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Corn Response to Long-Term Application of CuSO,,
ZnsSO,, and Cu-Enriched Pig Manure
Stacy W. Gettier

(ABSTRACT)

Three studies, two field and one laboratory, were per-
formed to evaluate Cu or Cu and Zn from either sulfate
sources or Cu-enriched pig manure. The studies were designed
to investigate the effects of Cu and 2Zn in soils and corn (Zea
mays L.).

The first field study consisted of continuing a long-
term field experiment which was established in 1967 to eval-
uate corn response and changes in a Davidson clay loam soil
to yearly additions of Cu and Zn sulfates. in 1983, the 17
annual additions of Cu and 2n resulted in cumulative totals
of 280 kg Cu and 560 kg Zn ha-!. These Cu and 2n additions,
either alone or together, did not cause any grain or stalk
yield decreases. The DTPA extractant effectively separated
all soil treatment levels for both Cu and Zn. Copper con-
centrations in the blades and grain were not related to soil
additions of Cu or Zn. However, 2Zn concentrations in blades
and grain were directly related to each other, r=0.87**, to
soil Zn treatment levels and to DTPA extractable 2n.

The second field experiment was designed to evaluate the
effects of soil application of Cu-enriched pig manure and

CuSO, on corn. The five treatments in each of three field



locations consisted of a control, low and high Cu-enriched
pig manure levels, and Cu, as CuSO,, equivalent to Cu amounts
in the manure. The soils varied in texture from clay loam
ﬁo fine sandy loam, and ranged in CEC from 5 to 12.3 cmol(+)
kg -!. Copper-enriched pig manure, containing 1285 mg Cu
kg-!, was produced by pigs fed diets supplemented with 242
mg Cu kg-!. After six years, 198 mg Cu kg~! had been applied
by the high treatments. The DTPA extractable Cu was not re-
lated to leaf nor grain Cu levels but was linearly related,
r=0.95%*%, to applied Cu. No nutrient deficiencies or
toxicities were observed.

The third study was a laboratory incubation of added Cu.
The 15 soils ranged from 54 to 489 mg kg~! in clay and from
5.4 to 7.4 in pH. Extractable Cu had simple correlatiohs
with five soil properties, clay, surface area, hydrous Al,
hydrous Fe, and hydrous Mn. Three treatments, a control and
22 kg ha~?! Cu as CuSO, and as Cu-enriched pig manure (equiv-
alent to 975 mt wet manure ha~!), were applied to the soils
at 33 k Pa moisture. Copper was extracted in the following
order for the control and CuSO, treatments: AlClz; in 0.5M HCl
> EDTA > DTPA. A different order of Cu extraction occurred
for the Cu-enriched pig manure treatment such that EDTA >
DTPA > AlCl; in 0.5M HCl. Extractable Cu decreased with time

regardless of Cu source.
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Chapter 1
INTRODUCT ION

Both Cu and 2n are essential elements in animal and
plant nutrition. Frequently, Cu and 2n are referred to as
trace elements due to their low concentrations in living
tissues. Yet, these elements are also considered heavy
metals and, as such, pose a potential as environmental poi-
sons. As our society looks more to soils for application of
sewage sludges and manures there is an increased potential
for Cu and Zn to be added in excess of crop needs. However,
there is a lack of field data under controlled conditions to
effectively set upper limits on a soils capacity to accept
Cu and Zn. This dissertation combines three research
projects that were designed to investigate the effects of Cu
and Zn additions to soils and used corn as the evaluating
crop. The objectives of the research presented in each
chapter are as follows:

a. Chapter 2. To evaluate the effects of Cu and 2n,
either alone or together, under field conditions on
corn.

b. Chapter 3. To evaluate Cu-enriched pig manure ef-
fects on corn growth and to compare the availability
of Cu from inorganic CuSO, to Cu from Cu-enriched

pig manure.



c. Chapter 4. To evaluate Cu reversion and to evaluate
Cu relations in various soils of Virginia.

Each project is presented as a self-contained chapter.

Copper in Human Health

Copper (Cu) has been recognized as an essential element
in animals since 1928 (20). Copper is a component of many
proteins, several of which were found to be enzymes with
oxidative functions. Some of these enzymes are tyrosinase,
laccase, ascorbic acid oxidase, cytochrome oxidase, uricase,
and monoamine oxidase (20). Although Cu is highly variable
within tissues, the liver, brain, kidneys, heart, and hair
are tissues of relatively high Cu concentrations.

Copper is involved in numerous metabolic functions but
its role in human metabolism is not fully understood. Adult
humans require 2 mg Cu to satisfy their daily requirement (2,
20). Apparently, no upper limit has been set for human
dietary consumption due to the variability in toxic quanti-
ties and the complexity of Cu itself in nutrition. About
one-third of ingested dietary Cu is absorbed while the rest
is excreted in the feces (2). Other researchers have found
Cu absorption ranged from 40 to 70% (6, 17). Copper is mainly
absorbed in the duodenum but the absorption mechanism remains
elusive (17, 20). Once Cu is absorbed, it is passed to the
blood plasma. From the plasma it is transported to the

liver, which is the key organ in Cu metabolism (6, 20). De-



spite continued ingestion of dietary Cu, the liver Cu con-
centration does not increase with age (6). Apparently, the
liver prevents Cu buildup through secretion of Cu proteins
to the blood and excretion of Cu through the bile into the
feces (2, 6). Fecal Cu excretion by normal adult humans
range from 0.6 to 4.0 mg day~! (17). Workers in Cu smelters
excreted 5.3 to 16.3 mg Cu day~! and Cu-poisoned (acute)
persons 7 to 52 mg Cu day~' (17).

