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SUMMARY 

The Metropolitan Water Reclamation District of Greater 

Chicago (District) has owned and operated a 6,300 ha land sec- 

lamation site in Fulton County, Ill.inois, for the past 28 

years. Long-term monitoring data from eight fields anended 

from 1974 through 1984, with a total of 543 Mg ha-' of bio- 

sol ids, were used to test the hypothesis that mineralization 

of asyanic carbon (organic C) in the amended soil foi- wing 

cessarion of biosolids applications would produce a "biosolids 

time bomb" effect leading to a dramatic increase in ,he phy- 

toi~va~lability of trace elements, which were otherwise un- 

available for plant uptake when the biosolids were first ap- 

pl le5. 

During a 13 -year period following cessation of b:.oso,ids 

appllcaticns, mean soil organic C decreased from 51.0 t s i  38.0 

g Kg'", It was estimated that 46 - 2  percent of the total or- 

ganic C added to the amended fields mineralized betweer. 1974, 

when biosolids applications first began, and 1997, t h e  final 

year of this study. This large net mineralization of soil or- 

g~inl': C led to significant increases in the ratios cf soil 

tiraer? element concentrations to soil organic C concenLration 

(relative trace element concentration) . The mean relative 



trace element concentration increased by 25.8, 21.6, 33.3, and 

37.2 percent for Cd, Cu, Ni, and Zn, respectively, from the 

first three years following cessation of biosolids applica- 

tions to the final three years of the study. These increases 

indicate that trace elements were being released from poten- 

tial binding sites in biosolids organic C during the study pe- 

riod, a necessary condition for the biosolids time bomb ef- 

fect, if it were to occur. 

However, contrary to the hypothesis that the mineraliza- 

tion of soil organic C would lead to a release of trace ele- 

ments into more phytoavailable forms, significant decreases in 

the concentration of Cd, Cu, Ni, and Zn in corn leaves, and Cd 

and Ni in corn grain were observed during the study period. 

The decreases in the concentration of these trace elements in 

corn leaves and grain indicate that significant mineralization 

of soil organic C does not lead to their increased phytoavail- 

ability. Modeling of organic C mineralization in biosolids- 

amended fields indicates that net mineralization had either 

ceased by the 1 2 ~ ~  year following cessation of biosolids appli- 

cations, or it is proceeding so slowly that soil organic C 

levels in these amended fields won't reach their original lev- 

els in the soil that is not amended with biosolids (control) 

for another 103 years. Therefore, it does not appear that a 



time bomb effect will ever occur in these fields and that con- 

trary ta the hypothesis, the net mineralization of biosolids 

organi.~ C in amended soils will not increase the phytoavail- 

ability of Erace elements. 



INTRODUCTION 

Land application of biosolids is a widespread practice in 

the U n i t e d  States. The practice is attractive because the 

biosolids are rich in N and P and can be utilized in p:ace of 

commercially produced fertilizers to supply crop requ~rernents 

for these elements. In addition to benefits derived from the 

nut rierlts supplied in the biosolids, soil organic snatcet1- is 

also replenrshed. This is an important attribute of ;ant2 ap- 

rtili- pli-cation of biosolids because sustained conventional. fe- 

zation of continuous cropping rotations leads to deplecxon of 

SO:L~ organlc C (Rasmussen et al., 1998; Odell et al., 1 9 8 4 ;  

CA!;T, 1980!, and the application of biosolids enriches soils 

wizh organlc C instead of depleting it. The continuous input 

of organic matter from land application of biosolids car be a 

very important component of sustained productivity in tne na- 

tion's agricultural soils. 

The practice of land applying biosolids is regdazed by 

the United States Environmental Protection Agency's ('JSFE,XI 40 

CF'R Part 503 "Standards for the Use or Disposal of Sewage 

Sl.udgeW (CfSEPA, 1993) . Biosolids which meet the metals; con- 

centration limits defined in Section 503.13, the patho~en re- 

ductzon criteria of Section 503.32, and the vector atzraction 



reduction requirements of Section 503.33 may be perpetually 

land applied at agronomic rates to support sustained produc- 

tivity of agricultural soils with minimal regulatory overview. 

While continuous application of biosolids to agricultural 

soils might theoretically support sustained productivity, for 

a given parcel of land, it may not be practicable or feasible 

to carry such a practice into perpetuity due to changes in 

land ownership and land use. This fact has given rise to a 

concern, expressed by critics of land application of bio- 

solids, about the accumulation and plant uptake of trace ele- 

ments contained, in the biosolids that are applied on land af- 

ter applications of biosolids cease. Biosolids organic matter 

is not inert in the soil environment and mineralizes after ap- 

plications are made. For example, Beckett et al. (1979) were 

concerned about the mineralization of the organic content of 

blosolids, and the subsequent release of large quantities of 

applied trace elements after the biosolids applications on 

soil ceased. During biosolids applications the trace metals 

are tightly bound to the organic fraction of biosolids, and 

not available for plant uptake. Beckett et al. (1979) coined 

the phrase "time bomb" to describe the potential for increased 

bioavailability of trace elements that could occur as a result 

of their release from binding with organic matter due to its 



mineralization after biosolids applications cease. McBr ide 

(19951 recently reiterated the concern that the slow minerali- 

zation of organic matter in biosolids could release the bound 

trace elements into more soluble forms that are readily avail- 

able for uptake by plants in a fashion similar to the time 

bomb effect. 

Clhang et al. (1997) recently tested the time b hy- 

pothesis utilizing data (Cd uptake by Swiss chard) f r ~ m  their 

long-rerm hiosolids-amended plots. They concluded that there 

was no evidence that increases in metal uptake by Swiss chard 

occxrred ten years after cessation of biosolids applicatlons. 

McBride (1 995) reviewed the global literature for evidence 

that trace element solubility and availability to planks in- 

creased f~ilowing the cessation of biosolids applicatlons. He 

focnd that there was no clear evidence for increased avail- 

a b i l l t y  of trace elements with time following the cessation of 

biosoiids applications. McBride (1995) further conci~dcd that 

a fairly stable situation exists in biosolids-amended soils, 

in which the loss of a large fraction of added organic matter 

will not substantially release the soil metals into an avail- 

able form for uptake by plants. These conclusior?,s suggest 

t.hat the hiosolids time bomb hypothesis is not supported by 

evidence in the existing scientific literature. 



This may be due to the fact that many researchers have 

reported that organic matter is in fact not the predominant 

binder of trace elements in biosolids or biosolids-amended 

soils. Brown et al. (1998) demonstrated that even after 84 

percent of the organic matter had been mineralized from bio- 

solids-amended soil, the concentration of Cd in lettuce had 

not significantly changed from initial concentrations, and it 

was much lower on biosolids-amended plots than on plots 

amended with equal amounts of Cd added as a soluble salt. 

This indicates that biosolids components other than organic 

matter are effective binders of trace elements. Dudka and 

Chlopecka (1990) reported that only 25 percent of the Cd, 21 

percent of the Ni, and 17 percent of the Zn were contained in 

the organic fraction of a heavily Zn contaminated biosolids, 

while nearly all of the remainder of the trace elements were 

found as carbonate, Fe-Mn oxide, and residual (extractable 

only by concentrated mineral acids) fractions. Emmerich et 

al. (1982) reported that the biosolids organic fraction con- 

tained only 22.4, 60.4, 24 - 3 ,  and 27.9 percent of the Cd, Cu, 

Ni, and Zn present in biosolids. Planquart et al. (1999) 

found that only 13 to 22 percent of the Zn and 14 to 32 per- 

cent of the Cu resided in the organic fraction of biosolids 

composts, with nearly all of the rest of the Cu and Zn resid- 



ing in the inert oxide and residual fractions. McGrath and 

Cegarra (1992) observed that the percentage of Cd, Cu, Si, and 

Zn in the organic fraction of long-term biosolids-anended 

fields was ~ 1 0 ,  <40, ~ 2 0 ,  and c20 percent, respectivel:~, with 

most 3f the remaining trace elements residing in the res.idual 

and carbonate fractions . Kuo et al. (1985) reported that 

amorphous Fe oxides are t.he most important component of bio- 

solids-amended soils controlling the plant concentra%j.o~~s of 

Cd and Zn, and that soil organic matter content had 1itt;e re- 

lationship with the metal availability to plants. 

