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(ABSTRACT)

Research was conducted in 1984 and 1985 to determine N and P availabilities for barley (
Hordeum vulgare L.) and com ( Zea mays L.) grown on four sludge-amended soils. Tests were
conducted on the Acredale silt loam (Typic Ochraquall), Bojac loamy sand (Typic Hapludult),
Davidson clay loam (Rhodic Paleudult), and Groseclose silt loam (Typic Hapludult) soils. An
aerobically·digested sewage sludge from a sewage treatment plant with major industrial irrputs was
applied at rates of 0, 42, and 84 dry Mg ha' 1 on the poorly-drained Acredale soil. Rates of 0, 42,
84, 126, 168, and 210 dry Mg ha'1 were applied on the well-drained Bojac, Davidson, and
Groseclose soils. The 210 dry Mg ha’ 1 sludge rate supplied 3300 and 6600 kg of N and P ha’1,
respectively.

A 14-day anaerobic N incubation study indicated that mirreralization varied from approxi-
mately nine to four percent of sludge N from the 42 to 210 Mg ha‘ 1 application rates, respectively.
Sludge application increased N uptake (rz = 0.98** to 0.99**) by the 1984 com grown on the three
well-drained soils. Nitrogen balance data indicated that quantities of unrecovered N ranged from
six to 21 percent where sludge was applied.

Crop yields on the Acredale soil were limited by low mineralization of sludge N. Sludge ap-

plication did not increase concentration of in com tissue, but did increase com earleaf P and
barley silage N on this soil. Dilute double~acid (DDA) extractable P increased linearly with rate

of sludge application (rz = 0.99**).



u
Grain and stover yields in 1984 from the well-drained soils incrcased linearly with sludge rate.

Levels of DDA extractable P in the Ap horizon of the well-drained soils increased linearly (rz =
0.96** to 0.99**) with rate of sludge application.
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I. INTRODUCTION

To provide health protection and to maintain water quality, it is essential that the solids

(sludge) removed during sewage treatment receive proper disposal. Regulatory agencies have placed

great emphasis on sludge disposal in recent years to ensure health protection and to maintain water

quality (Environment Canada, 1984; USEPA, 1983). Land application of sewage sludge to agri-

cultural soils has increased in Virginia from < 200 ha in 1980 to > 8900 ha in 1985. Sewage sludge

applied to agricultural land can increase crop yields by supplying essential nutrients and by im-

proving soil physical properties (Chaney, 1982). In addition to the nutrient value of sludge applied

to agricultural land, this process affords an alternative disposal method that has both environmental

and economic advantages. Land application of sewage sludge results in a savings to Virgnia

municipalities of an estimated $12 million annually in operating cost. Savings to Virginia farmers I
are estimated at $2.5 million annually. It is difficult to assess the potential economic benefits from I
improved ground and surface water quality.

I

Application of sewage sludge to agricultural soils potentially can result in soil contamination,
I

degradation of waters, phytotoxicity, and accumulation of heavy metals in the food supply. Sewage I

sludges contain various amounts of nitrogen (N) and phosphorus (P) as well as trace elements such I

as cadmium (Cd), copper (Cu), nickel (Ni), and zinc (Zn). Sludges from industrial sources may I

I
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contain elements besides Cd and Ni that are nonessential to plants which can cause reduccd plant I
growth and quality (Gilmour et al., 1977). Major concerns withregard to land application of sludge

are the potential damage to soils, plants, animals, and humans from toxic sludge-bome metals and

j the potential for N, P, and metal contamination of surface and/or ground waters.

The degradation of surface and ground waters as a result of N and P application from sewage
sludge can be minimized by considering the N and P balances in the plant-soil-water continuum.
With respect to transport through soil, N poses a greater threat than P to environmental degrada-
tion because of the high rates of N applied to nonleguminous crops and the mobility of NO; ° in
soil (O’Brian and Mitsch, 1980). Phosphorus mobility is extremely limited in most soils used for
agricultural purposes because of soil P ’sorption’ processes (Robertson et al., 1982).

Vast quantities of sludge are generated each year in the United States. In the past, this sludge
generally has been treatcd as a "waste", being discharged into surface waters, incinerated, or land-

frlled. In recent years, however, there has been an increase in the utilization of land as a disposal
management alternative. The Resource Conservation Recovery Act (Public Law 94-580) recog-

nizes sludge as a potential resource for crop production. The increased cost of commercial fertilizer,
incineration, and landfrlling have contributed to the increased utilization of land application as a
management alternative for sewage sludges and eflluents. In 1980, approximately one—quarter of
the sludge generated in the United States was directly utilizcd on food-chain and nonfood-chain
cropland (USEPA, 1983). There are, however, potential concems which must be addressed to en-

sure a safe, economical, and environmentally sound approach to land disposal of sewage sludge.
Implementation of land application systems has been slow due to the potential for soil and water

contamination which may result if land disposal of sewage sludge is improperly managed. The lack

of knowledge on land application has produced substantial public resistance to this disposal

method.

I. INTRODUCTION 2



Rcscarclz Objectives

‘ This study was conducted over a two-year period to assess availability of N and P in four soils
amended with municipal sewage sludge containing excessive quantities of heavy metals. Field ex-
periments were initiated on four soils with diverse properties to determine if N or P from sewage
sludge application were rate limiting factors for com ( Zea mays L.) and barley ( Hordeum vulgare
L.) production, to assess the environmental impact of N and P application in sludge-amended soils,
and to determine the potential for N and P contamination of surface and/or ground waters.

I. INTRODUCTION 3
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II. LITERATURE REVIEVV

Sludge Nitrogcn

Nitrogen Content of Sludges

With increased cost of N fertilizer, increased emphasis is being placed on use of sludge for its
N content. Nitrogen concentration and availability generally are considered to be the limiting fac-
tors for determining the rate of low~metal sewage sludge application to agricultural soils (Milne and
Graveland, 1972; Dodson, 1973). The amount and form of N in sludges are dependent on the type

of treatment process as well as the N content of the influent wastewater. The amount of N in
sludges varies from 29 to 49 g kg’1 on a dry weight basis in digested and activated sludges (Epstein
et al., 1978; Hseih et al., 1981). In a study of 10 North Carolina municipal sludges, King (1984)

reported that total N contents were generally higher in aerobically-digested sludge than in
anaerobically-digested sludge. Since the variability in N content was substantial, the use of an av-

erage value for total N should be discouraged. Wide variations in N concentrations exist between
locations (King, 1984; Sommers et al., 1976). Nitrate-N in sludges usually is < 5 g kg‘ 1, whereas

II. LITERATURE REVIEW 4
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NHX-N may reach 67 g kg°‘, but usually is < 10 g kg" (Sommers, 1977). About 20 to 50 per- l
cent of the total N in anaerobically-digested sludges is typically _NH4*-N, and very little is present
as NO3'-N (Peterson et al., 1973). Secondary aeration, aerobic or anaerobic digestion, and lime
stabilization generally reduce the level of both soluble and total N (Epstein et al., 1978). However,i
as Stewart et al. (1975) noted, the anaerobic digestion process may increase the total N concen-
tration of sewage sludge.

Initial Availability of Sludge Nitrogen

Nitrogen uptake by crops from sewage sludge application normally is considered to be a
function of rate of sludge application, form of N in the applied sludge, crop grown, and soil prop-
erties. Increased amounts of available N following applications of sewage sludge have resulted in
increased yields for many crops (Coker, 1966; King and Morris, 1972; Cunningham et al., 1975;
Sabey et al., 1977; Stark and Clapp, 1980). Sewage sludge application also has resulted in marked
increases in the N concentration in plant tissue (Kelling et al., 1977a) and in the total N uptake by
plants (O’Keefe et al., 1986).

The amounts of s1udge·N removed by crops vary with the quantity of sludge-N application.
King and Monis (1972) observed that, as total applied N increased, amounts of applied N removed
by crops decreased. They showed that from 9.3 to 24.3 percent of the 1,500 to 9,100 kg N ha'1

applied as liquid-digested sludge was removed by coastal bermudagrass ( Cynodon dacty/on L.) es-
tablished in the field on a Cecil sandy clay loam (Typic Hapludult). A higher amount of applied
N was utilized at lower rates of N application.

Magdoff and Amadon (1980) studied N availability from an aerobically-digested liquid sludge
under laboratory and field conditions. In their research, com was grown on a sludge-amendcd
Hadley sandy loam (Fluventic Dystrochrept) and on Nellis loams (Typic Eutrochrept). Approxi-

II. LITERATURE REVIEW 5



mately 54 percent of the organic-N added to the sludge amended soils was mineralized during a
l7·week aerobic incubation study. Estimates of mineralization of organic-N applied to the field
soils averaged 55 percent for the first year of application. Recovery of N in corn at harvest plus soil
NO; ’-N to a depth of 2 m was positively correlated with laboratory estimated mineralization andi
sludge inorganic N content.

Coker (1966) reported that from 24 to 46 percent of a liquid digested sewage sludge was uti-
lized by barley and clover ( Trüolium sp.) where 100 kg N ha" was applied as sludge. Stewart et
al. (1975) indicated that 3 to 12 percent of the total N applied as sewage sludge was removed by

1 com plants. The correct amount of N application to soil is important since excessive quantities
of N may be enviromnentally detrimental and inadequate amounts may result in low crop yields
(Brady, 1974).

Mineralization of Sewage Sludge Nitrogen

Typically, the majority of the total N in sewage sludge is present as organic N (Sommers,
1977). The organic-N must first be mineralized to supply plants with available N. Information
about the rate of N mineralization is necessary to predict N availability during a cropping season.
The amount of sludge organic-N mineralized has been shown to vary widely.

Laboratory studies on anaerobically-digested sludge have indicated mineralization rates of 4
to 48 percent ir1 16 weeks (Ryan et al., 1973). Epstein et al. (1978) incubated an anaerobically-
digested sludge in a silt loam soil under aerobic conditions for 15 weeks and reported mineralization
of 4 to 42 percent of applied N. Magdoff and Chromec (1977) conducted a l3—week incubation
study and reported that between 14 and 25 percent of added N mineralized from an anaerobically-
digested sludge, while 36 to 61 percent of N mineralized from an aerobically-digested sludge. They

II. LITERATURE REVIEW' . 6



I
also noted that the amount of N mineralized from sludge treatments as well as the control treatment
were well correlated with an autoclaving test for availabilityn O’Keefe et al. (1986) also showed
that autoclave· extractable N can be used to assess soil N availability.