Although the amount of Cu available for human consump-
tion varies tremendously, there are few reported copper de-
ficiencies or toxicities (1, 6). Copper can accumulate in
the human system when the excretory capacity of the liver is
exceeded (6). Normal liver concentrations in humans range
from 6.5 to 200 mg Cu kg-! dry liver weight (17). When excess
Cu is ingested, most of the additional Cu is stored in the
liver with the rest being excreted through the bile and di-
verted to the synthesis of ceruloplasmin (17). Copper
toxicity has been observed in farm workers after years of
exposure to Bordeaux mixture, a 1 to 27 solution of Cu
sulfate neutralized with hydrated lime (5, 6, 8). These
workers developed interstitial pulmonary lesions and associ-
ated nodular, fibrohayaline scars. Other known causes of Cu
toxicosis are due to metallic Cu fragments in eyes (6), cop-
per dust or salts on skin, breathing Cq fumes or dust, and
direct ingestion of Cu salts and copper contaminated drinking

water (1, 5). Surprisingly, oral ingestion of Cu salt is a



common method of attempted suicide in India (2, 5).
Contradictorily, exposure to high levels of copper does not
always cause copper toxicosis. Chilean Cu miners have normal
Cu concentrations in their livers and serum despite years of
exposure to Cu sulfide and oxide dusts (6).

Acute toxicity of Cu to the gastrointestinal tract,
renal, hematologic, cardiovascular, and neurologic systems
seems to be limited to the ingestion of elemental Cu or salt
form (5). Long-term (chronic) exposure to Cu compounds can
cause toxicity problems. The general cure for chronic Cu
intoxication is removal of the source of Cu (1, 5). There

are no reports of Cu intoxication due to food consumption.

Copper in Swine

The evidence is strong that there are beneficial effects
of supplemental dietary Cu, in excess of the minimal 7 mg
kg-! nutrient requirement, on growth rate in swine. The ad-
dition of Cu as Cu sulfate to pig rations has been recom-
mended since 1955 (4). Copper additions to feed improved
growth rate up to 9.7% and improved food conversion 7.97%
without antibiotics (4). Additions of 250 mg kg-! Cu sulfate
to the rations of growing pigs was more effective in in-
creasing live weight growth and efficiency of food conversion
than a broad spectrum antibiotic (oxytetracycline). Young
pigs responded to 257 mg kg~! dietary Cu with increased

weight gain but failed to improve the grain/feed ratio (12).
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At the same time, hemoglobin and serum iron levels were re-
duced. Additions of iron reduced the Cu accumulation in the
liver. Most researchers have found similar results except
when iron and/or zinc interactions with Cu caused a Cu
toxicity problem (20).

Land Application of Ménure

Manure has been used for centuries as a fertilizer and
conditioner of soils. The nutrient availability from solid
swine manures (18% dry matter) have been estimated to be 2.3
kg N, 2.7 kg P,0s, and 2.7 kg K,0 per 907 kg of manure (13).
Thus land application of manures appears to solve a disposal
problem and provide valuable nutrients for crops. In some
cases soils are naturally deficient in copper. Under this
environmental condition, application of Cu-enriched manures
has been recommended to prevent plant and animal copper de-
ficiencies.

The disposal of manures becomes more complicated when
the manure is Cu-enriched. The added Cu accumulates in the
surface soil horizon and is almost immobile in soils (7, 11,
15). The relative immobility of metals indicates that the
life of a waste application site is controlled by the cumu-
lative addition of metals (21). Suggested maximum amounts
of Cu that should be applied to agricultural soils are 140,
280, and 560 kg ha~! when the soil CEC is <5, 5 to 10, >15

meq 100 g~!, respectively. Switzerland and several other



European countries have set the limiting value of copper
concentration in dry sludge to be 1000 mg Cu kg-! (10).
Another possible problgm of land applications of manures
and sludges is the movement of heavy metals through the soil
to contaminate ground waters. Elliott et al. (7) studied the
movement of cations under a beef cattle feedlot. They found
Cu and 2n accumulated in the upper 15 cm of the soil and did
not represent a pollution problem to ground water. Surface
applied of Cu, from either inorganic or organic sources, has
generally remained in the upper soil horizons with little
downward movement through the profile (3, 11, 15, 16, 19).
Some movement of Cu in a sandy coastal plain soil to the B
horizon has been found after heavy application of Cu-enriched

pig manure (16).

Zinc in Human and Animal Health

The essential nature of 2n in human health was not re-
cognized until the early 1960s despite having been known for
years to be essential to microorganisms, plants and animals
(18). 2inc deficiencies are the main areas of concern in
micronutrient nutrition. Both human and animal metabolisms
utilize 2n in more than 70 metalloenzymes (18). The daily
human requirement for 2n is 15 to 20 mg and has been demon-
strated as a limiting nutrient in many children and adults
(18). 2inc toxicity in humans is uncommon and usually asso-

ciated with direct ingestion of massive doses of 2n, as a



sulfate or chloride, or direct inhalation of 2n fumes in in-
dustrial plants (18). There is some evidence that excess 2n
may induce Cu deficiency and, thereby, might be useful in
decreasing the Cu load in Wilson's disease (18).

Zinc deficiency has been observed in numerous species.
Swine parakeratosis, 2Zn deficiency, is a major area of con-
cern since it reduces weight gain, feed efficiency, causes
lesions, and adversely effects reproduction (14).

The effects of excess dietary Zn are as dangerous,
though much less common, than Zn deficiency (14). Zinc
toxicity often causes loss of appetite, anemia, diarrhea, and
paralysis (14). For swine, 2Zn toxicity symptoms include
arthritis, congestion of the mesentery and gastritis,
catarrhal enteritis, and internal hemorrhages. Death often

follows these symptoms (14).
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Chapter 1II
THE EFFECTS ON CORN AND ON A RHODIC PALEUDULT OF 17
ANNUAL CU AND 2N SULFATE ADDITIONS

ABSTRACT N

A long-term field experiment was established in 1967 and
continued through 1983 to evaluate the response of corn (Zea
mays L.) and the changes in a Davidson clay loam soil
(clayey, kaolinitic, thermic Rhodic Paleudult) to yearly ad-
ditions of Cu and Zn sulfates. By 1983, the l7-annual in-
cremental additions of Cu and 2n resulted in cumulative
totals up to 280 kg Cu and 560 kg 2n ha"!. These Cu and 2Zn
additions, either alone or together, did not cause any grain
or stalk yield decreases. The DTPA extractant effectively
separated all soil treatment levels for both Cu and 2n. The
seven fold increase in DTPA Cu and 18 fold increase in DTPA
Zn followed linear relationships to treatment levels with r
values of 0.96** and 0.97**, respectively. Copper concen-
trations in the blades and grain were not related to soil
additions of Cu or Zn. However, 2Zn concentrations in blades
and grain were directly related to each other, r=0.87**, to

soil Zn treatment levels and to DTPA Zn.
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Additional index words:

Zea mays L., DTPA extractable Cu,

DTPA extractable 2Zn, Loading rates, Micronutrient tissue

concentrations.
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INTRODUCTION

Direct additions of copper and zinc to agricultural soil
systems occur from many sources. Deliberate soil additions
of Cu and 2n, as micronutrient fertilizers, are made to al-
leviate Cu and 2Zn deficiencies in plants (6, 19). Many
soils, especially those with high organic matter or those
which are highly weathered and deeply leached, require
micronutrient fertilizers to attain high crop yields (6, 23).
Both Cu and Zn are recommended for many crops, with corn (Zea
mavs L.) being the most widely Zn-fertilized crop in the
United States (l1l1). Soil application of either inorganic or
organic sources of Cu and Zn are effective in alleviation of
Cu And Zn deficiencies.

Often Cu and 2Zn are associated with soil inputs, such
as manures, sewage sludges or fungicides. Uncontrolled ad-
ditions of Cu and 2n to agricultural soils can also occur
from hidden sources. Corrosion of Cu high-tension electric
power lines and galvanized electrical transmission towers
have increased both soil and plant Cu and Z2n concentrations,
respectively, in their vicinity (14, 16). Precipitation and
particulate fallout have increased Cu and Zn concentrations
10 fold in soils of urban-industrial areas (21). Since these
additions are not needed for soil improvement nor enhanced
crop growth, the soil system would be acting as a recycling

medium.
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Copper and Zn added to soils accumulate in the Ap hori-
zon with very little downward movement through the soil pro-
file (3, é, 14, 21, 22, 24, 25). Plants exhibited toxicity
systems near a Zn smelter where total zinc concentration in
the A horizon reached 2000 mg kg~! (12). Corn grown in a
cleared vineyard had toxicity symptoms when 1M ammonium
acetate extractable Cu reached 200 mg kg~-! (2). Copper
poisoning of sheep has been associated with the ingestion of
herbage sprayed with Cu compounds (26). In addition, con-
sumption of plants with high Cu levels, either by grazing or
from dry feed, can cause toxic reactions in sheep, especially
when associated with low levels of molybdenum (26). Conse-
quently, the possibility of phytotoxicity in the rhizosphere
or toxicity to animals being fed with plants high in Cu‘
and/or Zn requires evaluation.

A long-term field study to evaluate Cu and Zn soil re-
actions and nutrient uptake by corn was initiated in 1967.
No adverse effects were observed from 15 yearly additions of
Cu and 2Zn sulfates (22). Broadcast applications of 172 kg
Cu and 290 kg 2n ha~! were accumulated in the Ap horizon with
little downward movement. However, only Zn concentrations
were increased in the corn leaves. The field experiment was
continued on this soil for two additional years, the 16th and
17th years, respectively. Both years' results were similar
therefore only results from the 17th year are reported

herein. The purpose of this research was to evaluate this

13



soil's Cu and 2n loading capacity under field conditions.
further aim was to study nutrient uptake by corn as it re-

lates to soil applied and extractable Cu and 2n.

A
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MATERIALS AND METHODS

A long-term field experiment was established in 1967 and
continued through 1983 to evaluate corn response to applica-
tions of Cu and 2n sulfates. The initial properties of the
Davidson clay loam soil are given in Table 1. Corn was
monocropped on the experimental area, except in 1972, when

soybeans [Glvcine max (L.) Merr.] were grown on the site.

Field Experimentation

Ten treatments were annually applied to the soil during
the 17-year period from 1967 through 1983. These treatments
consisted of various levels of Cu and 2n sulfates, either
alone or together, and a che;k (Table 2). Treatments 2, 4,
and 5 were modified upward in 1979, 1980 and 1981 to evaluate
corn response to higher levels of Cu and 2Zn.

The entire experimental area annually received an aver-
age of 1 kg B, 224 kg K, 93 kg Mg, 252 kg N, and 140 kg P ha"!
during the 3-year period from 1981 to 1983. Sources of the
added nutrients were Na,B,0,, KCl, MgSO,, NH4NO;, and triple
superphosphate. The Cu and 2n sulfates for the treatments and
the amendments were broadcast in early April and disked into
the soil to a depth of approximately 12 cm. In 1983 plant
populations of the 'Pioneer 3369A' corn were thinned to S5

970 plants ha~! on the experimental area.

15



Table 1. Selected properties of the Davidson soil used to

evaluate Cu and 2n uptake by corn plants where these
micronutrients were applied annually for 17 years.

Organic Free _'I_o&al_ Particle-size
pH Matter Fe CEC an Sand Silt Clay

--- g kg=! -- cmol(+) kg~! mg kg”? —=--- Y% —=—==-
6. 21 55 14 58 122 11 40 49

16



Treatments applied on the Davidson clay loam soil over 17 years.

Table 2.

Annual Application
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Sampling

Soil samples were obtained, prior to treatment applica-
tions, from the surface 0 to 20 cm depth in early April of
each year. Each 5.0 by 7.6 m plot had six rows, two rows each
for the harvest, tissue sampling and guard between plots.
Ear leaf blade samples, from 10 plants/plot, were obtained
at early silk from the two tissue sampling rows. Corn grain
and stalks were harvested from 12.2 m of the center two har-
vest rows of each plot at plant maturity. Grain yields were
calculated to 15.5% moisture content. Stalk yields were

dried to 0% moisture and are so reported.

Laboratory Analysis

The plant tissue and grain samples were dried at 70° C
and ground in a stainless steel mill to pass a 0.84 mm sieve.
Dry l-g samples were ashed at 450° C for two hours and the
nutrient constituents of the ash dissolved in 25 ml of 0.5 M
HCl. Solution concentrations of Ca, Cu, Fe, Mg, Mn, and Zn
were determined by atomic absorption spectrophotometry.
Potassium was determined by emission spectrophotometry, N by
a microKjeldahl method and P by colorimetric procedure.