Sranato et a1 . (1999) reported that the concentrat2rPns of 

Cd, Cu, NI, and Zn did not increase in corn grain or leaves 

duririg a 13-year period following the cessation of biosoiids 

applrcations at a 6,300 ha land reclamation site in F'ulton 

County, Illinois. This observation adds further credenze and 

supports the results presented by other investigators that no 

time bomb effect occurs due to the release of trace elements 

from binding with biosolids organic matter, even after the 

cessation of the application of biosolids on land for many 

years, and with no fresh application of biosolids being xade. 

Although Granato et al. (1999) reported in thelr study 

thzt na significant increase in the plant uptake of trace met- 

als occurred even 13 years after the cessation of f=;3solids 



applications, a detailed analysis of the data collected over 

the 13-year period was not made for that report. In this re- 

por t ,  a critical analysis of the data was made to validate 

their earlier conclusions. 



MATERIALS AND METHODS 

Description of Experimental Fields 

?he experimental area is a functioning land recimation 

site located approximately 300-km southwest of Chicago ;r F u l -  

tor. County, Illinois. The site is 6,300 ha in size, apy.rcxi- 

mately 1,751 ha of which have been developed into 75 fields 

for bi.osollds applications and crop production. 

'For the purposes of this study, we identified 8 f;elds, 

averaging 17.1 ha, that had received similar loadings of bio- 

so;ids in the same years. The mean cumulative mass load,ng of 

biosollds and trace elements Cd, Cu, Ni, and Zn app;:ec? to 

tnese  fields from 1974 through 1984 was 543 Mg ha-', and 135, 

87 3, 213, 1,647 Kg ha-', respectively. The mean conces,trations 

of ",a, Cu. i and Zn in the biosolids applied betwee:; L974 

and 1984 were 248, 1,607, 392, and 3,033 mg K~-', respect:vely. 

These f r e l d s  have received no biosolids since 1984, ~ i n d  they 

are referred to as biosolids-amended fields. We also :denti- 

fie33 18 E~elds, averaging 25.6 ha, that had never received 

bicsciids and included these fields as experimental cortrols. 

These control fields are henceforth referred to as unz~nended 

f i-el'cs. 



The biosolids applied to fields in this study were pro- 

duced from waste-activated sludge that was anaerobically di- 

gested, and then aged in lagoons. The biosolids had a mean 

volatile solids (organic matter) content of 41.9 percent. The 

mean soil pH of the biosolids-amended fields was observed to 

be between 6.59 and 6.91 for all years of this study, except 

1989 when it was 7.14. 

Analysis of Trace Elements and Organic Carbon 

Trace element concentrations in soil and in plant tissue 

were analyzed for both biosolids-amended and unamended fields 

over the 13-year period subsequent to the cessation of bio- 

solids amendment in 1984 (Granato et al., 1999) . Organic C 

concentrations for this period were also analyzed for both 

amended and unamended fields (Nelson and Sommers, 1982). 

Statistical Analysis of Data 

Regression models for trace element concentrations in 

soil and plant tissues and organic C in soil in terms of time 

"t" in years since the amendment ceased were selected using 

cross-validation techniques (Appendix I). These models allow 

for a general nonlinear form. Models for organic C concentra- 

tions also allow for the expected concentration to be differ- 

ent for the two types of fields and allow for the expected 



concentration in the amended fields to reach an equxl:brium 

level in a finite number of years, to. Trace element concen- 

tration curves are derived from actual trace element ccncen- 

tration data and are plotted in the figures of this paper, but 

the estimated parameter values are not reported since these 

curves are used to illustrate patterns over time ir_ Lotted 

concectration data, and are not meant to generalize beyoy-d the 

reported daca, or beyond the actual study period. (See Appen- 

dir: I for a detailed treatment of these issues.) "he solid --- 

lines in the figures are best-fit estimators of trace e,ement 

concentrati~n over time derived via the cross validation tech- 

niques presented in the Appendix I. 



RESULTS AND DISCUSSION 

We have identified four conditions necessary for success- 

ful testing of the biosolids time bomb hypothesis. We will 

first demonstrate that all four of these conditions for test- 

ing and detecting the biosolids time bomb effect existed in 

our study. We will then evaluate the data to determine 

whether or not a biosolids time bomb effect has occurred, and 

whether one is likely to occur in the future. 

Condition 1: Trace Element Concentrations in Soil Must Be 
Siqnificantly Elevated By Biosolids Amendments 

The first condition necessary for producing and detecting 

the biosolids time bomb effect, if any, is that biosolids must 

be applied to land at rates that significantly elevate the 

trace element concentrations of the soil. This is necessary 

since the time bomb hypothesis is based on the premise that 

the biosolids will lose their ability to bind endogenous trace 

elements due to mineralization of organic C. The time bomb 

hypothesis postulates that as the biosolids release the trace 

elements bound originally with the organic C fraction during 

its mineralization, the soil's ability to bind these trace 

elements will be overwhelmed, and the bioavailability of the 

released trace elements will rapidly increase. 



Biosolkds were applied to the eight fields utilized in 

t h : ~ ~  study for eleven consecutive years at a mean annual ap- 

p1:ieation rate of 49.4 Mg ha-'. During this time (1974 through 

19841, the concentrations of Cd, Cu, Ni, and Zn were Lncreased 

in the surface soil of these biosolids-amended fields by 4008, 

1643, 21.5, and 1163 percent, respectively (Table 1). The to- 

ta:L mass inputs of these trace elements was 135 Kg ha-"ss Cd, 

87:3 Kg ha-' for Cut 213 Kg ha-' for Ni, and 1,647 Kg 3a-' for 

Zn . 

If the time bomb hypothesis is to be accepted, 1 .c. , the 

biosolids crganic C is the only important sink capable sf ef- 

fectively binding these trace elements, then these t ssee  ele- 

ments shocld be taken up by plants similarly to a soluble salt 

form as they are released during mineralization of orgsnlc C 

in Giosolids-amended soils. Trace elements applied tc soils 

as soluble salts, at rates much lower than described above, 

have been shown to produce extremely large increases ;E "eir 

concentration in crop tissues (Mahler et al., 1987; H~nesly, 

1385; Morrvedt and Giordano, 1975; Bingham et al., 1975; tun- 

ni.ngharn et al., 1975). 

In this long-term study, far greater quantities of each 

trace elenent have been applied to soils than those far solu- 

bl-e zrace element salts, which were reported to produce Large 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 

INCREASES IN CONCENTRATIONS OF CD, CU, NI, AND ZN IN SURFACE 
SOILS DUE TO BIOSOLIDS APPLICATIONS TO AMENDED FIELDS 

Mean Soil Concentration 
After Biosolids Increases in 

Element Unamended Applications Ceased Soil Concentration 



increases in plant tissue trace element concentrations, The 

first condition necessary for producing and detecting the bio- 

solids time bonib has thus been met in this study. 

Condition 2: The Trace Elements Applied to Biosolids-Amended - 
Fields Must Remain in the Root Zone During the Test -- Period 

The second condition necessary for the hypothesized time 

bornh effect to occur is that trace elements applied via the 

bioscrids to the surface soil of the test fields must remain 

in ~k.e root zone where they are available in a form to be 

ta:~e.r, up by the test crop through the roots during the test 

period. hy increase in the concentrations of trace elements 

in tissues of the test crop can be attributed to the lcereased 

biaavailability of the trace elements released from biesolids 

due to organic C mineralization rather than to the a~ount of 

trace elements that are present in the soil. 

Curins the 13-year test period that was used I n  this 

study, Granato et al. (1999) have demonstrated that there was 

no significant (pc0.05) change in the concentrations sf l C i  and 

Zn in the top 15 cm of biosolids-amended soil. While the ap- 

parenL decrease in the concentrations of Cd and Cu were found 

to be statistically significant (pc0.05) in the surface 15 cm 

of sol1 during the same test period, the decreases were small 

((26 decreased by 6.4 percent and Cu decreased by 8.4 percent) . 