_
Magdoff and Amadon (1980) reported a 54 percent loss of organic N in 17 weeks from an

anaerobically-digested sludge in a laboratory study. Almost the same rate (55 percent) of N
rnineralization had occurred in the first year in field experiments. Hsieh et al. (1981) reported that
an activated sludge had a much higher mineralization rate than a digested sludge as a result of
greater organic C and N contents, although the C/N ratios were similar. Sewage sludge and
composted sludge differed in initial rate of mineralization, but after approxirnately 5 weeks, the rate
of mineralization was similar for both. Premi and Cornfield (1971) observed that N mineralization
increased almost linearly with time at low levels of sludge addition. Sludge additions > 20 g kg"
had an inhibitory initial effect followed by rapid mineralization. From 2.3 to 4.2 percent of the
added organic N had mineralized after six weeks of incubation.

There is a need for an accurate laboratory method for predicting the availability of sludge
organic N following land application. Current methods to estirnate mineralization involve a variety
of biological and chemical procedures (Bremner, 1965). Laboratory methods involving estimation
of the rnineral N produced following incubation under conditions that promote mineralization of
soil-amendment mixtures generally are considered to be the most satisfactory (King, 1984; Keeney
and Bremner, 1966). The biological incubation method currently recommended by Keeney and
Nelson (1982) involves an anaerobic incubation for 7 days at 40°C. The chemical techniques do
not simulate the microbial processes responsible for mineralization of organic N. Thus chemical
techniques may have limited usefullness, particularly for sludge-borne N, when contaminants such
as metals may inhibit N mineralization. However, several investigators reported acceptable results
with use of chemical tests for estimating N mineralization from sewage sludge based on field ver-

ification studies (Fox and Piekielek, 1978; Magdoff and Amadon, 1980; O’Keefe et al., 1986) where
excessive levels of potentially toxic metals were not present.

II. LITERATURE REVIEYV 7
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Chang and Broadbent (1982) studied the influence of the trace metals, Cd(lI), Cr(III), Cu(lI),

Mn(II), Pb(II), and Zn(II), on N immobilization, mobilization, mineralization, and nitiification.

· At low levels of metal additions, Mn and Pb stimulated N immobilization, but at 400 mg kg" each
of the six metals was inhibitory to all N transformations. Among the six metals studied, the se-

quence in order of decreasing inhibitory effect was Cr > Cd > Cu > Zn > Mn > Pb.

Fate of Inorganic Sludge Nitrogen

The variability in total N content in sludges, coupled with the wide variations in fonns and

mineraliaation rates for sludges, introduce the potential for errors in application rates based on N

requirements of crops. If application rates are too high, excess N may accumulate in the soil profile.

If not removed by crops or lost in gaseous forms, this N may eventually give rise to concentrations

of NO; °—N in groundwaters in excess of public health standards. If application rates are too low,

possibly from the overestimation of mineralization rates, the lack of sufficient N may result in low

crop yields. Because of the potential for ground and/or surface water contamination and the pos-

sible economic loss to the producer, it is imperative that the availability and fate of sludge borne

nutrients such as N be evaluated.

From an environmental standpoint, it is desirable that N in excess of crop uptake be lost in

gaseous forms, rather than by erosion or leaching losses. The only two significant losses of N in

the gaseous form are volatilization and denitrification. In aerobic systems, the amount of NII;

volatilized from surface applied sludge ranges from ll to 66 percent of the added NH4‘“ and de-

pends on the soil clay content, pH, soil moisture content, temperature, and the sludge application

rate (Sommers et al., 1979). Volatilization losses are decreased in soils with higher clay contents,

II. LITERATURE REVIEW 8
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in soils which receive lower application rates, and in soils where sludge is incorporated versus sur-
face applied (King, 1973; Terry et al., 1978; Sommers et al., 1979). King and Morris (1974) re-
ported that the average loss of N as NH; was 36 percent of the applied NH4“” incorporated in soil
and 24 percent under a grass cover. Terry et al. (1978) suggested that NIIN either held on the
exchange complex or fixed in clay interlayers is not subject to volatilization. Increases in both
temperature and soil pH increase the potential for NH; volatilization. The potential for loss by
volatilization should be considered in decisions on rates of sludge application.

Denitrification is considered to be a negative attribute from an agricultural point of view.
From an environmental standpoint, denitrification may be beneficial since the NO; ° concentration
is decreased and thus is less likely to leach through the soil profile to groundwater. In the absence
of free O; and in the presence of NO;‘ and an energy source, a few species of bacteria (e.g.
Pseudomonas spp, Bacillus spp, and Paracoccus spp.) are capable of using combined oxygen with
the release of N; or N oxides to the atmosphere. Although denitrification can take place in the
presence of available C from raw sludge (Epstein et al., 1978), a continuous loss of N from the
system requires alternative processes of nitrification and denitrification, because the substrates for
denitrification are the products of nitrification (Hseih et al., 1981). Denitriiication can take place
in both well-drained and poorly-drained soils. Anaerobic microsites are common in many well-
drained soils and thus can support signilicant amounts of denitrification. Poorly·drained soils
would decrease levels of oxidized N compounds via denitrification, while preventing NO; ' forma-
tion.

Leaching of excess available sludge N is a potentially serious problem with sludge application
to land. Because of the potential for NO; ° pollution of ground and/or surface waters via leaching,
N is often considered the limiting rate factor for sludge application. Leaching of NO; ’ was studied
in forest soils by Sidle and Kardos (1979). They observed that percolate samples collected at the
15-cm depth contained 290 mg NO;'-N L'1 where 27 Mg ha’1 of sludge was applied and 194
mg NO; ’-N L' 1 with application of 13 Mg sludge ha‘ 1. Sommers et al. (1979) reported that large

II. LITERATURE REVIEW 9
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quantities of NO;' were leached from soil treated with antibiotic wastes, while essentially no
NO; ' was leached from soils amended with sewage sludge. They suggested that denitrification and

immobilization were the major mechanisms for N loss from soils treated with sewage sludge. Ac-

' cording to O’B1ien and Mitsch (1980), the rate of NO; ' leaching increased with the rate of sludge
application. Incorporation of sludge resulted in a higher NO; ‘ leaching rate than surface applied
sludge. In the incorporated sludge, less NH; was volatilized and thus more NHH was available
for nitrification and subsequent leaching of NO; '.

Residual N Availability

Stark and Clapp (1980) determined residual N availability from three sludge types
(anaerobically-digested, aerobically-digested, and primary—settled waste-activated) applied to a

Hubbard sandy loam (Udorthentic Haploboroll). Dry matter yields and N uptake of corn were
increased 4 years after application of the three sludges at a rate of 10,000 kg N ha' 1. However, com

grown where lower rates were applied showed evidence of N deficiencies throughout the cropping

season.

During the initial year of sludge application, some of the N applied to soils may remain as

refractory organic N or imrnobilize into soil organic matter (Ryan et al., 1973). This N may slowly

mineralize in subsequent years and therefore must be accounted for when calculating total available
N from sludges. Pratt et al. (1973) suggested a decay series for mineralization of organic N of 35

percent for the first year, 10 percent for the second, six percent for the third, and five percent for

the fourth year following sludge application to agricultural soils in California. Guidelines from

Wisconsin give a decay series for residual organic N as ranging from 15 percent in the first year to
two percent in the fourth year after sludge application (Keeney et al., 1975). The mineralization

II. LITERATURE REVIE\V 10
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of sewage sludge N in the years following initial application has been shown to be more a function
of rate than sludge type (Stark and Clapp, 1980). _

Sludge Application Rates

The amount of sludge N recommended for crop production varies between locations and
regulatory agencies. The Illinois and Wisconsin guidelines are based on the amount of available
NH.; * and organic N which is equivalent to the recommended fertilizer N requirement for a specific

crop. The USEPA guidelines for land application of municipal sewage sludges are based on twice

the N requirement for the crop (King, 1976). Sludge application rates in Ontario are limited to 135
kg N ha’1 as NI—I„,+ (King, 1976). The complex nature of N in the environment and the disa-

greement between state and various agencies on N loading rates indicate the need for better proce-

dures for balancing NO; ’ inputs between the crop, soil, and water components.

Sludgc Phosphorus

In general, sludges contain from 20 to 40 g kg’ 1 of P ir1 various forms. Although sludges are

considered organic wastes, between 70 and 90 percent of the total P is present in inorganic forms

(Sornrners et al., 1976). The potential for degradation of ground and/or surface waters from

leaching of P applied as sludges at rates required to satisfy crop N requirements appears to be lim-

ited due to P fixation by soil components.
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The principle factors governing P fixation include clay rnineralogy, clay content, X-ray
amorphous colloid content, exchangeable aluminum (Al), and soil organic matter (Sanchez and
Vehara, 1980). I·Iigh P fixation is often encountered in the clayey, high sesquioxide Ultisols of the
southeastem United States. The less crystalline the sesquioxides, the higher the P fixation capacities1
due to greater surface area (Coleman, 1959). In soils with similar rnineralogy, P fixation increases
as clay content increases. Exchangeable Al, when hydrolyzed, can fix large amounts of P. In soils
with high contents of sesquioxides, functional groups of organic matter can decrease P fixation by
blocking exposed hydroxyls on the surfaces of A1 and iron (Fe) oxides (Sanchez and Vehara, 1980).

Predicting whether a soil can supply suflicient P to crops throughout the growing season often
is necessary to ensure maximum yields. Several common soil tests are employed today. The soil
test currently used in Virginia involves the extraction of P with dilute concentrations of strong acids
(0.05 M HC1 + 0.0125 M H2SOa) at a 1:4 soil·to-solution ratio (Donohue and Fiiedericks, 1984).
Kamprath and Watson (1980) indicated that the critical soil test levels for this extractant are influ-
enced by soil texture. In clayey soils, the critical level is approximately 10 mg P L’ 1, while in sandy
soils it is from 20 to 25 mg P L“1.

Phosphorus Availability

Kelling et al. (1977a) applied an anaerobically-digested liquid sewage sludge to a Plano silt
loam and a Warsaw sandy loam (Typic Arguidolls) at rates up to 60 Mg ha’1 (1440 kg P ha‘ 1).
During the first year, application of 7.5 to 60 Mg sludge ha' 1 increased P uptake by rye ( Secale
cereale L.) grown on the two soils. Residual P from application of 60 Mg sludge ha' 1 increased

P uptake by com on the Plano soil during the second through fourth growing season. After three
weeks, application of 60 Mg sludge ha‘1 increased Bray P1 extractable P in the surface 15-cm layer
from 30 to 192 mg kg° 1 in the silt loam soil and from 40 to 203 mg kg‘ 1 in the sandy loam soil.