Soil samples were air dried and passed through a 2.0 mm
sieve in preparation for analysis. The Mehlich 1 (0.05 M HCl
in 0.0125 M H,SO,) extractable Ca, K, Mg, P, and Mn were de-
termined on all soil samples (7). Soil pH in water (1l:1 by

volume), wet digested organic matter, and EDTA extractable

18



Zn were also determined for all soil samples according to
procedures outlined by Donohue and Gettier (7). The
DTPA-extractable Cu and 2n were determined by the procedure

developed by Lindsay and Norvell (18).

Statistical Analysis
The randomized complete block experimental design was
established in 1967. All data were evaluated by analysis of
variance and LSD mean separation technique at the 0.05 level
of probability. The relationship between treatment levels,
DTPA Cu and 2n, EDTA extractable 2n, and tissue Cu and Zn

levels were evaluated with regression analysis.
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RESULTS AND DISCUSSION

The Davidson, a clay loam Piedmont soil, has an esti-
mated maximum loading rate of 280 kg ha~! for Cu and 560 kg
ha~! for 2n (27). These loading rates are based on U.S. EPA
guidelines for soil disposal sites with a pH 26.5 and a mod-
erate CEC of 5-15 cmol kg~! (27). Earlier studies with this
soil showed that 15 years of additions of Cu and 2n sulfates,
which provided a cumulative total of 172 kg Cu and 290 kg 2n
ha-!, did not induce any detrimental effects on corn grain
or silage yields (22). The 1982 and 1983 results for 16 and
17 years of annual Cu and Zn application, respectively, were

similar and therefore only the 1983 data are given herein.

Scil Parameters

The soil pH and organic matter in the soil after 16
years exhibited some variability but were fairly uniform over
the test area (Table 3). The Mh values show that the Davidson
soil has a high level of extractable Mn. Actual Mn values
were not determined above 16.1 mg kg~!. The Mehlich 1
extractable Ca, K, Mg, and P did not exhibit any trends due
to treatments (Table 3). The three main factors which have
been found to interact with Cu and 2n availability, pH, or-
ganic matter and P, (5, 20) have been held constant within
each year. Therefore, any observed effects on the corn

should be due to the treatments.
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The DTPA extractant effectively separated all treatment
levels for both Cu and Zn (Table 4). Generally, DTPA has been
found to geparate soil treatment levels of Cu and Zn from
both organic and inorganic sources (10, 15, 24). The initial,
O Cu applied, DTPA Cu level of 2.0 mg kg~' is within the
normal range of 0.2 to 3.2 mg Cu kg~! reported for various
soils (5, 10, 15). Application of 226 kg Cu ha~! induced a
seven fold increase in DTPA Cu to 14.8 mg kg~!. This is well
below the level of 96 mg Cu kg~!, which was associated with
metal toxicity in corn, Pioneer 3369-A, induced by a single
CusO, addition of 314 mg Cu kg~! in a greenhouse study on a
Typic Hapludult (15). The increase in DTPA Cu in the spring
of 1983 (Table 4) followed a linear relationship:

DTPACu = 1.41 + 4.67x10°%TCu r = 0.95%%*
where DTPACu is the DTPA extractable Cu and TCu is the Cu
treatment level. A linear increase in DTPA Cu corresponding
to treatment levels was reported earlier on this soil (22)
and has been observed on various soils both in greenhouses
and in fields (15, 24, 28).

The almost 18 fold increase in DTPA 2n in the spring of

1983 (Table 4) due to treatments followed the equation:
DTPAZn = -0.275 + 5.11x10°2T2n r = 0.96%**

where DTPAZn is the DTPA extractable Zn and TZn is the 2n

treatment level. The untreated soil DTPA 2Zn level of 1.4 mg

kg-! is within the range of DTPA Zn values reported for un-

contaminated soils (1, 5, 15). A single 827 mg ZnSO, kg™?
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Table 4. Effect of l6-annual applications of various levels
of Cu and 2n as sulfates on DTPA extractable Cu and

Zn in the Ap horizon of the clay loam soil.

Total Micronutrient

Treatment — Application DTPA Extractable
Number Cu Zn Cu Zn
----- kg ha"! --=-- --=-mg kg™! ---
1 0.0 0.0 2.0f+ 1.4e
2 225.8 425.4 14.8a 24 .6a
3 44.8 59.2 3.5e 2.6de
4 0.0 425.4 2.2f 21.0b
5 225.8 0.0 11.1b 1.5e
6 89.6 118.5 5.44d 4.2cd
7 89.6 118.5 5.44d 4.3cd
8 0.0 118.5 2.2f 4.3cd
9 89.6 0.0 4.6d 1.5e
10 134.4 177.6 7.0c 5.7¢

+Column means followed by different letters are significantly

different at the 0.05 probability level.
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treatment to a Typic Hapludult in pots raised the DTPA 2Zn to
244 g kg~! which was associated with phytotoxic metal levels
in corn (15). The DTPA 2Zn of 24.6 mg kg~-! for the high, 425
kg 2n ha"!, treatment was considerably below this concen-
tration. Linear increases in DTPAZn corresponding to treat-
ment levels were reported earlier on this soil (22).

The long term trends to applied Cu and 2n sulfate were
evaluated for six years (1971, 1979-83) of available data.
The DTPA extractant was not used for the other years of the
study. The DTPA extractant was linearly related with eight
accumulative treatment levels for both Cu (Fig 1.) and 2Zn
(Fig. 2) sulfates. The slopes of the Zn and Cu regression
equations developed either for‘1983 alone or for the long
term are very similar. The DTPA extractant may be a good
predictor of soils that are currently receiving, or have re-

ceived at some time in the past, large amounts of Cu and 2Zn.