Fiqure 1 displays scatter plots of the Cd, Cu, Ni, and Zn 

concentrations in the surface 15 cm of soil throughout the 

study period. While there is significant scatter in the data 

presented in Figure 1, the plots clearly illustrate that there 

is no trend of decreasing concentrations of trace elements in 

the surface soil of the biosolids-amended fields in this 

study. The curves running through the scatter plots show the 

mean soil trace element concentration estimated by the best 

fitting model and are included merely to highlight trends in 

the data. The fact that the best fit curves for Cd, Ni, and 

Zn oscillate between increasing and decreasing concentration 

with time is also indicative that no consistent loss of trace 

element from the surface soil is occurring for these elements, 

and the oscillation in the data may be attributed to random 

sampling and analytical errors. 

The second condition necessary for producing and detect- 

ing the biosolids time bomb effect has thus been met in this 

study. 

Condition 3: Sufficient Organic C Must Mineralize in the Soil 
of Amended Fields to Provide A Significant Release of Trace 
Elements From Biosolids Binding Sites During the Test Period 

The third condition necessary for the biosolids time 

bomb effect to occur is that significant mineralization of 
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FIGURE 1 

TRACE ELEMENT CONCENTRATIONS IN SURFACE SOIL FROM BIOSOLIDS- 
IUd[ENDED FIELDS DURING THE 13-YEAR TEST PERIOD FOLLDWING 

THE CESSATION OF BIOSOLIDS APPLICATIONS 
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Years Since Biosolids Amendmnl teased 



biosolids organic C must occur during the test period. Ac- 

cording to the time bomb hypothesis, this is essential to pro- 

duce a substantial reduction in the capacity of the biosolids 

to bind trace elements. As the biosolids organic C is miner- 

alized and this postulated binding capacity is lost, trace 

elements should become more available for plant uptake. 

Granato et al. (1999) have demonstrated that during the 

13-year test period, the concentration of soil organic C de- 

creased significantly (~~0.05) from 51 to 38 g ~g-l. When one 

considers that the organic C concentration of the unamended 

soil is 14 g ~g-l, the organic C attributable to biosolids was 

decreased from 37 to 24 g ~g-l, a decrease of 35.1 percent dur- 

ing the test period following cessation of biosolids applica- 

tions. This is only the quantity of biosolids organic C that 

mineralized in the soil after the final biosolids application 

was made in 1984. However, organic C from biosolids applica- 

tions that were made prior to 1984 was also mineralizing dur- 

ing the period of continuous applications. 

Organic C was never measured directly on the biosolids 

applied to the fields in this study during the years that ap- 

plications were made repeatedly, but i't can be estimated by 

using a mean volatile solids concentration of 419 g ~g-'. If 

the volatile solids concentration is assumed to be a good es- 



tiinator of total organic matter and the common conversion fac- 

tor of 0.58 is used to convert total organic matter to total 

organic C (Nelson and Sommers, 1982) , the 543 Mg of b;.osolids 

apphed to each ha of land contained 243 g Kg-' of organ2.r: C. 

Sranato et al. (1999) reported that the biosoirds-soil 

mixing zone for these fields is 23 cm deep, with the soil con- 

tributing 15 cm of depth and the biosolids contributin? 8 cm 

of depth. If the 15-cm layer of soil is estimated tc have a 

bulk density of 1.5 g ~ r n - ~ ,  and the organic C concentration is 

14 3 ~ 9 - l  and it was uniformly mixed with 543 Mg of biosolids 

havirxg an organic C concentration of 243 g Kg-', the sixface 

soil in tke biosolids-amended fields should have had 2n or- 

ganic C concentration of 58.6 g ~g-' at the end of t h e  bio- 

sol ids application period. 

On the assumption that the surface soil from bissolids- 

amended fields had an organic C concentration of 58.6 g Kg-' 

(had no mineralization occurred) and the background Level of 

organic C was 14 g Kg-', the surface soil should have received 

44.0 g Kg-" of biosolids organic C. Therefore, 46.2 percent of 

t:~e total biosolids organic C added to the fields in this 

stud.i had mineralized by the end of the test period, secause 

the soils from the biosolids-amended fields contained on ly  24 

g ~ g - '  of organic C at the end of the test period. 



These observations and computations indicate that a large 

and significant quantity of organic C was mineralized in bio- 

solids-amended soils in this study. Since the major premise 

of the time bomb hypothesis is that the biosolids-amended soil 

loses its ability to bind trace elements as the organic C min- 

eralizes, we computed relative trace element concentrations 

and the ratio of trace element concentration to organic C con- 

centration in the soil of each field for each year of the 

study. As this relative trace element concentration in- 

creases, it is indicative of the loss of potential binding 

sites in the soil due to the mineralization of biosolids or- 

ganic C. Significant increases in this relative trace element 

concentration should be indicative of significant changes in 

the ability of the biosolids to bind trace elements via their 

organic matter. If biosolids organic matter is as important 

in binding trace elements, as is postulated in the time bomb 

hypothesis, then trace element bioavailability should increase 

as this relative trace element concentration increases. 

Regression models for these relative trace element con- 

centrations in terms of time, e .  , in years since amendment 

ceased), were selected using cross-validation techniques. 

These models allowed for the possibility of estimated relative 

trace element concentrations having complex time behavior 



e .  oscillating randomly up and down). Mean rela~ive Cd, 

Cu, and Zn levels estimated by the best fitting models, repre- 

sented by solid lines in Figure 2, increased monotosi:.tsally 

over time with substantial increases occurring from the begin- 

nirio to the end of the test period. Predicted mean zickel 

rel-ati-ve concentrations also increased substantially frcv the 

beginning to the end of the test period, but they did nst fol- 

low a regular monotonic trend. Figure 2 indicates quite 

c1ear:iy that substantially larger amounts of Cd, Cu, N:, and 

Zn relative to organic C are available for uptake at the end 

of the test period than at the start as is required tc produce 

a time bomb effect on plant uptake during this test period. 

Further statistical analysis of our data indicates that 

th'z mean relative concentrations of Cd, Cu, Ni, and Z c  calcu- 

lated for the last three years of the test peri-od, 1995  

thrauqh 1397, were significantly larger (p=0.0001) than those 

calculated for the first three years of the test period, 1985 

thrciugn 1967. When the relative concentrations for these two 

pericds are compared, an increase of 25.8, 21.6, 33.Lb, and 

37.2 percent is observed for Cd, Cu, Ni, and Zn, respectively, 

(Table 2 )  . --- 

Interestingly, Senesi et al. (1989) used soils that had 

received hiosolids applications of up to 630 Mg ha" over a 
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FIGURE 2 

RATIO OF TRACE ELEMENTS TO ORGANIC C IN THE SURFACE SOIL 
FROM BIOSOLIDS-AMENDED FIELDS DURING THE 13-YEAR TEST 
PERIOD FOLLOWING CESSATION OF BIOSOLIDS APPLICATIONS 
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TABLE 2 

CHANGE IN RATIO OF TRACE ELEMENT TO ORGANIC C 
IN SURFACE SOIL OF BIOSOLIDS-AMENDED FIELDS FOLLOWING 

CESSATION OF APPLICATIONS 

Trace Element/Organic C in Surface Soil 
Equal 

Mean Mean Mean Test m i-e of 
Element 2985-1987  1 9 9 5 - 1 9 9 7  p-value ~est' 
----- 

- - - - - - - - -  ~mole g-l organic C - - - - - - - - - -  

---- 
'1n all cases, the Shapiro-Wilk test for normality was non- 
significant. When the F test for constant variance was sig- 
nificant, we used the t-test adjusted for nonconstant vari- 
ance ( ad j  . t) . Otherwise we used the standard t test, (L! - 



seven year period to demonstrate that as soil concentrati-ons 

of Cd, Cu, Ni, and Zn reached as high as 18, 298, 132, and 

1043 mg ~g-l, their concentration in the humic acid fraction of 

these biosolids-amended soils reached a plateau at approxi- 

mately 0.06, 122, 3.8, and 213 pmoles g-l. In our study, the 

relative concentration of Cd, Cu, Ni, and Zn at the end of the 

test period was 11.7, 134.1, 38.8, and 326.9 prnoles g-I. 