II. LITERATURE REVIEW I2



Increases in extractable P were less between the 15 to 30 cm depths in the two soils, i.e., from 16 :
to 31 mg kg° 1 in the silt loam and from 18 to 40 mg kg' 1 in the sandy loam. These extractable
P levels decreased with time, probably due to P lixation. However, a portion of the P remained
extractable at the highest application rate for at least 2 years after application.

King and Morris (1972) reported no increase in tissue P content of coastal bermudagrass
following application of a liquid sludge to a Cecil sandy clay loam (Typic Hapludult). Total uptake
ranged between four to 14 percent of sludge applied P. Recovery of P was only slightly lower from
sludge than from inorganic P application.

Fate of Sludge Phosphorus in Soil

Although P is highly imrnobile in soil, it receives a great deal of attention with respect to its
pollution potential. Several investigations with waste products have indicated that, even though
organic P may be more mobile in the soil profile than inorganic P, the extent of P movement is
limited as compared with N. Miller et al. (1976) reported that soluble P levels were higher imme-

diately below hog manure lagoons, but decreased to background levels within 20 to 30 cm. They
also noted that, in medium-textured and coarse·textured soils beneath older lagoons, very high
levels of NHÄ were present to the maximum depth sampled (90 and 190 cm, respectively), yet P
levels were very low. Hook et al. (1973) investigated the effect of land disposal of wastewater on
soil P and noted that P from efiluent irrigation did not increase below a depth of 30 cm after 7 years
in a fine-textured soil high in sesquioxides. In a coarse-textured soil with a low sesquioxicle content,
P concentrations increased slightly to a depth of 100 cm after 6 years.

Kardos and Hook (1976) examined P leaching following irrigation with various levels of sec-
ondary treated sewage effluent for nine to ll years on a Hublersburg silt loam to clay loam (Typic
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Hapludalf) and a Morrison sandy loam (Ultic Hapludalf). On the clay loam soil, concentrations
of soluble P sampled at 120 cm remained near background levels. Where a rotation of corn and
reed canarygrass ( P/zalaris amndinacea L.) hay was established, <0.l percent of the added P
leached below 120 cm. Where crops were not removed, < two percent was leached below 120 cm.i
They attributed the lack of P movement to P fixation as a result of the high sesquioxide content
in the clay loam soil. Phosphorus concentrations increased only slightly to the 120-cm depth in the
sandy·textured soil with a lower sesquioxide content. After nine years of waste-water application,
96 percent of the added P remained in the upper 120 cm of soil. Over all years and treatments,
neither soil had leaching losses > three percent of total P applied.

Robertson et al. (1982) applied 0, 87, 174, 241, 288, and 355 Mg ha" of dry matter from a
liquid·digested sludge over a six-year period. They noted that, even though the amount of P added
to the soil was relatively high, P did not move appreciably. Most of the P remained in the top 90
cm of the soil, and P accumulation decreased with depth. Inman et al. (1982) evaluated PO4‘-P
concentration 11'1 soil solution from the B and C horizons of a Chester silt loam (Typic I·Iapludult)
that received 0, 150, and 300 Mg ha" of fresh composted sludge. During the year following sludge
application, the water from the B and C horizons of sludge treatments contained < 0.08 mg
PO.~,'·P L" and did not exceed the PO4‘—P concentration of the control treatments. Studies by
deHaan (1981) demonstrated the low mobility of sludge P, as compared with sludge N, in soils.

II. LITERATURE REVIEW 14
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Field Experimentatiorz

Soils Description

Poorly-Drained Acredale Soil

The Acredale is a poorly-drained, line-textured soil that contains relatively low quantities of

crystalline and noncrystalline Al, Fe, and Mn. Long-term leaching losses as a result of a high sea-

sonal fluctuating water table in this profile for extended periods of time explain this low sesquioxide

content. The Acredale soil had a pll of 6.6 in the spring of 1984 prior to sludge incorporation

(Table 1). The relatively low CEC of the soil reilects the low clay content as well as the dominance

of kaolinite in the mineralogical suite (Table 2).

III. MATERIALS AND METHODS 15
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Table 2 . Mineralogical properties of the Ap horizon of the soils
I under study.

Soil series Mineral suite of < 2 um clay fraction+

Acredale Kl, M2, HIV3, Q=V=C4, MOS, F=ML6 «
Bojac HIVl, K2, C3, M4, QS, F=MO6, ML7

Davidson Kl, HIV2, ML=MO3, Q4, F=M5
Groseclose HIVI, K2, M3, Q4, V5, C=F=MO6, ML7

+C=ch1orite, F=feldspars, HIV=hydroxy interlayered vermiculite,K=kaolinite, M=mica, ML=regularly interstratified mineral,MO=montmorillonite, Q¤quartz, and V=vermiculite; subscripts 1-7range from most to least abundant. _
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IWell-Drained Bojac, Davidson, and GrosecloseSoilsThe

Bojac soil is a coarse-textured, well drained soil, which developed from marine sediments.

· Davidson is a fine textured highly weathered residual soil with high levels of crystalline and non-
crystalline Al, Fe, and Mn. Groseclose is a fme—textured upland soil, which developed from
limestone residuum. The dominant clay minerals in the Ap horizon of the Bojac and Groseclose
soil were kaolinite and hydroxy interlayered vermiculite (Table 2). The Ap horizon of the Davidson
soil contained primarily kaolinite and some 14 Ä hydroxy interlayered verrniculite.

The three soils had CEC levels between 5 to 15 cmol( + )kg’ 1 and, prior to sludge applica-
tion, had pH levels from 6.0 to 6.6 (Table 1). It is suggested that sludge-amended soils be at pl-l

levels E < 6.5 the first year and maintained at pH levels ’-E < 6.2 to avoid excessive metal uptake.

The USEPA (1983) recommended maximum cumulative sludge metal application to cropland for

a soil with a CEC from 5 to 15 cmol( + )kg" of 10, 280, 280, and 560 kg Cd, Cu, Ni, and Zn ha° 1,

respectively.

Site Locations

In the spring of 1984, field test sites were established to evaluate the use of an aerobically-

digested sludge from a wastewater treatment plant with major industrial inputs on cropland. The
field experirnents were conducted on Acredale silt loam (f1ne·si1ty, mixed, thermic, Typic

Ochraqualf), Bojac loamy sand (coarse-loamy, mixed, thermic Typic Hapludult), Davidsonclayloam

(clayey, kaolinitic, thermic Rhodic Paleudult), and Groseclose silt loam (clayey, mixed, mesic, I

Typic Hapludult). These Acredale and Bojac soils were located in the Coastal Plain, the Davidson I

soil in the Piedmont, and the Groseclose soil in the Ridge and Valley regions of Virginia.

E
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11
Plot Construction

Field experimental plots were constructed in a manner to prevent lateral movement ofsludge1
components from plot to plot (Figure 1). The plots consisted of an isolated volume of soil,2.3by

1.5 m and 0.9-m deep. Isolation of this soil volume was accomplished by excavating a ditch
20-cm wide to a depth of 0.9 m and then wrapping these isolated soil blocks with 10 mil (254
pm) polyethylene film. The trenches separating the blocks were backfilled immediately after the
polyethylene film wrapping procedure was completed. After backfrlling, aluminum flashing was
placed around plots to prevent lateral surface movement and runoff from the plots. Connection
of the Al flashing to the polyethylene wrapping ensured total lateral isolation.

Sludge Application

In the spring of 1984 an aerobically-digested sludge from a wastewater treatment plantwasapplied
at rates of 0, 42, and 84 dry Mg ha' 1 to the poorly-drained Acredale soil. Five sludge ap- 1

plication rates were applied to the well-drained Bojac, Davidson, and Groseclose soils (Table 3).
Two control treatments were included at each experimental site. One control (Control) did not
receive N application for com production in 1984 and for barley production in 1984 · 1985, but
did receive N application for com production in 1985. Nitrogen was applied to the second control
treatment (N-control) in accordance with soil fertility guidelines. These treatments were arranged
in a randomized complete block design with four replicates at eachsite.The

sludge, which was applied to the plots, had a pH of 6.2 and a water content (l05°C) of

370 g H20 kg’1 of dry sludge, and contained on a dry weight basis 1,080, 16,000, and 31,660 mg
kg’1 of K, organic N, and P, respectively. There was limited inorganic N since the sludge was 1

III. MATERIALS AND METHODS 19
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‘ Table 3 . Quantity of sludge, heavy metals, and total N and P applied83 ¤¥88¤1‘¤8¤¤3 to the soils under study.

Dry sludge Macronutrient Heavy metalapplication application application
N P Cd Cr Cu Ni Zn

'
Mg ha 1*

-•—-••··•••-•••-··--- kg ha']- •·-·—-·--•···—····•·"'
Control ·-- ··— -— --· —-— ··- ·—-

N•Contro1 •·— ·•· —- ·-—
-·— ··- ··-

42 670 1380 0- 9 1020 150 8 · 6 120
84 1340 2760 l - 8 2040 300 17 · 2 240126 2010 aiao 2 - 7 3060 aso 25 · 8 360- 168 2660 sszo 3-6 4080 600 34-4 480

210 3350 6900 4-5 5100 750 4*3-0 600
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dewatered on sand beds for approximately two years prior to application which allowed for maxi- 1
mum NH2 volatilization and N02 ‘ leaching losses. Heavy metal concentrations in the sludge were

21.5, 24,300, 3,650, 210, 640, and 2,980 mg Cd, Cr, Cu, Ni, Pb, and Zn kg’1, respectively, on a
dry weight basis. The high sludge application rate of 210 dry Mg 113- 1 supplied 4.5, 5,110, 760,1
3340, 43, 6890, 135, and 620 kg of Cd, Cr, Cu, N, Ni, P, Pb, and Zn ha"1, respectively (Table 3).
The sludge was incorporated into the soil to a depth of Q 20 cm (Ap horizon). Levels of Cu and
Zn were applied in excess of recommended maximum loading rates by 480 kg Cu and 60 kg Zn
ha‘1 at the highest sludge treatment (Table 3).