Cu and Zn in Corn Leaves

An imbalance of nutrients within the corn tissue could
be an indication of the loading capacity of the soil being
exceeded. Throughout the study, a fertility level suitable
for high corn yields has been maintained. The fertility of
the soil was reflected by all the measured macronutrients,
i.e., Ca, K, Mg, N, and P (Table 5) being in the middle to
upper parts of reported sufficiency ranges (8). None of the

macronutrients showed any trend with the Cu and Zn treatments
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(Table 5) nor were any visual deficiency or toxicity symptoms
observed.

The micronutrients measured in the corn ear leaf blades,
i.e., Cu, Fe, Mn and 2Zn, (Table 5) were all within reported
sufficiency ranges (8). The Fe levels remained unaffected by
the treatments (Table 5). This is an expected result as the
Davidson soil has a very high free Fe concentration of 55 g
kg-!. An inverse relationship between Zn and Mn has begun
to develop (Table 5). There may be competition between these
metals at the absorption sites in plant roots and/or in the
translocation mechanisms within the plant.

Copper concentrations in leaf blades ranged from 11.0
to 16.6 mg kg~! but did not correlate with Cu additions to
the soil (Table S). The same lack of relationship was re-
ported from 15 annual Cu and Zn treatments (22). This is an
expected result since Cu is only partially mobile within the
plant and tends to accumulate in the roots (19, 29). Lexmond
(17) suggested that Cu toxicity and translocation of Cu from
roots to the aerial portions of corn are essentially unre-
lated phenomena and, therefore, critical toxicity levels for
leaf Cu might not be attainable.

Zinc concentrations in the blades varied directly with
treatment and DTPA Zn levels such that:

LZn = 18.66 + 7.21x10"2TZn r=0.73**%
L2n = 19.96 + 1.28DTPAZn r=0.90%%*

where LZn is the ear leaf blade 2Zn concentration and TZn is
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the Zn treatment level. This relationship indicates that a
14 kg 2n ha~! broadcast application would result in a 1 mg
kg~! increase in Elade Zn concentration. A direct relation-
ship between cumulative Zn levels has been reported earlier
on this soil (22) and agrees with the general finding that
soil applied 2Zn is readily plant available (4, 13). The
highest 2Zn tissﬁe concentration, representing an almost 3
fold increase to 50.5 mg Zn kg~! (Table 5), was within normal
levels of 20 to 60 mg kg~! (8). No toxicities were expected
as 2n toxicity has not been in evidence at blade concen-

trations of 285 mg kg~! (4).
Yield Components

Yield losses and increased heavy metal concentration in
the tissue are two primary areas of concern when Cu and 2n
are being added to the soil. The 17-annual incremental ad-
ditions of Cu and Zn resulting in cumulative totals of 280
kg Cu ha~' and 560 kg 2n ha"!, either alone or together, did
not cause any grain or stalk yield decreases (Table 6). There
were no discernible interactions between Cu and 2n within the
plant resulting from incremental additions to the soil of
these elements. The previous research with lower levels of
Cu and Zn on this soil had similar results (22).

Both Cu and 2n concentrations within the grain were

within normal levels of 3 to 20 and 20 to 60 mg kg~!, re-
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spectively (8) (Table 6). The Cu concentration in grain was
not affected by soil treatments or Zn tissue concentrations.
However, 2Zn concentrations in the grain were increased 6.0
mg kg-! by the cumulative level of 560 kg Zn ha~! (Table 6).
A linear relationship was found such that:

GZn = 14.96 + 1.47x10°2TZn - r=0.93*%%*

GZn = 15.23 + 2.60x10°'DTPAZn r=0.88%%*
where G2n is the 2n concentration in the grain and TZn is the
treatment 2n level. There was a direct relationship between
the grain Zn and blade Zn:

GZn = 11.88 + 1.79x10°'L2n r=0.87*%%*

where G2Zn is the 2Zn concentration in the grainland LZn is the
2n concentration in the ear leaf blade. The linear equations
developed with six years of data (1971, 1979-83) indicate
that the grain consistently accumulates Zn at lower level
than the blades (Fig. 3.).

In summary, yearly additions of Cu and 2n sulfates to a
cumulative total of 280 and 560 kg ha~!, respectively, either
alone or together, did not cause any toxicity symptoms or
yield reductions in corn. The DTPA extractable Cu and Zn were
linearly related to broadcast soil treatment levels. Copper
concentrations in blades and grain were unaffected by treat-
ment levels and did not have discernible interactions with
other elements. However, 2Zn concentrations in blades and
grain were directly related to each other and soil Zn treat-

ment levels.
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Table 6. Grain Cu and 2n concentrations and grain yield af-
ter 17-annual applications of various levels of Cu
and 2n to the clay loam soil.

Total Grain
Micronutrient Micronutrient

Treatment _Application ~ Concentration Grain Stalk
Number Cu Zn Cu 2n Yield Yield

-- kg ha"! -- -- mg kg-! -- --- kg ha™* --
1 0.0 0.0 1.8at 15.2cd 11 880a 8 900a
2 279.9 560.4 l1.9a 21.2a 11 920a 8 800a
3 47.6 62.9 1.8a 16.3bc 11 180a 9 250a
4 0.0 560.4 2.0a 21.2a 12 030a 8 760a
5 279.9 0.0 1.9a 14.5d 11 540a 8 740a
6 95.2 125.8 2.0a 17.4b 11 540a 9 330a
7 95.2 125.8 1.7a 16.4bc 11 460a 8 780a
8 0.0 125.8 1.8a 16.5b 11 290a 8 360a
9 95.2 0.0 1.9a 14.7d 12 100a 8 930a
10 142.8 188.7 1.8a 17.4b 11 810a 9 300a

4Column means followed by different letters are significantly
different at the 0.05 probability level.
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Chapter III