Hence, if one assumes that all of the trace element content of 

the biosolids-amended soils resides in the residual organic 

matter, as the time bomb theory postulates, then it appears 

that organic C in the biosolids-amended fields of this study 

may be at saturation with respect to binding Cu and is well 

past saturation with respect to binding Cd, Ni, and Zn. 

The third condition necessary for producing and detecting 

the biosolids time bomb effect has therefore been met in this 

study. 

Condition 4: An Appropriate Means of Detecting Changes in 
Bioavailability of the Trace Elements to Plants Must Be Avail- 

able During the Test Period 

The fourth condition necessary for the hypothesized bio- 

solids time bomb effect to occur is that biosolids applica- 



tions must cease, and a test crop must be grown at the begin- 

ning and end of the test period. This is the period cf ~ i m e  

following cessation of biosolids applications to a l l c a w  for 

eve~luation of changes in the bioavailability of the trace ele- 

ments that may occur. In this study, concentrations rf Cd, 

Cu, N1, and Zn were measured in leaves and grain of car- from 

all of the amended fields where it was grown in each of t h e  13 

years of the test period. 

The fourth condition necessary for producing and d, -tect- 

ing the biosolids time bomb effect has thus been met in this 

st ucy . 

Evaluation of the Occurrence of the Time Bomb E f f e c r  -- 

From the foregoing, all of the four conditions that are 

necessary for the hypothesized biosolids time bomb effect to 

occur exist in this study. 

If the time bomb effect had occurred during the test pe- 

riod of this study, an increase in the concentration 2 the 

trace elements in the leaves and grain of the corn crops that 

were grown in the biosolids-amended fields should have been 

observed. However, Granato et al. (1999) showed that: zone of 

the trace element concentrations in the corn leaves an6 grain 

were higher at the end of the test period, mean of the final 



three years, than they were at the beginning of the test pe- 

riod, mean of the initial three years (Table 3). 

Figures 3 and - 4 display the observed Cd, Cu, Ni, and Zn 

concentrations in corn leaves and grain harvested from crops 

grown on the biosolids-amended fields during the 13-year test 

period. Regression models for these tissue trace element con- 

centrations in terms of time after cessation of biosolids ap- 

plications were selected using cross-validation techniques. 

These models allowed for the estimation of expected trace ele- 

ment concentrations over time reflecting the behavior of trace 

element uptakes within the time period of the study only and 

not beyond. 

Mean tissue trace element concentrations estimated by the 

best fitting models are represented by the solid curves in 

Figures 3 and - 4, and they are meant only to illustrate the 

model that best fits the trends in the data. Due to the large 

scatter in the data, these predicted mean tissue concentration 

lines were inserted into plots to help discern trends or pat- 

terns that may be occurring with time. We have not reported 

the actual best fit functions here because they are not in- 

tended to be utilized to extrapolate beyond the time period 

reported or the data utilized in this study. While trends in 

predicted mean tissue trace element concentrations can be quite 
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TABLE 3 

COMPARISON OF MEAN ORGANIC C AND TRACE ELEMENT CONTEXT OF 
SURFACE SOIL AND TRACE ELEMENT CONTENT OF CORN G m I N  PJJD 

LEAVES DURING THE BEGINNING (1985-1987) AND FINAL (1995-1997) 
3 YEARS OF THE 13-YEAR PERIOD FOIILOWING CESSATION OF 

BIOSOLIDS APPLICATIONS IN 1984' 

-- 
Equa 1 Type - 

Mean Concentration (~ount)~ Mean Test of 
Element 2 1985-1987 1995-1997 P-Value :rest4 

Surface Soil 

Corn Grain 

Corn Leaves 

0.0099 t 
0.3761 a d j  . t 
0.0004 r.s.t. 
0.7156 t 

-- 
'~ii3scllds were applied from 1974 through 1984. 
'OC 2s organic carbon. 
3~lount. is tche number of observations used in statistical cnmputa- 
t.ions . 

the Shapiro-Wilk test for normality was significant, we csed the 
Wilcoxon rank sums test (r.s.t.1. If the F test for constant; vari- 
2incE: was significant, we used the t test adjusted for nonconstant 
varlance (adj . t) . Otherwise we used the standard t test (t 1 . 
Fros~: Granato et a1. (1999) 
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FIGURE 3 

TRACE ELEMENT CONCENTRATIONS IN CORN LEAVES DURING THE 
13-YEAR TEST PERIOD FOLLOWING CESSATION OF 

BIOSOLIDS APPLICATIONS 
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FIGURE 4 

TRACE ELEMENT CONCENTRATIONS IN CORN GRAIN DURING 
THE 13-YEAR TEST PERIOD FOLLOWING CESSATION 

OF BIOSOLIDS APPLICATIONS 
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complex over time, for all cases except Cu in corn grain, they 

decrease from the beginning to the end of the period (Figures 

3 and 4). - - 

Granato et al. (1999) reported that the decreases in the 

mean corn leaf concentration of Cd, Cu, Ni, and Zn observed 

from the first three years of the test period to the final 

three years of the test period were all significant (pc0.05). 

This clearly contradicts the time bomb hypothesis, and indi- 

cates that not only has no biosolids time bomb effect occurred 

yet, but the opposite of a time bomb effect is gradually oc- 

curring with trace element concentrations in corn leaves de- 

creasing with time after cessation of biosolids applications. 

Granato et al. (1999) reported that the decreases in the 

mean corn grain concentration of Cd and Ni observed from the 

first three years of the test period to the final three years 

of the test period were also significant (p~0.05)~ and no sig- 

nificant (pc0.05) change in the concentration of Cu and Zn was 

observed in corn grain for the same periods. This also con- 

tradicts the time bomb hypothesis. It indicates that not only 

has no biosolids time bomb effect occurred yet, but the Cu and 

Zn concentrations in corn grain are not changing, and the Cd 

and Ni are gradually decreasing with time after cessation of 

biosolids applications. 



In the case of Cu in corn grain, the tissue conczntra- 

tions irtcreased to a maximum in the first few years following 

ce,ssar;ion of biosolids applications and then decreased after 

that time. While the data for the first three years r"olSlowing 

cessation cf biosolids applications show a definite increase, 

the Cu concentrations in corn grain show a steady trer.d down- 

ward after that point. This is occurring despite the fact 

that the soil organic C continues to mineralize and the rela- 

tive concerltration of Cu in the soil, defined as the ratio of 

soil Zu concentration to organic C concentration, cont:cues to 

increase, This contradictory behavior of Cu does not support 

the time bomb hypothesis. Neither does the fact that Z C ~  con- 

centrations in corn leaves fail to show the same increasing 

treazii for the first three years following cessation sf bio- 

sclids applications as was just described for corn grair?, 

We have not observed a single instance where the concen- 

tratlan of Cd, Cu, Nil and Zn have consistently increased in 

corn grain or leaves during the test period despite :he fact 

that all the conditions necessary for a biosolids time bomb 

effect to occur were met. Most of the data indicate that the 

opposite of a time bomb effect is occurring, and that trace 

el-ernent concentrations in corn grain and leaves are tezdlng to 

decrease with time after cessation of biosolids app1icat;ons. 



We have reported that between 35 and 46 percent of the 

biosolids organic C has mineralized in the amended fields of 

this study. If a proportionate amount of each trace element 

were released from the organic C fraction due to its minerali- 

zation, and the biosolids-amended soil had no other effective 

binding sink for them, then approximately 40 percent of the 

added Cd, Cu, Ni, and Zn should be behaving similarly to their 

soluble salt form in these fields. If this were the case, as 

the time bomb hypothesis predicts, we should have observed 

dramatically higher concentrations of these trace elements in 

the leaves and grain of the corn harvested from these fields. 