Cropping Sequence

The experimental areas were planted to ’Pioneer 3l92’ field com in the spring of both 1984
and 1985. After stands were established, seedlings were thinned to a population of 57,300 plants
ha’1. In the spring of 1984, 200 kg N ha' 1 as NH.~,N02, was applied to the N-control treatment.
Both control treatments were amended with P and K, whereas the sludge plots were amended with
only K. Levels of P and K application were in accordance with soil test recornrnendations. In the
spring of 1985, 250 kg N ha' 1 as NH4N02 was applied to the control treatment which had received
no previous N amendments and to the sludge treated plots. The N·control treatment which had
previously received N in 1984 was not harvested for corn in 1985 due to differences in time of N
application. Nitrogen application was necessary due to low rates of N mineralization from the
sludge. A composite sample of 10 earleaves was collected from all plots when com plants were in
early silk growth stage. Corn grain and stover were harvested at physiologic maturity and yields
were acljusted to 155 and 650 g H20 kg’ 1, respectively.

Barley variety ’Henry' was planted in 18-cm rows at a seeding rate of 134.5 kg ha' 1 in the fall

of 1984. Amrnonium nitrate was applied to the N-control treatment at the rate of 20 and 80 kg
ha' 1 in the fall and early spring, respectively. Concentrated superphosphate and KCl were ap-

t
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plied in the fall to both control treatments and sludge treatments prior to planting. Barley plants
were haxvested 2.5 cm above the soil surface. Barley si1age.yields were determined from the 1

Acredale and Bojac soils at Feekes’ growth stage 7 to 9 and from the Davidson and Groseclose soils
at Feekes’ growth stage 10.3 to 10.5 (Large, 1954). The yields were adjusted to 650 g HZO kg' 1.

L£lbOl’°£ll‘OI’y AIl(llyS€S

Tissue Analyses

The barley silage, corn earleaf, com grain, and com stover samples were dried at 70°C for 72
h and ground to pass a 20-mesh (0.833 mm) sieve in preparation for analyses. One·ha1f gram
subsamples of the ground tissue were digested in a HNO;-HClO„, acid mixture prior to P deter-
rninations. Phosphorus in this digest was determined colorimetrically by an ascorbic acid method
(Olsen and Sommers, 1982). Total N in tissue was determined colorimetrically following Kjeldhal
digestion in concentrated HZSO4 (Bremner and Mulvaney, 1982).

Soil Analyses

Soil samples were collected from the Ap horizon at each location prior to sludge application

in the spring of 1984. The samples were air·d1ied, and ground to pass a l0·mesh (2-mm) sieve in
preparation for laboratory analyses. Particle size distribution was obtained by the pipet method
(Day, 1965). Soil pll was measured in a 1:1 soil to water suspension after equilibration for 1 h
(X/lcLean, 1982). Organic matter was determined colorimetrically after wet oxidation with
Na;Cr207 (Peech et al., 1947). Cation exchange capacity of the soils was obtained by Ca saturation

III. MATERIALS AND METIIODS 23
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with subsequent displacement by Mg in OAc' solutions buffered at pH 7.0 (Rich, 1961). Non- 1
crystalline and crystalline A1, Fe, and Mn were extracted with Tamrn’s solution (0.1 M oxalic acid
and 0.175 M arnrnonium oxalate, pH 3.25) under UV light as described by Sampath (1980). Alu- 1

minum was determined by AAS using a high temperature NZO-acetylene flame. Iron and Mn were 1
determined by use of an air-acetylene flame. The < 2- 11 m clay fraction was separated from whole
soil samples for mineralogical analyses as described by Jackson (1979). Clay separates were
mounted on porous ceramic tiles for X-ray diffraction analysis and analyzed for quantitative min-
eralogy as described by Sampath (1980). Electrical conductivity was detennined by the method
outlined by Rhoades (1982), except that a 1:2 soil-to-water (v/v) and a 1 h equilibration was used.

Soil samples for N and P analyses were collected from each site after the com was harvested.
Ten cores from the Ap horizon, and three deep cores, approximately 1.25 m in depth, were col-
lected from both controls and the 42, 126, and 210 Mg ha" sludge plots from three of the four
replications at each site. All plots were sampled at the Acredale site. The Ap horizon was separated
into an upper and lower horizon with the remainder of the profile being analyzed in 15-cm incre-
ments. Soil samples were placed on dry ice immediately after labeling to prevent possible changes
in inorganic N concentrations. Soil N analyses conducted in this study include: i) total soil N,
ii) nitrate-N (NO3'·N), and iii) exchangeable ammonium—N Soil NO3‘-N and
exchangeable NH.!-N were extracted from field moist soil with 2 M KCl (Keeney and Nelson,
1982). Prior to determination of total N, the soil samples were air dried and passed through a 2
mm sieve. Total soil N was determined as described for plant tissue (Bremner and Mulvaney, 1
1982). 1

1In addition to these analyses, soil samples were collected at each site prior to sludge applica-
tion for laboratory estirnates of N mineralization and volatilization. The N availability

indexmethodutilized in the mineralization studies was an anaerobic incubation procedure (Keeney and
1

Nelson, 1982). The method involves incubation of the soil-sludge samples under anaerobic con-
ditions at 40°C for 7 days, and subsequent determination of the NHX-N produced by steam 1

111. MATERIALS AND METHODS - 24 1
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distillation. Controls, which did not receive sludge application, were included to allow calculation
I

of total N rnineralized from the applied sludge. Only the Acredale and Groseclose soils were used
in these mineralization studies. All treatment rates were applied to each soil and all analyses were

_ completed in triplicate. An identical study was conducted concurrently but allowed to incubate for
14 days.

Three of the four soils were used (Acredale, Bojac, and Groseclose) at two sludge application
rates (126 and 252 dry Mg ha") for an NH; volatilization study. The 252 dry Mg ha" ratc was
greater than that actually applied in the field study. Approximately 7.5 cm of moist field soil was
used in each experiment. Sampling was initiated immediately after sludge incorporation with the
aid of an NH; collection system (Fig. 2). Volatilization chambers were placed directly on the

sludge-amended soil surface. A vacuum pump forced air samples from the chambers through gas
traps which collected the NH; gas. An intake hose was attached to each chamber and placed at
the same location to ensure equal background levels of NH; entering each system. Ammonia was

collected from each experimental run for 4 hours after sludge incorporation. Ammonia in the gas

trap was determined by an indophenol blue procedure (Bremner and Mulvaney, 1982).

Soil P analyses included: i) total soil P and ii) dilute double-acid (0.05 M HC1 + 0.0125

M H;SO„;) extractable P. The latter P analysis is used as an index of plant available P in Virginia

(Donohue and Friedericks, 1984). All P analyses were conducted on air dried, sieved (2 mm) soil.

Total P was determined following a HNO;-HCIO4 acid digest (Sommers and Nelson, 1972). The
dilute double-acid extractions were performed on 5 g of soil, shaken for 5 minutes, in 20 ml of ex-

traction solution (Nelson et al., 1953). The P concentration in the extracts was determined

colorimetrically by an ascorbic acid method (Olsen and Sommers, 1982).
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Statistical Arzalyscs

_ The response of crop yields as a function of the evenly spaced sludge applications was ana-
lyzed by orthogonal polynomial comparison analyses. The modified Mitcherlich plant growth
model was used to evaluate nonlinear yield responces (Ware et al., 1982). Effects of treatments on
N and P concentrations in corn and barley tissues and on dilute double-acid extractable P were
evaluated by analyses of variance and the least significance difference (LSD) test. A 0.05 level of

V
significance was chosen for these statistical techniques (Steel and Torxie, 1980).



Irylucncc of Sludge Application on Soil

Two and one-half months after sludge application to the Acredale soil, the pH of the 0, 42,
and 84 dry Mg ha' 1 sludge treated plots did not differ and ranged from 5.9 to 6.0. Sludge addition

increased the organic matter contents and soluble salt levels from 2.2 to 3.9 g kg’ 1 and 0.9 to 1.3
dS m’1 from the control to the 84 Mg sludge ha"1 treatment, respectively. Bower and Wilcox
(1965) repoxted that salinity effects are usually negligible for saturation extracts of < 0.2 S m’1.

Sludge application to the three well drained soils also increased the organic matter content in 1985,
but did not affect the soluble salt levels (Table 4).
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Table 4. Chemical properties of the Ap horizon of the soils understudy in 1985.

. Dry sludge Organic Solubleapplication pH matter salts
·1 -1Ms ha g ks ds url

Bojac loamy sand
0 6.6a+ 164 3.1a42 6.4a 24c 2.7a

84 6.1b 29bc 3.3a
126 6.0bc 35b 3.5a
168 6.0bc 44a 3.4a
210 5.8c 52a 3.8a

Davidson claz loam
0 5.6a 22e 3.4a

42 5.7a 29d 3.8a
84 5.6a ' 36c 3.7a

126 5.8a 49b 3.6a
168 5.8a S0b 3.la
210 5.8a 65a 3.5a

Groseclose silt loam
0 5.9a 26f 5.9a

42 5.9a 33e 5.6a
84 5.5b 37d 5.9a

126 5.6ab 50c 4.7b
168 5.5b 54b 5.4ab
210 5.5b 70a 5.9a

+Colum means for each soil followed by different letters aresignificantly (p • 0.05) different.
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Nitrogen Mi1zc1·alizati01z and Volatilizatimz

· Since < 8 mg kg’ 1 of the total N content (16 g kg' 1) of the sludge used in this research was

present in inorganic forms, the availability and subsequent distribution of N from this sludge were

governed by the mineralization of the organic N. The amount of N mineralized during the 7- and

14-day incubation studies decreased with increased levels of sludge application (Table 5). The val-

ues for N mineralization for both incubation periods are at the low end of the range reported by

Ryan et al. (1973). This low N mineralization may be due to the elevated levels of trace metals in

this sludge. Chang and Broadbent (1982) reported that trace metals, particularly Cr > Cd > Cu

> Zn, inhibit N transformations at concentrations greater than 400 mg kg'1. The fact that this

sludge was applied to sandbeds for dewatering, and remained on these beds for at least 2 years prior

to collection for this study also probably contributed to the low N mineralization rate. The more

readily mineralizable forms of undoubtedly had already been lost while on these beds.

Extremely low quantities of NH; were lost from this sludge following incorporation into soil

(Table 6). The average loss of N via NH; volatilization was extremely low at < 0.01 g kg'1 of the

total applied N. A limited amount of NH; volatilization was expected from this sludge because

of its low NH4+·N concentration (4.5 mg kg’ 1).

