WITH LEAF 211. CONCENTFL4TIONS FOR LETTUCE, VARIETY 

ICEBERG 
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FIGURE Am-14: OBSERVED AND SINGLE-KNOT SPLINE 
MODEL PREDICTED PLANT DRY MATTER PRODUCTION 

ASSOCIATED WITH LEAF Zn CONCENTRATIONS FOR OAT 
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FIGrn Am-1 5:  OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED WITH 

LEAF Zn CONCENTRATIONS FOR PERENNIAL RYEGUSS 
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FIGURE AIII-16: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED WITH 

LEAF Zn CONCENTRATEONS FOR RED TOP 
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FIGURE AIII-17: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 
WITH LEhF Zn CONCENTRATIONS FOR REED CANARY GRASS 
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FIGURE Am-1 8: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

WITH LEAF Zn CONCENTRATIONS FOR SPMACH 
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FIGURE Am-19: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

U7UH LEAF Zn CONCENTRATIONS FOR TALL FESCUE 

o raw data - predicted values 
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FIGURE AIII-20: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED WITH 

LEAF Zn CONCENTRATIONS FOR TOMATO GROWN IN 1998 
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FIGURE m - 2  1 : OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED 

Ti;SrITH LEAF Zn CONCENTRATIONS FOR TOMATO GROWN IN 1999 
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FIGURE Am-22: OBSERVED AND SINGLE-KNOT SPLINE MODEL 
PREDICTED PLANT DRY MATTER PRODUCTION ASSOCIATED WITH 

LEAF Zn CONCENTRATIONS FOR WHEAT 
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