Hinesly (1985) reported the results of an experiment in 

which additions of ZnS04, CuSOI, and NiS04 were made to a 

Plainfield sand into which corn was planted in a short-term 

greenhouse experiment. The corn stover Zn, Cu, and Ni concen- 

trations resulting from application rates that were 42 per- 

cent, 42 percent, and 25 percent of the cumulative loading 

rates achieved through biosolids amendments in this study were 

4,969 mg Zn K~-', 2 8 mg Cu K~-', and 64 mg Ni ~g-l. When ZnS04 

was added to an Elliot silt loam, the same series as utilized 

in this study, at the same rate, the corn stover Zn concentra- 

tion that resulted was 1,000 mg ~g-'. These concentrations are 

far above the mean corn leaf Zn, Cu, and Ni concentrations of 



87.0, 10.1, and 0.5 mg K~-' reported for the final three years 

of this study. However, the amount of these trace elements 

added to the soil as soluble salts by Hinesly is approximately 

equivalent to the amount that should have been liberazed via 

mineralization of biosolids organic C in this study. 

In a similar study, Mortvedt and Giordano (1975) sp-ked a 

sofil limed to pH 7.0 with ZnSO,, achieving a Zn loadin$ that 

was 29 percent of the cumulative loading rate achieved tcrough 

biosoiids amendments utilized in this study. The loading of 

Zn in the soluble salt form, which is approximately eq~ivalent 

to t h e  amount of Zn that should have been liberated ky 'iiiner- 

al.izar,ion c;f biosolids organic C in this study, produced a 

co:m leaf Zn concentration of 462 mg ~g-l. This concent-,rar;ion 

wals Fore than five times higher than that observed iR blo- 

solids-amended fields in our study. 

Bingham et al. (1975) spiked a silt loam soil at p3 7.5 

with CdS04, achieving Cd loadings that were 20 and 40 percent 

of those achieved in this study through biosolids arr,er,dzents. 

The concentration of Cd observed in the leaves of corn grown 

to maturity in pots in a greenhouse was 27.0 and 40. Q mg ~ g ' l .  

In =he grain the Cd concentration was 1.4 and 2.4 mg for 

the soils spiked at 20 and 40 percent of our cumulative load- 

ings. Although the quantities of Cd added as soluble salts by 



Bingham et al. (1975) were roughly equal to the amount that 

should have been liberated by mineralization of biosolids or- 

ganic C in amended fields, they observed tissue concentrations 

well above the mean Cd concentrations we detected in corn 

leaves and grain in the final three years of this study. 

These Cd concentrations were 5.6 mg Cd ~g-' for leaves and 0.1 

mg Cd ~g-' for grain. 

We analyzed the kinetics of organic C mineralization that 

is occurring in the soil of the biosolids-amended fields in 

this study. Figure 5 shows the soil organic C content of each 

of the 8 biosolids-amended fields and each of the 18 unamended 

fields that were used in this study. Regression models for 

soil organic C in terms of time t following cessation of bio- 

solids applications were selected using cross-validation tech- 

niques. These models allowed for the possibility of the pre- 

dicted mean soil organic C curves for the two types of fields 

to be nonlinear. They also allowed the predicted mean organic 

C in soil from biosolids-amended fields to reach an equilib- 

rium level in a finite number of years, to. 

Figure 5 also displays the mean soil organic C levels 

predicted over time by the models to provide the best fit to 

the data. The predicted mean soil organic C level in una- 

mended fields is estimated to be constant over time. This 





constant represents the background soil organic C level for 

the amended fields, the soil organic C level in the fields 

prior to biosolids amendments (14 g ~g-l) . 

As mentioned above, the model for soil organic C in bio- 

solids-amended fields was developed on the premise that soil 

organic C levels would come to an equilibrium, or a steady 

state value in a finite number of years following cessation of 

biosolids applications. We modeled two scenarios. The first 

scenario is that the soil organic C level descends to an equi- 

librium level that is possibly larger than the background soil 

organic C concentration (soil organic C level of unamended 

fields), and the second scenario is that the soil organic C 

reaches an equilibrium level the same as the background soil 

organic C concentration. 

In the first scenario, the soil organic C concentration 

is found to reach an equilibrium level of 38.1 g K~-', which is 

distinctly larger than the background soil organic C concen- 

tration of 14 g ~g-l, at to=12 years (Curve A in Figure 5 with 

formula 3.81+0. 126-Max(12-t, 0l2) . This is just before the end 

of the 13-year test period of this study. 

Obviously, if this first scenario is correct and the soil 

organic C has reached equilibrium in the biosolids-amended 

fields i - e , no further net mineralization is occurring) , 



then a biosolids time bomb effect will never occur in these 

fields because the organic C binding pool has stabir-ized. 

Terry et al. (1979) indicated that between 55 and 80 percent 

of the organic C added to soils in biosolids was resistant to 

breakdown. The decomposition of biosolids applied orgarlic C 

proceeded so slowly as to be imperceptible during exper~rnental 

periods that were much shorter than the hundreds of years re- 

quired for full mineralization to occur. This was bcrne out 

by the ob~ervations of Sloan et al. (1998). They fsknd no 

change in soil organic C from the 1st to the 16th year f2llow- 

in13 cessation of biosolids applications, and conclrrded that 

biosoiias inineralization is so slow as to be imperceptible 

over that time period. 

In the second scenario we modeled, where the blssol~ds- 

ame3ded scsil organic C descends and equilibrates to background 

leve;s, the soil organic C concentration reaches an egullib- 

rlum level at the background soil organic C concentratiox a £  - 

ter tO=l10 years (Curve B in Figure 5 with formula i , ~ ; 5 + 3 0 - ~ ~ -  

~ax(?.1.6-t,(3) 5, . 

If the second scenario turns out to be correct, and the 

soil. organic C continues to show net mineralization u n t ~ l .  it 

e q u i l i b r a t e s  at background concentrations, then the potential 

exists for further release of trace elements from bindlng with 



soil organic C over that time period. The best-fit model pre- 

dicts that the soil organic C will not decay to background 

levels until 116 years after biosolids applications cease, or 

103 years from the end of this test period. At this extremely 

slow rate of net soil organic mineralization, one would not 

expect to ever experience a time bomb effect. This is because 

the trace elements bound to the biosolids organic C are being 

released so slowly that other binding and removal mechanisms 

can easily keep pace with their rate of release. 

Evaluation of the Likelihood of a Future 
Occurrence of a Biosolids Time Bomb 

It is quite clear that a biosolids time bomb effect has 

not occurred during the 13-year test period of this study. The 

time bomb effect hinges on the presumption that organic C is 

the principal binder of trace elements in biosolids, and that 

as it disappears, the trace elements become more bioavailable. 

As we have previously mentioned, approximately 46 percent 

of all of the organic C added to the soils in this study with 

biosolids has already mineralized. In fact, the net minerali- 

zation of organic C may have already ceased in the soils of 

biosolids-amended fields, and there has been no evidence of a 

time bomb effect. 



In many cases, as pointed out earlier, the trace element 

bioavailabiiity appears to be decreasing with time after ces- 

sat-ion of biosolids applications. This decrease in biozva i l -  

ability that is accompanying the mineralization of biosolids 

organlc C i.s consistent with evidence cited above. T h e  inor- 

ganic fractions of the biosolids and soil are much more effec- 

tive and tenacious binders of trace elements than is tt,e or- 

ganic C. The reason why no biosolids time bomb effect has ma- 

teria.~~zed in this or other similar studies is that the basic 

prenriso of the time bomb hypothesis is flawed. Bios01;ds or- 

ganic C is not the only effective binder of trace elenen+,s in 

bioso? ids-anended soils. 