I
I
I
I
I
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Table 5. Nitrogen mineralized in a laboratdry auaerobic incubation study (40°C) for 7 amd 14
days.

N Applied N Mineralized

7 days 14 days

kg ha" gkg" kg ha°‘ gkg°‘ kg ha°‘
Acredale 667 68.1 45.4 90.8 60.6

1334 40.8 54.4 63.7 85.02001 40.3 80.6 51.8 103.6
2668 34.7 92.5 46.5 124.2
3335 34.5 115.1 46.5 155.1

Groseclose 667 65.3 43.6 93.3 62.21334 42.9 57.2 59.7 79.6
2001 34.1 68.2 49.5 99.12668 27.8 74.2 40.2 107.1
3335 27.2 90.7 36.3 121.1
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Table 6. Nitrogen losses estimated by NI-I; volatilizatiou.

Soil Sludge apphcauon, Mg ha" NH; volatxhzamon

2000 4000

Mg
ha°‘ -—-—- -——- gkg°‘———-

Grosecluse .034 .004 2.7 x 10'°’
Bejac —— .027 2.1 x 10"
Acredale —- 0.000 0.00
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Crop Yields

‘Acredale Soil

Corn grain and stover harvested in 1984, and barley silage harvested in the spring of 1985 were
consistently higher from the N·control treatment than from the sludge treatments (Table 7). These

L
decreases in yields were attributed to N deficiency and indicate limited mineralization of the sludge
N applied. The conclusion of N deficiency was supported by the earleaf N concentrations (Table
8) of com grown on the sludge treatments which were in the range indicative of N deficieney (Jones
and Eck, 1973), the incubation study (Table 5), and the N uptake and concentration data for the
barley (Table 9). Concentrations of Cd, Cu, Ni, and Zn in the plant tissue (Rappaport et al., 1987)
were within the range considered to be normal for barley and com growth (Page et al., 1981;
Chapman, 1966). This is further evidence that the yields were influenced by the N mineralization
rate rather than by metal accumulation.

In the spring of 1985, 250 kg N ha" as NH4NO3 was applied to the control and both sludge

treatments to eliminate N deficiency in the second crop of corn. Corn grain and stover yields from
the control and sludge treatments ranged from 9,000 to 9,700 and 19,200 to 21,300 kg

ha°‘
in 1985,

respectively, and were not decreased by sludge application (Table 7). These data indicate that a

decrease in yield did not result from the high rates of Cr and Cu applied in the sewage sludge.

Bojac, Davidson, and Groseclose Soils

Grain and stover yields in 1984 from the three locations increased linearly as a function of the
five evenly spaced sludge rates (Fig. 3 and 4). Com grain yields from the N-control treatment were

i IV. RESULTS AND DISCUSSION 33
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Table 8. Nitrogen and phosphorus concentrations in the com earleaves, grain, and stover from
the sludge amended Acredale soil in 1984 and 1985.

Dry Sludge Earleaves Grain Stover
Application

N P N P N P
Mg ha"‘ .................- g1<g" ----------.----

1984

Control 13.9b 2.3b 10.1b 3.4b 4.4a 2.4:1
N·contro1 22.9a 2.5:1 13.9:1 4.5a 4.6:1 0.611
42 14.8b 2.6a 10.4b 4.2:1b 4.7a 2.6:1
84 15.7b 2.7:1 11.4b 3.6ab 4.6a 2.4a

1985
Control 38.8:1 3.6a 18.4a 3.2:1 7.6:1 1.7:1
42 34.6ab 3.7:1 19.3a 3.6a 7.2:1 1.9:1
84 “ 33.1b 3.6a 18.8a 3.1a 7.0a 1.8a

Column means for each soil followed by different letters :1re si@cant1y (p = 0.05) different.
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Table 9. Nitrogen and phosphorus concentrations and totals harvested for 1985 barley silage onthe Acredale soil.

Dry sludge Silage concentration Silage uptake
application

N P N P
Mg ha" —--—- gkg" --——- -—-- kg ha" ----

Acredale silt loam
Control 17.0c 8.5b 22b 1 1bc
N-Control 28.1a 10. la 80a 29a42 22.3b 1 1.0a 18b 9c
84 19.0bc 10.9a 20b 12b

Column means for each soil followed by different letters are signiiicantly (p = 0.05) different.
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11,600, 9,900, and 10,100 and from the highest sludge application treatment were 12,600, 10,800,

and 13,200 kg ha°1 on Bojac, Davidson, and Groseclose soils,—respective1y. These yield increases

were due to increased available N as a result of sludge application (Fig. 5). Sludge arnended plots

. required as much as 168 Mg ha'1 before yields were compareable to those plots receiving inorganic

N on all soils.

Barley silage harvested from the Bojac and Groseclose soils increased linearly with increased

rate of sludge application (Fig. 6 and 7). The Mitscherlich plant growth model (Ware et al., 1982)

was used to quantify maximum silage yield as a function of sludge application rate for the Davidson

soil (Fig. 8). This nonlinear regression model has been used to characterize plant growth patterns

and to estimate critical plant nutrient values (Reneau, 1983; Ware et al., 1982). A 155 Mg ha’1

sludge rate was associated with a 90% maximum barley silage yield on the Davidson soil.

Corn grain and stover yields in 1985 increased linearly with rates of sludge applied in the

spring of 1984 on the Davidson and Groseclose soils (Figure 9 and 10). There was no signiiicant

linear or quadratic response for com grain or stover harvested from the Bojac soil in 1985. How-

ever, contrasting the mean yields for the control where no N was applied against the mean of sludge

treated plots from the Bojac soil indicated increased com and stover yield. The mean com grain

and stover yield from the control was 7,300 and 16,600 and from the sludge treated plots was 9,400

and 18,900 kg ha' 1, respectively. Overall, in this 2-year study barley silage, com grain, and stover

yields were increased over that of the control on the three soils where up to 4.5, 5105, 760, 43.0,

135, and 620 kg Cd, Cr, Cu, Ni, Pb, and Zn ha‘1 were added in a single sludge application, re-

spectively.
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Nitrogen and P/zosphorus Concentrations in Tissue

‘ Acredale Soil

First-Crop: Sludge application did not increase the concentration of N in the corn earleaf, grain,
or stover over the control in 1984 (Table 8). Concentration of N in the earleaf was higher on the
N—control than on the control and sludge treatments. The N concentration (15.7 g kg' 1) in the
earleaf on the highest sludge treatment was substantially less than the 30 g N kg‘ 1 reeomrnended
as sufficient for normal corn growth (Donohue and Hawkins, 1979). The 15.7 g kg“1 earleaf N
concentration also is well below optimum earleaf N values of 27 to 35 g kg"1 reported by Jones
and Eck (1973). Concentration of N in com grain where sludge was applied also was less than the
grain N concentration for the N-control. There was no treatment effect due to sludge application
for N concentration in com stover. Overall, these findings indicate very low mineralization of the
sludge organic N, as was indicated by the laboratory mineralization studies. In fact, visual N defi-
ciencies were apparent on the control and sludge amended plots throughout the growing season.

The P concentration of the com earleaf increased from 2.3 to 2.7 g kg’ 1 for the control and
the 84 Mg sludge ha’1 treatment, respectively (Table 8). The values for the P concentration from
the sludge plots in the earleaf are within the sufficiency range of 2.5 to 4.5 g P kg’1 reported by
Donohue and Hawkins (1979). The P supplying capability of this sludge appears to be sufficient
for crop production on this soil.

Residual-Crops 2 and 3: Deficiencies of N were again evident in the barley crop established in
the fall of 1984. Concentration of N in the barley silage ranged from 17.0 to 22.3 g 1<g’1 for the
control and the 42 Mg ha'1 sludge application rates, respectively (Table 9). The higher N con-
centration in the N-control can be explained by the fact that this treatment received the 100 kg N
ha°1 split application. Lack of adequate N availability can best be illustrated by comparing N
uptake for all treatments (Table 9). Nitrogen uptake by the barley where sludge was applied was
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not increased over that of the control where N was not applied. The N uptake by barley was four
times higher on the N-control treatment than on either sludge treatment. These relationships are
further evidence of the low mineralization and availability of N from this sludge.

As a result of low mineralization, the former control (no N) and both sludge treatments wereP
fertilized with 250 kg N ha" for the production of the 1985 com crop. The application of N to
the sludge plots was necessary to ensure the survival and normal production of the com crop. For
this reason, the N availability study was tenninated at this point to allow the continuation of the
P and heavy metal studies. Following N application, N concentration in the com tissue did not
vary with treatment except for the earleaf concentration (Table 8). Com grain and stover yields
showed no treatment effects in 1985, following NH4NO;, application.

Sludge application increased P concentration in the barley silage over that of the control
(Table 9). Total P uptake, however, did not increase due to diiferences in yields. Following N
application to the former control and all sludge treatments for the 1985 com crop, no P concen-
tration treatment effects were evident (Table 8). However, these data do indicate the ability of this
sludge to supply sufficient P for the second and third crops. These findings are consistent with
those of Kelling et al. (1977a) where sufficient P was available for at least 2 years after sludge ap-
plication.

Bojac, Davidson, and Groseclose Soils

First Crop: The N and P concentrations in the com earleaf, grain and stover grown on the three
soils are shown in Table 10. Earleaf concentrations of N on the sludge amended plots did not in-
crease over that of the control on any soil. This observation reflects the high initial N status of
these soils at the time of planting and the low mineralization of the sludge organic N. The N
content of the com earleaf was consistently greater where NI·l4NO;, rather than sludge was applied
as a N source. Even at the highest sludge application rate of 3335 kg N ha", the earleaf N content
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1
was consistently below that of the N-control where 200 kg of inorganic N ha'1 was applied. Low
mineralization did not affeet yields as much on the well-drained soils as on the poorly-drained
Acredale soil. The initial N status of these well-drained soils was sufficient to supplement plant
N requirements. Donohue and l—Iawkins (1979) indicated that the plant N sufiieiency range for com
earleaf was from 30.0 to 35.0 g kg° 1. On the Bojac soil, the control where no N was applied was
well within these ranges (Table 10). The carryover of available N to the com crop was in part due
to the previous soybean crop grown on this site.