CORN RESPONSE IO SIX ANNUAL CU-ENRICHED PIG MANURE
APPLICATIONS TOQ IHREE SOILS

ABSTRACT

Three long-term field experiments were established in
the spring of 1978 and continued through 1983 to evaluate the
response of corn (Zea mays L.) grown on three soils receiving
annual applications of Cu-enriched pig manure or copper
sulfate. The soils varied in texture from clay loam to fine
sandy loam, and ranged in CEC from S to 12.3 cmol(+) kg-1t.
Five treatments in each field experiment consisted of a con-
trol, low and high Cu-enriched pig manure levels, and CuSO,
levels equivalent to the amounts of Cu in the manure. After
six years, 638 mt ha~! of wet Cu-enriched pig manure con-
taining 198 mg Cu kg-! had been applied by the high treat-
ment. The Cu-enriched pig manure, containing 1285 mg Cu
kg-!, was produced by pigs fed diets supplemented with 242
mg Cu kg~!. In the sixth year, leaf blade Cu concentrations
were increased 29% by the high Cu treatments but remained in
the middle of the Cu sufficiency range. Grain Cu was 73 to
84% lower than blade Cu and was unaffected by the treatments.
The DTPA extractable Cu was not related to leaf nor grain Cu
levels. However, the DTPA extractable Cu was linearly re-
lated, r=0.92 to 0.95, to applied Cu in the three soils. No

nutrient deficiencies or toxicities were observed.
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INTRODUCTION

Copper can enter the environment through many channels.
One channel is the use of copper sulfate (CuSO,) as a feed
additive (9). Since 1955, the addition of CuSO4 has been
recommended as a feed additive for growing pigs (Sus scrofa
L.) (2). Up to 250 mg Cu kg~! has been proven effective in
increasing pig live-weight growth (2, 5, 17), increasing ef-
ficiency of food conversion (2), and reducing the need for
certain antibiotics (2, 17). Most of the supplemental Cu is
subsequently excreted. Copper concentrations in such manures
have been in the range of 600-2370 mg Cu kg~! in the dry
matter (1, 9, 15). Thus Cu concentrations in pig manure can
be similar to or exceed Cu concentrations found in many sew-
age sludges (8, 21, 24). The recycling of manures is becom-
ing a standard farm technique. The effects on soils and
crops from the addition of Cu from Cu~enriched pig manure
needs to be evaluated.

When Cu, from either organic or inorganic soufces, has
been surface applied there has been little downward movement
through the soil profile (1, 14, 15, 18, 24). The elevated
Cu levels in the Ap horizon have been detected with numerous
techniques including extraction with DTPA (14, 15, 24), EDTA
(1), 1N HCl (18), 4N HNO; (24) and total digestion (9). In

general, there has been a linear increase in extractable Cu
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with added Cu. However, extractable Cu has not correlated
with plant uptake on soils high in Cu (11).

Information relating elevated levels of extractable Cu
to plant availability is severely limited. Although high
levels of soil Cu are definitely toxic there is not a con-
sensus on how much Cu can be safely added to a soil system.
The U.S. EPA has set guidelines tied to a soil's CEC and re-
commends that a pH 26.5 be maintained at disposal sites (20).
Problems other than Cu toxicity have often been encountered
when evaluating these guidelines with short term toxicity
experiments. High levels of organic matter rich in Cu can
cause restricted plant growth due to adverse soluble salt
effects (10) and smothering (1).

Information on the use of organic wastes containing
heavy metals has been targeted as a top priority need by in-
dividuals in waste management (7). In keeping with these
goals, a long term experiment was established in 1978 to
study land application of Cu-enriched pig manure. The data
obtained from 1978-80 have been reported previously (15).
The purpose of this investigation was 1) to evaluate Cu-
enriched pig manure effects on corn growth, 2) to compare the
availability of inorganic Cu to Cu-enriched pig manure, and
3) to evaluate the DTPA soil test for prediction of Cu uptake

by corn.
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MATERIALS AND METHODS

In the spring of 1978 three experiments were established
in soils of the three physiographic regions of Virginia, the
Appalachian, Piedmont, and Coastal Plain. The soils varied
in texture from clay loam to fine sandy loam and in CEC from
S to 12.3 cmol(+) kg~! (Table 7). Corn (Zea mays L.) was
monocropped on the experimental areas except for one growing
season of soybeans (Glycine max (L.) Merr. 'Essex’') on the
Bertie soil in 1978. Five treatments, a control, low and
high Cu-enriched pig manure levels, and CuSO4 equivalent to
the manure Cu content, were applied to each of the three
soils. The low Cu-enriched pig manure plots received 33.6
mt ha~-! from 1978 to 1982 and received none in 1983. The low
CuSO, plots continued to receive Cu levels equivalent to 33.6
mt of Cu-enriched pig manure ha~!. The high Cu-enriched pig
manure plots received 67.2 mt ha~! from 1978 to 1980, 134.4

in 1981 and 1982, and 168 in 1983.

Manure Collection
Pigs were fed diets supplemented with 250 mg kg-! Cu as
CuSO, in protected pens on a concrete slab. Elemental anal-
ysis of the feed indicates that the feed was appropriate for
pig nutrition and contained 281.4, 225.2, and 283.5 mg Cu
kg-! in 1981, 1982, and 1983, respectively. All pigs had a

three day equilibration period on the Cu-enriched rations.
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The manure produced during this time was discarded. After
the equilibration period the manure was bulked daily, then
partitioned between the plastic ba:rels used for manure

transport to the field. The manure for each field location

was collected separately.

Field Fertilization
Fertilizer was applied at recommended rates based on

annual soil and tissue analyses. The fertilizer value of the
applied manure was calculated at 18) dry matter to be 2.5 kg
N, 1.3 kg P, and 1.3 kg K 10" *kg (12). The calculated manure
fertilizer value was subtracted from the recommended
fertilizer level and the difference, if any, was made up with
conventional fertilizer N, P, and K sources as NH4NOj;, triple
superphosphate, and KCl, respectively. All soils received
supplemental Zn as 2ZnSO, and the Bertie soil received addi-

tional Mn as MnSO,.

Sampling
Subsamples of feed and manure were obtained in tripli-
cate for each of the manure batches used at each location
while manure production was in process. Each year soil sam-
ples, 10 cores per plot, were pulled from 0-20 cm in the
spring prior to application of treatments or fertilizers..
At early silk, 10 ear leaf blades were obtained from the two

outside rows of the four rows per plot. The corn ears from
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6.1 m of the inner two plot rows were harvested at plant ma-
turity. Stalks, at plant maturity, were obtained at the

Starr-Dyke location.