'Shxs study and others (Bidwell and Dowdy, 1983; Binesly 

et ai., 1979; Kelling et al., 1977) have observed a aeerease 

in the bicavailability of trace elements after cessat-on of 

biosolids applications. Information and findings from reports 

such as these, which contradict the time-bomb hypothesxs, have 

been available for as long as the hypothesis has ex-sted and 

from even before. Unfortunately, they have been ignored by 

proponents of the time bomb over the past three decades 

Juste and Mench ( 1 9 9 2 )  concluded from a survey of 23 

long--term studies worldwide that the trend of a progressive 

decrease in metal uptake is commonly observed follow~n~ zessa- 



tion of biosolids applications. This may be due in part to 

trace elements being released from more soluble and available 

organically bound or complexed forms to less soluble and less 

available inorganically bound or occluded forms. As biosolids 

applications are occurring, biosolids organic C is mineraliz- 

ing and the pool of soluble organic C in the amended soil is 

being sustained at high levels. This soluble organic C can be 

a very effective chelator of trace elements, which can in- 

crease their solubility and facilitate increased plant uptake. 

In their recent literature review, Alloway and Jackson 

(1991) cite numerous references showing that soluble organic C 

is elevated in the solutions of soils undergoing degradation 

of biosolids organic matter, and these soluble organic com- 

pounds are effective chelators of trace elements which de- 

crease their sorption to soil solids. Han and Thompson (1999) 

demonstrated that biosolids amendments to mollisols signifi- 

cantly increased soluble organic C in soil solution. Almas et 

al. (1999) demonstrated that total organic C concentrations 

were 50 percent higher in extracts recovered from soil receiv- 

ing fresh organic pig manure amendments as compared to soils 

not receiving amendments, and that this resulted in a two to 

three order increase in soil solution Cd and Zn concentra- 

tions. 



When hiosolids applications cease, the pool of seluble 

organic C dwindles as the rate of net soil organic C m..nerali- 

zation slows and, in the absence of organic chelatsrs, the 

trace elements released from binding with soil organic C can 

revert to less soluble inorganically bound forms. Thrs would 

explain the decline in trace element bioavailability tgat we 

and others have observed following the cessation of bissolids 

applications. Emmerich et al. (1982) observed thac t n e  de- 

creases irr the amount of trace elements associated with the 

organic fraction of biosolids after application to iarid were 

ac:corr,panied by increases in the amount of trace elements asso- 

ci-ated with the insoluble residual fraction of the Si~solids- 

amended soil. Many researchers have shown that trace a:-ements 

such as C d ,  Cu, Ni, and Zn are sorbed to or incorporated into 

h!rdraus Fe (Bell et al., 1991; Kuo, 1986; Kalbasi e t  al., 

1!378: Kalbasi and Racz, 1978; Hem, 1977), A1 and Mr, oxides 

(Kalbasi et al., 1978; Kalbasi and Racz, 1978; Gongm~n et al., 

1991;# crystalline oxides such as goethite (Johnsor,, 1990; 

Farbes et al., 1976), and other clays such as montrnorrilonite 

(Bar-Tal .  et al., 1988) and pyrophyllite (Ford et al., 1W9) . 

As discussed above, the possibility exists that set min- 

eral.ization of soil organic C will persist in b;cs;oXids- 

arnecded fields until the soil organic C concentraticns eguili- 



brate to background levels. The only way that we can conceive 

of this producing a time bomb effect would be if the rate of 

release of the trace elements from the mineralizing organic 

matter was greater than the rate of binding by the other soil 

fractions described above. Because, in the case of equilibra- 

tion to background, our best-fit model predicts that the re- 

maining biosolids organic C, in excess of background concen- 

trations, will gradually mineralize over the next 103-year pe- 

riod. Consequently, it seems unlikely that trace elements 

will be released at a rate great enough to overtake the kinet- 

ics of binding to inorganic fractions. Ford et al. (1999) 

demonstrated that within one month after addition to soil, Ni 

sorbed to surfaces of pyrophyllite was precipitated in Ni-A1 

double layered hydroxides that were gradually converting to a 

very stable Ni-A1 phyllosilicate. Almas et al. (1999) ob- 

sewed that Cd and Zn added to soils were sorbed very rapidly, 

predominantly in the oxide fractions and with stable, non- 

organic, soil fractions binding up to 70 percent of the added 

trace elements. Even when the soils were spiked with 4 per- 

cent organic matter, added as pig manure, the same partition- 

ing in the soil was observed. 

Because the net mineralization rate is predicted to be so 

slow, it is not likely that soluble organic C pools will ap- 



proach the elevated levels sustained during biosolids applica- 

tions and in the few years immediately following cessation of 

those applications. Therefore, it seems very unlikely  hat a 

time bomb effect will ever occur in these fields. 



CONCLUSIONS 

In this study, we demonstrated that conditions necessary 

to produce a biosolids time bomb effect were present in the 

biosolids-amended fields at a large-scale land application 

site. Eleven annual biosolids amendments increased the con- 

centration of Cd, Cu, Ni, and Zn in the surface soil of 

amended fields by 4,008, 1,643, 215, and 1,163 percent, re- 

spectively. In the 13 years following cessation of biosolids 

applications, 35.1 percent of the biosolids organic C mineral- 

ized, and up to 46.2 percent of the biosolids organic C miner- 

alized since the start of applications. During this time pe- 

riod, the relative concentrations of trace elements (pmole 

trace element per g soil organic C) in the surface soil of 

amended fields increased significantly, and appear to be well 

beyond the saturation point for binding. If Cd, Cu, Ni, and 

Zn in biosolids-amended fields were only bound by organic mat- 

ter, as the time bomb hypothesis purports, then the trace ele- 

ments released from binding should have behaved similarly to 

soluble metal salts. This should have resulted in large in- 

creases in the concentrations of these elements in the tissues 

of corn that was grown on the fields. 



Contrary to the assertion of the time bomb hypothesis, we 

observed that the concentrations of all four elements de- 

creased in the leaves of corn, while in the grain Cd and Ni 

concentrations decreased and Cu and Zn concentrations remained 

constant. This leads us to conclude that no time bomb effect 

occ:urred in the biosolids-amended fields of this study. We 

have concluded that organic C is not the predominant binder of 

Cd, CS, Ni, or Zn in biosolids-amended soils, as postulated by 

the time bomb hypothesis. Trace element availabliity to 

plants decreased as organic C concentration decreased ;:n the 

soi1.s of amended fields in this study. While the meehsnisms 

whic3 determine how the trace elements are partitloned and 

bound in the biosolids-amended soils of this study reriair, to 

be conclusively defined, it seems likely that they are bound 

to or occluded within Fe, Al, and Mn oxides, and are ?recipi- 

tated as complex sparingly soluble salts. 

We also conclude that the time bomb effect wili Fever be 

observed in these fields due to the mineralization of organic 

C in the biosolids-amended soils. We believe this for several 

reasons. First, because trace elements are bound by so.ll and 

b:iosolids constituents other than organic C, this precludes 

t ! n e l r  extensive release from binding upon minerallzatlon of 

orgacic matter. Second, while some of the trace elements are 
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bound by soil organic matter, mathematical modeling indicates 

that if organic matter in these biosolids-amended soils is 

mineralized to background levels, the best estimate for this 

study is that it will take 103 years beyond the current obser- 

vation period. This mineralization rate is far too slow to 

produce the sudden release of soluble and bioavailable ele- 

ments required for a time bomb effect. Finally, mathematical 

modeling indicates that there may be no further net minerali- 

zation of organic matter in the biosolids-amended fields of 

this study. This would seem to preclude any further release 

of trace elements from the organic matter fraction. 

Therefore, we conclude that no time bomb effect will ever 

occur in these fields due to the mineralization of organic C. 

The Cd, Cu, Ni, and Zn bioavailability in these soils will 

only be increased in the future by processes that affect the 

mineral chemistry of the soils. Since such processes normally 

occur over geologic time scales that span centuries and mil- 

lennia, it is not likely that these trace elements will ever 

be rapidly released from binding. 
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APPENDIX I 



STATISTICAL ANALYSIS PERFORMED IN THIS PAPER 

The figures included in this paper display expected con- 

ceintration curves over time in a variety of cases. These 

curves are generated using selected regression models applied 

to observed concentrations as response variables y in terms of 

possxhle ml~ltiple transforms of time t in years sir.c=e bio- 

solids amexdment ceased. This appendix provides a det-alled 

treatment of these regression models and the cross-validation 

methods used to select them. 