The earleaf N concentrations on the Davidson and Groseclose soils never attained the above
mentioned 30.0 g kg'1 sufficiency level (Table 10). Results of this study indicate, however, that
the 30 g N kg’1 in earleaf recommended by Donohue and Hawkins (1979) is greater than N levels
required for maximum com yields where organic amendments are used as N sources. Comparison
of the earleaf N eoncentration from the N-control on the Davidson soil (28.5) versus the 210 Mg
ha’1 application rate (24.6) illustrate this observation. The earleaf N eoncentration of the corn
grown on the 210 Mg sludge plots was well below the recommended eoncentration of 30 g kg‘1
and, yet, higher yields were obtained on this treatment than on the N—control (Table 10). The 210
Mg rate also had higher N uptake than that of the N—contro1, reflecting the gradual release of the
sludge N over the growing season. lmplicit in these observations is the potential for application
of excessive N by using the 30 g N kg’1 as minimum earleaf concentrations for maximum yields
where organic N is the sole N source. Therefore, current recommendations based on earleaf N
concentrations may not be the optimum indicator of relative yields where sludge is used as a N
source.

Sludge application increased N eoncentration in the grain over that of the control on the
Bojac and Davidson soils (Table 10). The N eoncentration of grain on the Bojac soil increased
from 15.4 to 16.6 g kg’1 from the control to the highest sludge rate. However, as was the case
with the earleaf eoncentration, the com grain N was highest where inorganic N was applied. On
the Davidson soil, N eoncentration of com grain increased from 13.8 to 17.0 g kg'1 on the control
to highest sludge application rate, respectively. Again, this observation indicates that, although the
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Table 10. Nitrogen and phosphorus concentrations in the corn earleaves, grain, and stover fromthe sludge amended soils under study in 1984.

Dry Sludge Earleaves Grain StoverApplication
N P N P N P

Mg ha' 1 -------—-——----— g kg°1 —-———-—--—-—---

Bojac loamy sand
Control 33.4b 2.3b 15.4c 4.7ab 5.5c 1.0abcN-control 40.8a 2.8a 18.3a 5.5a 7.6a 0.9bc42 29.6b 2.1c 16.4bc 4.7ab 5.8bc 1.2a84 31.9b 2.2bc 16.1bc 4.6ab 5.8bc 1. lab126 31.9b 2.3b 16.6b 4.5ab 6.1bc 1. lab168 33.8b 2.3b ~ 16.9b 4.2b 6.8ab 0.9bc210 33.7b 2.3b 16.6b 4.3ab 6.4bc 0.8c

Davidson clay loam
Control 25.8a 2.2bc 13.8c 2.6c 6.4b 0.5bN-control 28.5a 2.2bc 17.3a 3.5bc 7.6a 0.5b42 23.6a 2.1c 15.4b 4.0ab 6.4b 0.7a84 25.6a 2.4a 17.5a 4.8a 7.0ab 0.7a126 24.5a 2.4a 17.0a 4.4ab 7.5ab 0.7a168 25.4a 2.4a 16.3ab 3.9ab 8.1a 0.8a210 24.6a 2.4a 17.0a 3.5bc 8.1a 0.8a

Groseclose silt loam
Control 27.4ab 2.7bc 16. la 4.8a 5.8b 0.6aN·contro1 29.5a 2.6c 17.0a 5.5a 7.9a 0.7a42 27.3ab 2.6c 16.1a 4.7a _ 6.8ab 0.8a I84 26.9ab 2.7bc 16.5a 4.2a 5.6b 0.7a126 26.4ab 2.7bc 17.0a 5.5a 6.3b 0.8a I168 25.6b 2.9a 16.0a 5. la 6.4b 0.8a210 28.8ab 2.8ab 16.7a 5.3a 6.5b 0.7a I
Column means for each soil followed by different letters are significantly (p = 0.05) different.

I

1

1

1

1
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1

earleaf concentrations did not show increases in N content, N was continually becoming available
via mineralization. No treatment effects on com grain N occurred on the Groseclose soil. Similar
trends of N response to sludge application were observed in the com stover (Table 10).

The most notable treatment effects of sludge P were evident on the Davidson soil. This soil
is very high in amorphous and crystalline Al and Fe hydroxides and oxides (Table 1). The ability
of such soils to fix large quanities of available P is well documented (Sanchey and Vehora, 1980).
The P content of the com earleaf was increased from 2.2 to 2.4 g kg'1 for the control and 210
Mg ha' 1 sludge application rate, respectively (Table 10). The P content of the com stover was also
increased on this soil. Sludge application increased P content of stover from 0.5 g kg’1 on the
control to 0.7 g kg'1 on the 210 Mg sludge treatment. Treatment effects from sludge P were not
as apparent on the Bojac and Groseclose soils.

Residual-Crops 2 and 3: Sludge application increased N concentration in barley silage on the
Bojac soil from 18.3 to 22.5 g kg"1 on the control and the highest sludge rate, respectively (Table
11). However, no sludge treatment approached the N concentration observed in the N~control
(29.4 g kg' 1). No treatment effects on N concentrations in barley silage from sludge N occurred
on the Groseclose soil. Sludge application to the Davidson soil decreased N concentrations in the
barley silage. Silage concentration of N on the control was consistently higher (15.7 g kg’ 1) than
those of the sludge treatments (13.3 to 14.5 g kg“1). Again, as with the Acredale soil, inorganic
N (250 kg ha‘1) was applied to the control and the sludge plots to allow the continuation of the
P study.

Consistent with the frndings for the first crop, sludge application increased P concentration
of barley silage grown on the Davidson soil (Table 11). Silage P concentration increased from 6.5
g kg'1 on the control to 8.6 g kg" 1 on the 210 Mg sludge ha'1 treatment. On the Groseclose soil,

only the 210 Mg ha“1 sludge application rate caused increases in barley P concentration. Con-
centration increased from 8.4 to 9.5 g P kg'1 on the control and 210 Mg ha’1 sludge treatment,
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Table ll Nitrogen and phosphorus concentrations and totals harvested for 1985 barley silage on‘ the three soils used in field experiments.

Dry sludge Silage concentration Silage uptakeapplication
N P N P

Mg
ha°‘

-.... gkg" ..... ---- kg 113.-1 ....
Bojac loamg sand

Control 18.3c 9.3a 35d 18bN·Control 29.4a 9.6a 102a 33a42 21.3bc l0.7a 56bcd 28a84 19.5bc 10.6a 51cd 27a126 20.5bc l 1.0a 66bc 35a168 22.5b 10.6a 78ab 37a210 22.5b 9.6a 68bc 29a
Davidson clag loam

Control 15.7b 6.5b 20e 8dN·Control 21.7a 4.7c 74a 16c42 14.4c 8.0a 30d 17c84 14.2cd 8.2a 36cd 20c126 14.0cd 8.22. 45bc 27a168 13.3d 7.8a 4lbc 24ab210 l4.5c 8.6a 46b 28a
Groseclose silt Ioam

Control 15.2b 8.4b 30d 17cN·Control 25.5a 5.4c 96a 21bc42 15.2b 8.8ab 35cd 20bc84 14.8b 8.4b 36cd 20bc126 15.5b 8.3b 44bc 23b168 14.3b 9.2ab 46b 29a210 15.2b 9.5a 5lb 32a
Column means for each soil followed by diiferent letters are signiücantly (p= 0.05) diiferent.

r

r
I
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respectively. No treatment effects on silage P concentrations from sludge P application were ob-
served on the Bojac soil. .

Following the 250 kg
ha"‘

inorganic N application to all plots, no treatment effects were

‘ evident for the com earleaf and stover N concentrations on any soil in 1985 (Table 12). Several
of the sludge treatments on the Bojac soil did differ from the control for N content of the com grain.
Grain N concentration decreased from 18.3 g kg" on the control to 17.3 g kg" at the 168 Mg
ha"‘ sludge treatment. The decrease is likely a result of N immobilization of applied inorganic
N. No treatment effects in stover N concentration occurred on the Davidson and Groseclose soils.

Sludge application to the Bojac soil decreased P concentration of the corn earleaves from 3.5
g kg" on the control to 2.9 g kg”‘ on the 210 Mg ha" sludge treatment (Table 12). A similar
trend was evident in the stover P concentration for this soil. Concentration of P in stover on the
168 and 210 Mg

ha°‘
sludge rates was 1.5 g l<g", while stover P concentration of the control was

2.5 g kg°‘. Sludge application did not affect either earleaf or stover P concentration on the
Davidson and Groseclose soils. Grain P concentrations were not affected by sludge application on
any soil.

Although there generally was a lack of tissue P response to applied sludge P, the sludge sup-
plied adequate quantities of P for crop growth (Table 12). The sufficiency values for earleaf P
concentrations are between 2.5 and 4.5 g kg'1 (Donohue and Hawkins, 1979). The earleaf P
concentrations for all sludge treatments were well within this range. Application of inorganic N to
the sludge plots not only increased the N content of the corn earleaf compared to the 1984 com
crop on the Davidson and Groseclose soils (Tables 10 and 12), but also resulted in increased uptake
of sludge-applied P from all soils (Table 12). The stimulatory effect of N on crop use of P is con-
sistent with results reported by Olsen and Dreier (1956), and probably resulted from increased root
proliferation as a result of N application.
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Table 12. Nitrogen and phosphorus concentrations in the com earleaves, grain, and stover from‘ the sludge amended soils under study in 1985.

Dry sludge Earleaves Grain StoverApplication
N P N P N P

Mg ha' 1 .__________..... g kg' 1 .................