Laboratory Analyses

Soil samples were air-dried and ground to pass a 2.0 mm
sieve in preparation for analysis. The Mehlich-1 (0.05 M HCl
in 0.0125 M H,S0O,) extractable Ca, K, Mg, Mn and P were de-
termined on the samples as outlined by Cox (4) but without
charcoal. Water soil pH (1l:1 v/v) and wet digested organic
matter were determined according to procedures outlined by
the Council on Soil Testing and Plant Analysis (3). Manure
for nutrient analysis was handled in the same manner as the
blades and grain except the manure was dried at 105°C for 24
hours. The % solids were then determined as dry manure di-
vided by wet manure times 100. The blades and grain samples
were dried at 70°C. The manure, blades, and grain were
ground in a stainless steel mill to pass a 0.84 mm sieve.
Dry 1 g samples were ashed at 450°C for two hours and the
nutrient constituents of the ash were dissolved in 25 ml of
0.5 M BCl. Elemental solution concentrations, except N and
P, were determined by atomic absorption spectrophotometry.
Nitrogen was determined by a microKjeldahl method and P by a

colorimetric procedure.
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Statistical Analysis
Each location was arranged in a randomized complete
block design with four replications. All data were evaluated
by analysis of variance and LSD mean separation technique at
the 0.05 level of probability. The relationships between
applied Cu levels from 1978 to 1983 and DTPA Cu and tissue

Cu levels were evaluated with regression analyses.
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Results and Discussion

Soils vary in their capacity to accept Cu-enriched
wastes in an environmentally safe manner (10, 20). There-
fore, three experimental areas were chosen for their diver-
sity in soil properties and geographic location (Table 7).
The U.S EPA guidelines suggest a safe Cu loading rate of 280
kg Cu ha~! for soils with a pH 26.5 and a CEC within 5 to 15
cmol(+) kg-! (20). After the three soils were limed to about
pH 6.5, they were all considered to have 280 kg Cu ha~!
loading rates. Earlier studies on these soils indicated no
detrimental effect on corn from application of 66 kg Cu ha~!

as Cu-enriched pig manure or CuSO4 (15).

Corn Nutrition

Fertility levels suitable for high corn yields were
maintained at all three locations (Table 8). The control and
the two CuSO, treatments received the same rates of
fertilizer, except for Cu, within each location (Table 9).
The fertilizer regime was appropriate as shown by analysis
of the corn ear leaf blades at early silk, an oft suggested
diagnostic plant part for corn. The macronutrients, i.e.,
Ca, K, Mg, N, and P (Table 10), were within accepted nutrient
sufficiency ranges (6). The macronutrients exhibited no
trends with Cu treatment levels but were related to manure

additions.
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Even though no supplemental N has been applied to the
high Cu-enriched pig manure plots (HMCu) on the Guernsey and
none for five years on the Bertie and Starr-Dyke soils, the
corn was healthy. The HMCu has supplied, together with na-
tural fertility, the N needs of the corn. The blades of corn
from the HMCu on the Starr-Dyke soil had 0.3% more N than the
control (Table 10). Increased leaf N levels up to 1% due to
swine primary lagoon effluent application of 21.6 ha-cm have
been reported (23). Nitrogen content in the blades followed
soil texture such that decreasing blade N accompanied de-
creasing clay content. This was probably a result of N
losses through leaching and volatilization. Others have
found that applications of pig manure above 90 t ha-! pro-
_vided excessive N to the soil and resulted in considerable
leaching losses (19).

The HMCu contributed more P to the corn than was needed
for growth. Consequently, P levels in blades (Table 10) of
the HMCu, 0.43 to 0.54%, were on the high side of the suffi-
ciency range, 0.25 to 0.45% (6). Elevated P levels in corn
leaves have been observed following application of swine
lagoon effluents (23) and anaerobic liquid swine manure from
pits (18). Phosphorus may cause nutrient imbalances within
the plant before toxic levels of Cu are reached in the Cu-

enriched manure treatments as these experiments are contin-

ued.
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The micronutrients measured in the blades, i.e., Cu, Fe,
Mn, and Zn, were all within reported sufficiency ranges (6).
Supplemental Mn was deemed necessary on the Bertie soil due
to low levels of available Mn (Table 8). In addition, sup-
plemental Zn was added to all three soils to alleviate pos-
sible 2n deficiency (Table 9). Although there were some
differences in blade Fe, Mn, and Zn concentrations, they were
not related to Cu treatments (Table 10). There were no ob-
served nutrient deficiency or toxicity symptoms.

In the sixth year, Cu concentrations in the leaf blades
were increased an average of 29% by the HMCu (Table 10). The
highest Cu concentration in the blades (12.1 mg kg~!) is in
the middle of the Cu sufficiency range (6 to 20 mg kg-t) (6).
Consequently, harvested corn would have no use restrictions
due to Cu content. The Cu from Cu-enriched pig manure was
more available than Cu from CuSO, in the Guernsey soil at the
high Cu rates (Table 10). The Bertie soil had the lowest free
Fe and Mn, 0.3% and 20 mg kg~!, respectively, of the three
soils. In this soil, both the low and high Cu treatments
resulted in increased blade Cu concentrations. Increased
leaf Cu concentrations were reported earlier for these soils
(15). For other studies the application of 24 kg Cu ha~! for
three years as Cu-enriched pig manure increased corn leaf Cu
concentrations from 8.1 to 12.3 mg kg~! (9). However, ap-
plication of Cu from Cu-enriched pig manure at lower rates,

15 kg ha~!, to a Crosby silt loam for four years did not in-
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crease leaf Cu concentrations (18). This would indicate low
availability of soil applied Cu or low mobility within the

plant.

Grain and Yield

Favorable early season weather promoted early vegetative
corn growth. However, lack of rain at the time of tasseling
caused relatively low grain yields, especially on the Starr-
Dyke soil (Table 11). Due to the low grain yvields on the
Starr-Dyke soil, the stalk was harvested as an indicator of
corn growth. The HMCu improved the stalk yield, relative to
the control, on the Starr-Dyke soil (Table 11). Visual ob-
servations confirmed that the pig manure treatments enhanced
early vegetative growth on all three soils. Enhanced corn
growth due to manure applications has often been observed and
can be attributed to generally improved soil tilth and
moisture relations (19).