The possible response variables include trace element 

concentrations in the soil or plant t.issue, organic C concen- 

tra'clon in the soil, and relative trace element concentrations 

ir: the sol1 relative to the organic C concentratior, in the 

soil. Crganic C concentrations are modeled over time t for 

arnen2ed and unamended fields, but al.1 other types of rloncen- 

tratzons are modeled only for amended fields. 

Modeling Amended Field Data by Itself 

Models applied to concentration y for amended fields only 

have a conditional expected value with the form 

where the T j  it) for l<j<J are a set of distinct transc~rms of 



time t chosen from among the identity transform T(t) =1, power 

transforms T(t)=tP for pfO, and the natural log transform 

T (t) =ln (t) . The 'slope parameters pj are estimated using ordi- 

nary least squares techniques. The slope parameter associated 

with the identity transform is an intercept parameter. 

Any of these models may be estimated from available data, 

but it is important to know which model is most consistent and 

fits the data well. In general, it is necessary to decide 

which model within a given set of models is most consistent 

with available data. To answer such questions, a scoring 

function is needed that measures the predictive capability of 

the models. Cross-validation is an established method for 

achieving this (Efron and Tibshirani, 1993). It provides a 

measure of the predictive capability of a model for a given 

set of data, with better scores corresponding to models more 

consistent with the data. Cross-validation computations may 

be described as follows: 

1. Delete the y values for a subset of the observa- 

tions. 

2. Estimate the model using the remaining observa- 

tions. 

3. Calculate predictions 9 for the deleted y values 



of step 1 from the estimated model of step 2 at 

the x values for the deleted observations of 

step 1. 

4 .  Calculate a score measuring how close the pre- 

dictions 9 of step 3 are to the actual y values 

fcr the deleted observations of step 1. 

5. Re2eat steps 1-4 over subsets of observations 

forming a partition of the data into disjsir,t 

subsets, called folds, of nearly equal size. 

6 .  Combine the scores of step 4 for all subsets cf: 

step 5 into a composite cross-validation score. 

The scores we choose to use in step 4 are the lilcelihood 

terms for the y values and the associated predictions 5. We 

comine these terms in step 6 by multiplying all such terms 

together and then take the nth root where n is the sampie size. 

The genera~ed cross-validation score CV is a geometric average 

deleted lakelihood score. Models with larger cross-validation 

scmres are better models with better predictive capabliity, 

anc they are more consistent with the available dats. How- 

ever, models which are close to the best scores, for example, 

w i t k ~ n  1 percent or 2 percent of the best score, provade com- 

pl l i l t lve  predictions for the available data. The ~reEerable 

competitive model is the one which has a simpler st:zucture 



and/or one which has a more natural interpretation and/or ex- 

planation of the underlying phenomenon and/or problem. 

When the data are partitioned into k different folds in 

step 5, the procedure is called k-fold cross-validation. When 

k equals the number of observations, the procedure is called a 

full or leave-one-out cross-validation. The choice of k=10, a 

10-fold cross-validation, is used often in practice, espe- 

cially when full cross-validation would be computationally 

prohibitive. This choice is recommended by Kohavi (1997). We 

choose the leave-one-out cross-validation. In many situa- 

tions, as long as the sample size is not too small, the choice 

of the number of folds has little effect on the results. 

The set of models under consideration is often quite 

large, making an exhaustive search impractical. Heuristic 

search schemes are then needed to select models that balance 

the need for achieving optimal predictive capability with 

search time limitations. We employed the following rules in 

conducting our search for regression models of concentrations 

for amended fields in terms of time. 

Model building proceeds in three consecutive stages: 

1. Model expansion 

2. Model transformation 

3. Model contraction 



Model expansion proceeds as follows: 

1. Initialize the base model M and compute 

its cross-validation score CV(M). 

2. Initialize the set S of possible expan- 

sion predictors. 

3. Initialize the current best cross- 

validation score CV* to be the score 

CV (M) for the base model. 

4. Compute cross-validation scores CV (Mtx) 

for models M+x determined by adding 

predictors x in S one at a time to the 

base model M. 

5 -  Determine the best predictor x* from S 

to add to the base model, that is, 

CV (M+x*) =max{CV (M+x) :xES) . 

6. If adding the best predictor to the 

base model does not degrade the model 

too much as compared to the best model 

so far, that is, if CV(M+X*)>(~-CX~) -cv*, 

then; 

a. Update the set of expansion pre- 

dictors by deleting any predic- 

tors which degrade the base 



model tangibly as compared to 

the best model so far and the 

current best predictor, that is, 

s+s\{xEs:w(M+x)~(~-az) .cv*)\{x*). 

b. Expand the base model by x*, 

that is M~M+x*. 

c. Possibly update the score for the 

best model so far, that is, if 

CV (M+x*) >W*, then CV**W (M+x*) . 
otherwise stop the expansion and use the 

current base model M as the final ex- 

panded model. 

7 .  Iterate steps 4-6 until stopping in step 6. 

Model transformation proceeds as follows: 

1. Initialize the base model M to the model 

produced by the expansion stage with the 

cross-validation score CV(M). 

2. Initialize the set S of transformation 

predictors to be the current set of pre- 

dictors in M. 

3 . Compute cross-validation scores CV (M (xtT (x) ) ) 

for models M(x+T(x)) determined by re- 

placing each of the predictors x in S 



one at a time by the transform T ( x )  of x 

with the improved CV score (see trans- 

formation selection rules below) . 

4 ,  Determine the best predictor x* from S 

to transform in the base model, that is, 

c V ( M ( x * + ~ ( x * )  ) ) =max{~~(M (x+T ( x )  1 ) :x+s}. 

5 +  If transforming the best predictor in 

the base model improves the model tangi- 

bly, that is, if cv ( M  (x*+T ( x * )  ) ) > ( 1 + a 3 )  

CV (M) , then 

a. Update the set of transforma- 

tion predictors by deleting any 

predictors whose transformation 

does not improve the base model 

tangibly, that is, S+S\{XES:CV 

( M ( x + T ( x )  ) ) c ( l + u 4 )  - c v ( M ) ) .  

b. Adjust the base model by re- 

placing x* with its associated 

improved transform T (x*) , that 

is M-M (x*+T ( x *  ) ) . 

Otherwise stop the transformation and 

use the current base model M as the f i- 

nal transformed model. 



6. Iterate steps 3-5 until stopping in step 5. 

Model contraction proceeds as follows: 

1. Initialize the base model M to the model 

produced by the transformation stage 

with the cross-validation score CV(M) . 

2. Initialize the set S of possible con- 

traction predictors to be the current 

set of predictors in M. 

3. Initialize the current best cross- 

validation score CV* to be the score 

CV (MI for the base model. 

4. Compute cross-validation scores CV (M\x) 

for models M\x determined by removing 

each of the predictors x in S one at a 

time from the base model M. 

5. Determine the best predictor x* from S 

to remove from the base model, that is, 

cv (M\x*) = m a x { ~ ~  (M\x) : XES } . 

6. If removing the best predictor in the 

base model does not degrade the model 

tangibly as compared to the best model 

so far, that is, if CV(M\X*) > ( l - c x , )  -cv*, 

then 



a. Update the set of contraction 

predictors by deleting any 

predictors whose removal de- 

grades the base model tangi- 

bly as compared to the best 

model so far and the current 

best predictor, t.hat is, 

sts\ (XES : cv (M\x) < (I+%) -cv*) \ {x*) . 

b. Adjust the base model by re- 

moving x* from the base model, 

that is M+M\x*. 

c. Possibly update the score for 

the best model so far, that 

is, if cv (M\x*) >cv*, then 

CV*+CV (M\x* ) . 
Otherwise stop the contraction and use 

t.he current base model M as the final 

contracted model. 

7 .  Iterate steps 4-6 until stopping in step 6. 