Bojac loamy sand
Control 31.8ab 3.5a 18.3a 3.4a 7.3a 2.5a42 31.0b 3.0bc 18. lab 3.4a 7.1ab 2.2a84 35.1a 3.3ab 17.7abc 3.0a 6.6ab 1.5b126 34.6a 3.1bc 17.4bc 3.2a 6.3ab 1.4b168 34.9a 3.1bc l7.3c 2.9a 6. lb 1.5b210 32.0ab 2.9c 17.9abc 2.9a 6.6ab 1.5b

Davidson clay 1oam
Control 34.6a 3.0a 17.9a 3.9a 6. la 1.5a42 32.9a 2.9a 18.9a 4.1a 5.6a 1.5a84 _33.4a 3.0a 17.9a 4.1a 6.0a 1.5a126 32.7a 2.9a 18.4a 4.2a 6.0a 1.5a168 34.3a 3.1a 19.0a 3.7a 5.7a 1.5a210 33.9a 3.0a 18.7a 4.1a 5.7a 1.5a

Groseclose silt loam
Control 33.9a 2.9a 19.3ab 4.5a 6.7a 1.4a42 35.6a 3.1a 19.4a 4.6a 6.la 1.5a84 33.4a 3.0a 19.4a 4.2a 6.2a 1.6a126 34.5a 3.1a 19.1ab 4.3a 6.5a 1.7a168 33.3a 3.0a 18.0b 4.3a 5.5a 1.6a210 34.1a 3.0a 18.4ab 4.la 5.6a 1.4a
Column means for each soil followed by diüenent letters am signiäcantly (p = 0.05) different.
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I Soil Nitrogen and Plzosphorus

I · Acredale Soil
l

Inorganic Nitrogen Distribution: The inorganic N distribution with depth in the Acredale soil
following the 1984 corn harvest is shown in Figure ll. The low level of N mineralized from this

I
sludge did not result in quantities of inorganic N (NH4*·N and NO;’-N) in excess of crop re-

‘ quirements, thus reducing the N loss below the root zone. The small concentration of NO; ’·N
in this soil profile also is a result of denitriiication which would readily occur in this highly reduced
soil.

Extractable Phosphoms: Extractable P levels in the Acredal Ap soil horizon increased linearly
(rz = 0.99**) with an increase ir1 level of sludge application (Fig. 12). Kelling et al. (1977b) also
noted increases in extractable P levels following application of sewage sludge. Total and extractable
P levels with depth 1.5 years after sludge incorporation indicated that P had not moved below the
Ap horizon (0 to 25 cm) of the Acredale soil (Table 13).

Bojac, Davidson, and Groseclose Soils

Inorganic Nitrogen Distribution: The NO; °-N distribution with depth in the Bojac, Davidson,
and Groseclose soils is shown in Figure 13. The Bojac site was sampled in November of 1984.
Sludge application increased NO;‘·N levels to a depth of approximately 60 cm. However, these
increases when normalized (removing the contribution from the control profile) were < 10 mg
NO;°-N kg‘* at the 25 to 50 cm depth and virtually negligible at lower depths. Concentration
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Figure ll. Inorganic N distribution with depth for the Acredale soil following the 1984 corn harvest.
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Table 13. Amounts of total and dilute double·acid extractable P with depth in the Acredale soil1.5 years after sludge application.

Soil
Depth Dry sludge application, Mg ha'1

0 42 84

-·cm-· ——--——--———— kg total P ha°1 —--——-—--——-—

0-25 545c 1955b 32lOa25-40 355a 433a 436a40-55 250a 285a 250a
mg ext. P kg' 1

0-12 15.3c 73.7b 122.1a12-25 8.3c 24. lb 44. la25-40 0.4a 0.5a 0.7a

Row means followed by different letters are significantly (p = 0.05) different.
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of NO; '-N below the root zone was less than 3 mg l<g" where sludge was applied. Below 75 cm,
the major contributor to groundwater NO; ’ levels was the N-control.

Ü In the sludge amended plots on the Groseclose soil, also sampled in November of 1984,
NO;’-N concentrations were consistently lower than the N-control at the 12.5- to 25-cm depth
(Fig. 13). This observation indicates that NO;’-N levels present at lower depths (below 75 cm)
of the soil were not related to sludge application. The Davidson soil was sarnpled in February,
1985. Rainfall over the winter months was suflicient to allow percolation of water, and subscquent
transport of NO;’ in excess of 75 cm. Again, as with the Groseclose soil, the sludge treatments
falsely appear to be contnbuting to the accumulation of substantial quantities of NO; ’ below the
root zone. However, when compared with the NO;‘-N level of the control, actual NO;° con-
tributions from the sludge applications were minimal. As with the Groseclose soil, there were no
apparent treatment effects with respect to NO;’·N levels in t11e Davidson profile. The low

mineralization rates decreased the potential for NO; ’ leaching losses.

Arnmonium-N concentrations in the Bojac, Davidson, and Groseclose soils are presented ir1
Figure 14. Sludge application had little affect on Nl·I4+-N concentrations at various depths in the
three soils. For all soils, NH4+-N concentrations were < 5 mg kg" in the Ap horizon and < 2
mg

kg°‘
below the root zone.

Extractable Phosphorus: Dilute double·acid extractable P in the Ap horizons of the three soils
increased linearly (rz = 0.93** to 0.99**) with rate of sludge application in 1984 and 1985 (Fig.
15). Extractable P levels reached a maximum of 282, 98, and 222 mg P kg" at the highest rate
of sludge application for the Bojac, Davidson, and Groseclose soils, respectively. The greater P I
iixation capacity of the Davidson soil is reflected by these results. Extractable P levels from the

l
highest sludge rate in the Davidson and Groseclose soils decreased with time, from 233 and 539

mg P
kg“‘

in 1984 to 195 and 443 mg P l<g" in 1985, for the Davidson and Groseclose soils, re- I

spectively. These fmdings are consistent with those of Kelling et al. (1977b). 1·1owever, extractable I

IV. RESULTS AND DISCUSSION 58 I

I
T



c«¤

.¤ 9
x" 3*

! .
' [P *‘·‘ 97 E

U)
I'}, [aß

°z .1
·1·

¢

ä

Il
0, eu

•-•

·’ v' E- 3
.7:

‘° 5:
E

€
-— 3TU, 3

c .:1:Ö
o °' C5

Z - : { -
=

ä=- 55
‘ , 3 5

3 zT ä *7* N en Q { x <* Z f-:-X

F; 2 3 ° Zvä N . X I ¤ c g

>_ E g ' é
• • • , 6* '° PZ ¤

g • _
( 1-Y

¤ 3 g im?
·’P

I ä 5- z -3
q, • ° | { I} _ Q P- m

" Ö L10 L Li 5
/ „ Q ¤Q’
I

GI Z E-

0
Q Q· 'U

.
9 6

Z
‘;

Ö E .5
é 5

¢ 1*:
v P:Z ¥ .
c ä Üä
""

.‘: Z
2 22

B'-
2 3 E

· ~
3 „

"\¤ ~ . ·= a
' ‘ __ s ~

Ö E

x . p

_

*·-’;..¤1üg:¤»·

.
°

n

' Q -1 5%

c
c

Q
W:) P-LLd3G 1105

. [V. RESULTS AND DISCUSSION n
so



DRY SLUDGE
O APPLICATIDN RATE— mq na") $1#. ,‘

·Q ' Control I
r J O···•Q * N•C¤ntr¤I25 A-•-6 = 42

g „ Ü'••U
* |2G

E I ‘ I E V-··-V = ZID
Q I

I 5Q zi
UE I

Lu • „
c I,
J I '•

'5 i ~ |"’ E1/ zv ,• / llIOOig
BOJAC LS DAVIDSDN CL GRDSECLDSE SIL

D 2 4 O 2 4 O 2 4
AMMONIUM NCONCENTRATION (mg kg")

Figure I4. Ammonium·N distribution with depth in the Bojac, Davidson and Groseclose soils after I984com harvest.
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1
P levels in the Bojac soil increased during this same time period on all sludge plots. At the highest
application rate, the increase was from 170 mg P kg’ 1 in 1984 to 283 mg P l<g’ 1 in 1985. The in-
crease in extractable P in this soil is explained by the decrease in soil pH from sludge application
(Table 4).

The limited mobility of P in soils has been shown by many researchers (I·Iook et al., 1973;
Miller et al., 1976; Robertson et al., 1982). Levels of extractable and total P for the three soils were
analyzed to a depth of 40 cm to evaluate P movement. No increases in total P occurred below the
the Ap horizon from incorporation of sludge into the three soils (Table 14). Slight increases in _
extractable P occurred below the Ap horizon (0- to 25-cm depth) in the Bojac and Davidson soils
(Table 15). Extractable P levels did not indicate downward movement of P below the Ap horizon
in the Groseclose soil.

Nitrogcn Balances

As a summary of the fate of the sludge bome N, a N balance is presented for each soil (Tables
16, 17, 18, and 19). The values presented in each table were normalized, i.e., quantities of N present

ir1 the control in each category were subtracted from each of the treatments. The com tissue N and
soil N data from 1985 were not included in these balances due to the application of inorganic N to
each site following the barley harvest.

Unrecovered N from the sludge plots ranged from 6 to 21 percent. Since erosion did not
occur due to the plot design and since NH; volatilization losses were insignificant, leaching and
denitrification are the two primary mechanisms by which N could be lost from these soils. The
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T:xb1••l4. Total P in th: Ap fhorizon (0 to 25 cm) and two lowcr sampling dcpths, 1.5, 1.7, and' 1.8 ycars aftcr sludgc application to thc ßojac, Davidson, and Groscclosc soils, rcspcc·tivcly.

Soil
dcpth Dry sludgc application, Mg ha"

0 42 126 210
cm ··-·—-·——-- kg P ha" —--•··-----

Bojac loamy sand
0-25 1480:1* 2780c 5670b 8340a25-40 890:1 850a 850a 9 1 0a40-55 700a 770:1 850a 680a

I
Davidson clay 1o:1m

0-25 2670d 4020c 66 10b 94 10a25-40 1230a 1 280a 1270a 1 190a40-55 1310a 1360a 1400a 1410:1
Groscclosc silt 1o:1m

0-25 1220d 2400c 5190b 7790:125-40 350a 340:1 330:1 340a40-55 360:1 370:1 350a 300:1

Ap horizon. zonc of sludgc incorporation
* Row mcans 1'or cach soil followcd by dilfcrcnt lcttcrs arc signilicantly (p = 0.05) dil'1'crcnt.
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Tablc 15. Dilutc doublc-acid cxtractablc P with dcpth for tlzc Bojac, Davidson, and Grosccloscsoils samplcd 1.5, 1.7, and 1.8 ycars following sludgc application, rcspcctivcly.
Soil
dcpth Dry sludgc application. Mg ha°‘

0 42 126 210 ‘
cm -—--•--•-—-- mg P kg" —-•—--—-—-——

Bojac Ioamy sand
0- 12 57.6d * 122.1c 230.312 312.3:112-25 56.5d 106.8c 198.7b 252.7a25-40 1.8:: 2.1c 2.7b 3.4:1

Davidson clav Ioam l

0-12 17.9d 41.8c 121.912 169.7a12-25 12.0b 13.312 17.5b 26.4:125-40 1.4b 1.512 2.0:1 2.2:.1
' Groscclosc silt 1oam

0-12 21.2d 87.5c 225.6b 310.7:112-25 11.9c 19.9c 76. lb 132.8:125-40 1.0:1 0.9a 1.0:1 1.1:1

* Row mcans for cach soil followcd by diffcrcnt lcttcrs arc signilicantly (p = 0.05) diffcrcnt.
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Table 16. Nitrogen balance sheet for the 1984 com and barley Tcrop for the sludge·amendedAcredale soil.

N balance
components Dry sludge application, Mg

ha°‘

0 1* 42 84
kg N ha" ‘ —-———·—--•—•-

N applied
Sludge -·· 667 1334Nll•NO; 220 ··· --

N Reeovered
Soil

Organic 23 506 1008 -lnorganic 7 15 33
Com tissue

Grain 77 10 16Stover 16 0 4l
Barley tissue . -• -4 -2

lnorganic
N xeeovcred 100 ZI 51
Total N reeovered(%) 123(56) 527(79) 1059(79)
N unrecov<¤·ed(%) 97(44) 140(21) 275(31)

'lThe barley txssue xs not rncluded due to application of 80 kg N ha" to N·control after the sollsamples were colleeted.l°l°he N-control treatment.
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Table 17. Nitrogen balance sheet for the 1984 com and barley Tcrop for the s1udge·amendcdBojac soil.
N balance
components Dry sludge application, Mg

ha°‘

0 *6 42 126 210
·-·-••-·--•·—--——-· kg N ha' ‘ •·-—--————-——•——

N applied
Sludge ·~· 667 2001 3335

N recovered
Soil i

.Organic 42 473 1642 2746lnorganic -3 13 24 25
Com tissue

Grain 59 24 43 57Stover — 43 3 13 24
Barely tissue ··· 21 31 33

lnorganie
N reeovered 99 61 111 139
Total N recovered(%) 141(64) 513(77) 1722(86) 2852(86)
N unrecovered(%) 79(36) 154(23) 279) 14) 483( 14)

1'The barley tissue is not included due to application of 80 kg N ha"‘ to N·contro1 after the soilsamples were colleeted.i’
N•contro1 treatment.

I
I. I
Ii
I_ I
I
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Table 18 Nitrogen balance sheet for the 1984 com and barlcy Tcrop for the sludge-amcndcdDavidson soil.
N balance
components Dry sludge application, Mg ha“‘

0 T 42 126 210

kg N ha" ——-·—--——-——·—-—-
N applied

Sludge ••• 667 2001 3335NILNO; 220 ••· ·•·
···

N recovercd

Soil .· Organic 47 502 1782 2884 _
Inorganic 7 0 ·3 ‘ ·3

Com tissue
Grün 72 29 65 81Stover 13 ·2 17 23

Barley tissue ·· 10 25 26
lnorganie
N rccovered 92 37 104 127
Total N recovered(%) l39(63) 539(81) 1886(94) 3001(90)
N unrecovered(%) 81(37) 128(19) ll5(6) 334( 10)

'I'The barley txssue ts not included due to application of 80 kg N ha ‘ to N·control after the sozlsamples were collccted.
7 N-control treatment.
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Table 19. Nitrogen balancesheet for the 1984 com and barley'l'crop for the sludge·amendcdGroseelose soil.

N balance
components Dry sludge application, Mg ha°‘

0 1“ 42 126 210 .
kg N ha" -—-——-————-•

V N applied
Sludge ·•· 667 200 1 3335NHaNO; 220 ·•- -•-

-·-
N recovered

Soil ·Organic 44 545 1618 3022 ·lnorganie 4 -12 -10 -4
Com tissue

Grain 21 3 33 49Stover 32 14 18 30
Barley tissue ·-· 5 13 21

lnorganie .N reeovered 57 10 54 96
Total N recovcred(%) 101(46) 555(83) 1672(84) 31l8(93)
N unrecovered(%) 119(54) ll2(17) 329(16) 21(7)

+ The barley tissuc is not included due to application of 80 kg N ha'°‘ to N-control after the soilsamples were collected.
l“N·contrel treatment.
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I
quantities of unrecovered N (Tables 16, 17, 18, and 19) are typical for N balance studies (Legg and

Meisinger, 1982). Unrecovered N was greater where NH4NO3 was applied as a N source (from

36 to 54%) on all soils compared to N losses with sludge application. Lower N losses would occur
_ where N is released more slowly over time due to improved crop uptake efficiency and to lower

quantities of inorganic N available for gaseous or leaching losses.

Total N recovered in the 1984 com and barley tissue plus inorganic N in the soil should reflect

minimum values of actual field mineralization of the sludge N, once these data are normalized.

\Vhen expressed as a percent of total organic N applied (Table 20), it appears that field

mineralization of the organic sludge N in the Bojac and Davidson soils was similar to the values

obtained in both the 7 and 14 day laboratory anaerobic incubations. The very low recovery of in-

organic N from the N-control in the Groseclose soil indicates that substantial quantities of N were

lost from this soil. Assuming that similar losses occurred with the inorganic N which mineralized

from the sludge, the estimated field mineralization values would be closer to those obtained for the

Bojac and Davidson soils.

The inorganic N recovered under field conditions and N mineralized in the laboratory studies

were highly correlated (rz = 0.94** to 0.99**) in the three well-drained soils (Table 21). Nitrogen

uptake by the 1984 com crop also was highly correlated (rz = 0.84** to 0.98**) with laboratory

estimates of N mineralization (Table 22). These data indicate the reliability of the anaerobic incu-

bation method for estimating N mineralization and attest that the increased yields following appli-

cation of this sludge were in response to increased N availability. I
I
I
I
I
I

· I
I
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Table 20. Minimum sludge N mineralization values for field conditions based on inorganic N re-covered from N balance studies.
Dry sludge
application Soil

Bojac Davidson Groseclose
Mg ha’ 1

_ Total inorganic N recovered

_ ————————————-- 2 kg- 1 —-———--—-———-——42 92 56 15126 56 52 27210 42 38 29

I
———————_——_—
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Table 21. Regression of inorganic N recovery in the üeld on N mineralized in laboratory incu·bations.

Soil Equation rl

7 days

Bojac ls ß = 1.338x+ 4.716 0.978**Davidson cl 57= 1.547x-25.028 0.933**
Groseclose sil 57 = 1.473x-55.540 0.999**

14 days

Bojac ls 57= 1.020x+ 1.348 0.981**Davidson cl j7= 1.181x-29.111 0.939**Groseclose sil 57= 1.121x·59.081 0.999**

jf = lnorganic N recovery in field (kg ha' 1); x = N mineralized in laboratory (kg ha' 1)."Signiäcant at the P= 0.01 level.
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Table 22. Regression of N uptake by 1984 com crop on N mineralized in laboratory incubations.

Soil Equation" rz

7 days

Bojac ls Y= 1.0961;-22.535 0.844**
Davidson cl Y= 1.22lx-11.949 0.840**
Groseclose sil Y= 1.096x-32.556 0.994**

14 days

Bojac ls Y= 0.852x·28.393 0.847**
Davidson cl Y= 0.976x-21.155 0.892**
Groseclose sil Y= 0.844:;-37.648 0.980**

Y = N uptake by 1984 com crop (kg ha"); x = N mineralized in laboratory (kg ha' *).
"'Signilicant at the P= 0.01 level.
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V. SUMMARY AND CONCLUSIONS

This 2-year research project was conducted to fill knowledge gaps and to better understand
N and P availabilities in soils amended with sludge containing excessive quantities of heavy metals.
Controlled lateral flow plots (1.5 m x 2.3 m) were constructed in Acredale silt loam, Bojac loamy
sand, Davidson clay loam, and Groseclose silt loarn soils. The Acredale and Bojac soils were lo-
cated in the Coastal Plain, the Davidson in the Piedmont, and the Groseclose in the Ridge and
Valley regions of Virginia. An aerobica1ly·digested sewage sludge from a sewage treatment plant
with major industrial inputs was applied at rates of 0, 42, and 84 dry Mg ha" to the plots in the
poorly-drained Acredale soil. Rates of 0, 42, 84, 126, 168, and 210 dry Mg ha" were applied to
the plots in the well-drained Bojac, Davidson, and Groseclose soils. Data were obtained from the
plots in the four soils to evaluate P movement in sludge-amended soils. Studies also were com-
pleted to evaluate N availability and distribution following sludge application. Specific findings
from this research are listed below:

1. Nitrogen mineralization as determined by anaerobic incubation studies indicate that be-
tween 4 to 10 percent of the total N applied would be mineralized in 14 days under anaerobic

conditions. Nitrogen mineralized during these studies were highly correlated with those which

occurred in the field on well-drained soils. The 14 day incubation provided a slightly better
estimate of N mineralized than the 7 day incubation. Results from both the field and labo-
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ratory gave mineralization results well below the current USEPA (1983) guidelines of 20
percent for the first year of application. The low percent N mineralization in this study may
reflect inhibitory effects of the high metal concentrations in the sludge and the dewatering of
the sludge. The sludge was dewatered on sandbeds for approximately 2 years prior to appli-l
cation. The more readily mineralizable forms of N undoubtedly had already been lost while
on these beds.

i 2. In some cases, the slower release of N from the sludge versus NI-1.,NO; gave substantiallyV
lower earleaf N concentrations than those currently recommended for com production.
However, sludge application often increased crop yields. Between 126 and 168 Mg ha" of
sludge was required to obtain yields similar to those obtained with 200 kg N 1121*1 as
NH4NO;. Nitrogen uptake increased linearly with sludge application while percent utilized
by crops decreased.

3. Nitrogen balances for the four soils under study indicate that between six to 21 percent
of applied N could not be accounted for on the sludge treated plots. These values for unre-
covered N are typical for N balance studies. Unrecovered N was greater where NH..NO3
was used as a N source on all soils. Sludge application did not result in excessive NO; '-N

leaching below the root zone. Thus, the N in this sludge was not a rate limiting factor, as it
remained in relatively stable organic forms.

4. The levels of dilute double·acid extractable P increased linearly (rz = 0.96** to 0.99**)
with rate of sludge application for 1984 and 1985. The results demonstrated the suitability
of this sludge as a source of crop P. Nearly two years after sludge application only a small

amount of P moved below the Ap horizons of the Bojac and Davidson soils. No movement
of P was evident in the Acredale or Groseclose soils, reflecting the low mobility of P in soil.
Thus, the P in this sludge was not rate limiting with respect to groundwater pollution.
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