Transformation selection for a fixed variable x ln 

the base model M proceeds as follows: 

1. Initialize the change A ~ = A ~ ' ~ '  for 

searching through powers p for trans- 



forms T(x;p) of x having the form 

T (x;p) =xP if x>O 

= 0 if x=O 

=-lxlP if x<O; 

2. Initialize the current power p=l for x 

as currently used in the base model M 

with cross-validation score CV(M) ; 

3. Initialize the search direction d as 

follows : 

d=-1 if CV(M (X*+T (x*;p-aP) ) ) >CV (M) 

d=+l, otherwise ; 

4. Compute cross-validation scores 

CV(k) =CV(M (x+T (x;p+d- k -  Ap) ) ) for models 

M (x*+T (x;~+d. k.ap) ) determined by re- 

placing x in the base model by trans- 

forms T(x;p+d.k-ap) of x as long as the 

model is improved tangibly, that is, for 

integers k=2,-.,kl where k 1  is the first 

integer satisfying CV(k1)<(l+a7) CV(kl -1) . 

5. Return p+d. (k'-1) SAP as the selected 

power. 

6. Repeat steps 2-5 using ~p+~p/lO until 



the CV scores for powers within +Ap of 

the selected power are not too much 

smaller than the score for the selected 

power, that is, until the following con- 

dition is met: 

min(CV(kf -2) ,CV(kt ) )2(l-cX8) -CV(kT - 

1) .; 

Special handling is required for computing T ( x ; p )  when 

p=O. For example, if x20, then T (x; 0) as defined above equals 

the indicator l!x,o,. However, the limit as p-rO of the model 

M(:c+.T(x;p) ) depends on what the other variables are :a the 

model. Specifically, if the model contains an intercept term 

for tae case (x>O), for example, if another variable xi in the 

model is a nonzero multiple of l~,,o,, then the limit as p 0  of 

the model M (xtT (x;p) ) is the model M (xtl (x,o, . ln (x) ) . 3ther- 

wisei it is M(x+I(~,~)). In order to avoid the specifxc deter- 

mination of which of these cases to use when p=O, we adap- 

tiveiy redefine T(x;p) for small values of p, that IS, for 

 IF.. In particular, we replace T (x;p) as defined earlier by 

T 1  (x;p) =T (x;p) if \ P / > P *  

=T(x;p*) if O<p<p+ 

=T (x; -p*) if -p.lpcO 

=T(x;d*p.) if p=O 



where d=+l is the search direction determined in step 3 of the 

transformation selection procedure. This definition requires 

that the initial power be nonzero. In practice, we set p*=10-5. 

To conduct the search using amended field data, the ini- 

tial set of possible predictors was set to 

Note that the case tO=l corresponding to the identity trans- 

form (since t>O) is included in S. Thus, an intercept term 

might possibly be added to the model in the expansion stage. 

If it is, then transforming this predictor has no effect on 

the model, and it might possibly be removed in the contraction 

stage. Since S contains a fairly broad set of transforms of 

t , expanded models require at most mild amounts of transforma- 

tion. The tolerance parameters were set to al=O.O1, a2=0.05, 

a3=0.01, a4=0.01, a5=0.02, ~ ~ ~ 0 . 1 ,  a7=0.001, a8=0.02. These set- 

tings were chosen on the basis of experience by using these 

heuristics on several other data sets prior to using them in 

the analyses reported in this paper. 

Modeling Orqanic C for Amended and Unamended Fields 

In the case of modeling organic C concentrations y in the 

soil, the conditional expected value may have the arbitrary 

form of equation (1) . However, different choices are possible 



for the transforms T j  for amended fields than for unanended 

fields. This latter fact means that a more extensive search 

is needed for this case than when modeling c~ncentratko~s for 

amended fieids only. In particular, the search must be con- 

ducted over transforms TAj for amended fields and transforms 

T u ~  



for unamended fields. 

To conduct this search, we used the following initial set 

of transforms : 

S=SAUSUU (1 ) 

where 

We used the same set of transforms as before, but with 

possibly different powers and estimated slopes for amended 

than for unamended fields. The cases p=O with transforms 

equal to the indicator variables lA and lU allows for the pos- 

sibility of different intercept parameter values for the two 

types of fields. We also include the identity function 1 in 

the search to allow for the possibility of the same intercept 

parameter value for both types of fields. 

We used the same settings of the search parameters as be- 

fore, but first we adjusted the parameter (xl=O. This guaran- 

tees that transforms will only be added to the model in the 

expansion stage if they improve the model. The resulting 

model had the score CV1=0.5325, and the form 

indicating that organic C was constant over time for una- 
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mended fields but varied with time for amended fields. How- 

ever, that dependence had a simple monotonic form since only 

one transform of time was included in the model. Furthermore, 

the estimate of the slope B3 was negative, indicating char. or- 

garlic C in amended fields decreases over time to a different 

equilibrium level Bz than the background level for tlnamended 

fields . 

Then, we repeated the search, but now with cwl=O. OX ro see 

if there was any impact on the choice of this parameter. The 

resulting model had the slightly better score of 0.5331, It 

included only one transform for the amended fields, the same 

0 . 5  one t as before. However, seven different transforrr,~ of 

time were included for unamended fields as well as the iden- 

tity transform. Thus, it may be that the equilibrium level 

for amended fields agrees with the background level for 

amended fields if one allows for possibly complex varlab~lity 

around that equilibrium level for unamended fields. 

Final:!y, we conducted more searches using the simpler 

irii t la1 transf o m  set 

s = { I ~ ,  I.A, lust, lAst), 

with t u , = O . O l  and all other settings the same as before. The 

transformaeion stage had a much larger impact on the final 

model for this search than for prior searches. The model pro- 



duced by this search had the same score of 0.5331 when rounded 

as the model produced by the second search. However, it was 

an adjusted version of the model produced by the first search 

with the form 

E (ylt)=fl1'lv+@z'1~+~3'1~'t~'~~ 

thus supporting the conclusion that the dependence on time for 

both types of fields is not too complex. 

The kinds of transforms considered may allow the expected 

organic C concentration in amended fields to converge to a 

constant equilibrium level over time, but not to actually 

achieve equilibrium in a finite amount of time. This made 

these types of transforms undesirable since we wanted to as- 

certain the time to equilibrium as well as the equilibrium or- 

ganic C concentration. To model the attainment of equilibrium 

at a constant organic C concentration over an amount of time, 

to, we use a simple form of spline (see, for example, Stoer & 

Bulrich, 1980). Specifically, we start with the simple spline 

S (t;to) =max(to t, 0) 

that is linear prior to time to and constant with value zero 

afterwards. By including a transform of S (t; to) in the model, 

we allow the expected organic C concentration to have general 

monotone behavior prior to to at which point it becomes con- 

stant. By further including an intercept in the model, we al- 
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low the expected organic C concentration to remain at ac arbi- 

trary constant equilibrium level, at a value equal to the in- 

tercept, after to. 

Since the results obtained prior to the consideration of 

splines indicates that the dependence on time is not toc com- 

plex, we corrducted our search for the appropriate trans2 s s m  of 

a spline in the same way as our third search based on time t 

directly. We used the initial transform set 

~(tO)=(lUrlAt1U.~(t;tO) r1A'S(t;tO)) 

with al=O.Qi and all other settings the same as befcre. We 

coriducted a search using transforms of the splines S (t ; c03 for 

each fixed choice of the equilibrium level to separately, and 

then chose the equilibrium level to be the integer that pro- 

duced the best overall cross-validation score. To fr?rrr? a 99 

percent pseudo-prediction interval for the equilibrium level, 

we used the integers generating cross-validation scores within 

1 percent of che best score. First, we searched models having 

different intercept parameters for the two types of  fields, 

thereby allowing the equilibrium level for amended fields to 

be different from the background level determined by zhe una- 

mended fields. Then, we searched models having eqaai inter- 

cepts for both types of fields, thereby forcing the equilib- 

rium levei for amended fields to be the same as the background 



level determined by unamended fields. The generated models a r e  

displayed in Figure 5. 