Grain yields were not affected by treatments on the
Bertie and Starr-Dyke soils, and were improved on the
Guernsey. Increased or similar yields due to addition of the
Cu-enriched pig manure have been reported earlier on these
soils (15) and other soils (9, 18). The high CuSO4 treatment

! on a con-

of 198 kg Cu ha"! is approximately 88 mg Cu kg~
centration basis, assuming a bulk density of 1.5 Mg m-?® and
a s0il volume of 15 cm. The 88 mg Cu kg~! is considerably

below the level of 200 mg Cu kg~!, as CuSO,, found to decrease
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Table 11. Effect of six-annual applications of Cu as either
CusSO, or pig manure on Cu and Zn concentrations in
corn grain and on corn grain yields on three soils.

Micronutrient Grain Stalk
Amount Source Cu Zn Yield Yield
kg Cu ha-! -==mg kg~! --- -=-=- kg ha ! ----
0.0 Control 1.63at 18.1a 6 493bc -———
48.3 Pig Manure 1.60a 18.3a 5 512c¢ ——
60.4 CuSO, 1.75a 18.1a 9 134a -——-
197.8 Pig Manure 1.78a 17.1a 6 658bc -
197.8 Cuso, 1.60a 17.1a 8 096a -———
0.0 Control 2.35a 23.0a 6 365a -———
49.7 Pig Manure 2.42a 22.5a 7 124a -
61.6 CusSO, 2.26a 21.5a 6 306a ——
192.6 Pig Manure 2.65a 23.2a 6 293a -———
192.6 CusSO, 2.00b 20.9a 6 799a -
- arr- e
0.0 Control 2.35a 21.8a 724a 6 603b
48.0 Pig Manure 2.43a 20.5a 801la 7 810ab
58.5 CusSO, 2.43a 21.5a 64la 6 806ab
185.0 Pig Manure 1.93a 19.5a 1 693a 8 416a
185.0 CusSO, 2.28a 21.7a 1 077a 7 291ab

4Column means for each experiment followed by different let-
ters are significantly different at the 0.05 level of proba-

bility.
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bush bean growth in pots (22). However, a single Cu appli-
cation of 200 kg ha"!, as CusO,, to a Loopodzolgrond soil at
KCl pH 5.9 resulted in depressed corn yields (11).

The grain Cu and 2Zn concentrations were not affected by
Cu additions of up to 198 kg ha~! from either the inorganic,
CuSO,, or the organic, Cu-enriched pig manure sources (Table
11). The grain Cu levels were within normal levels of 1 to
5 mg kg! (6). Grain Cu levels ranged from 73 to 847 lower
than blade Cu levels. This is consistent with the concept
that the Cu accumulates in the roots and is not readily

translocated within the plant.

Soil Cu

Soil samples were collected in the spring prior to
treatment application. Consequently, the soil samples re-
flect five rather than six years of treatments. The appli-
cation of 470 mt ha~! of manure has added many elements to
the soil in addition to Cu (Table 12). The manure has in-
creased, to a greater or lesser extent, the extractable Ca,
K, Mg, P, and Zn relative to the control treatment and two
CuSO, treatments (Table 8). The manure did not induce any
abnormally high extractable soil nutrients and increased or-
ganic matter concentrations in only the Starr-Dyke soil (Ta-
ble 8).

The DTPA extractant effectively separated all treatment

levels of Cu (Table 13). There was no difference between Cu
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Table 13. Effect of five-annual applications of Cu as either
CuSO, or pig manure on DTPA extractable Cu in the
Ap horizon.

Cu Treatment Concentration of
Amount Source DTPA Extractable Cu
kg Cu ha-! mg kg~!
Field E . £t - G

0.0 Control 1.5¢c+
48.3 Pig Manure 8.8b
48.3 CusSO, 9.4b
137.5 Pig Manure 22.6a
137.5 CuSO, 24.7a

Field E . t - Berti

0.0 Control 0.8d4
49.7 Pig Manure 5.1c
49.7 CusSO, 5.3c¢c
133.2 Pig Manure 8.1b
133.2 CuSO, , 14.1a

ie j - - e

0.0 Control 1l.9c
48.0 Pig Manure 7.3b
48.0 CusSO, 5.9b
132.4 Pig Manure 17.8a
132.4 CusSO, 15.3a

4Column means for each experiment followed by different let-
ters are significantly different at the 0.05 level of proba-
bility.
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source at the low Cu rate in the three soils. At the high
Cu rate, source made a difference in the Bertie soil but not
in the Guernsey or Starr-Dyke soils. The HMCu had 6 mg kg-!
less DTPA Cu than the comparable CuSO, treatment in the
Bertie soil. The Bertie soil had 68% sand and its clay
fraction was dominated by 14 A intergrade and kaolinite min-
erals (15). Copper is strongly held by organic matter (16).
Thus Cu may be leaching below the Ap horizon bound to soluble
organic compounds. Although not measured, the leaching of
Cu observed earlier in the Bertie soil to lower levels of
applied Cu-enriched pig manure (15) has most likely contin-
ued.

.The DTPA Cu is linearly related to applied\Cu (Fig. 4).
The regression lines were calculated using the two years
(1981 and 1982) that DTPA Cu was determined. The average of
the four replications was used and no difference between Cu
source was assumed. This is a valid assumption for the
Guernsey and Starr-Dyke soils. Since there was evidence of
Cu movement in the Bertie soil below the 20 cm depth, the HMCu
were not included for the Bertie soil's regression analysis.
There were no relationships between DTPA Cu and blade or
grain Cu levels. This is consistent with earlier results to

lower Cu levels in these soils (15).
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Figure 4. The relationship of DTPA extractable Cu
to applied Cu, as either Cu-enriched pig

manure or CuSO4, in the Ap horizon of
three soils.
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Chapter IV
EFFECT OF CU-ENRICHED PIG MANURE AND CUSO, ON EXTRACTABLE CU.
EH AND PH OF 15 VIRGINIA SOILS.

ABSTRACT

An incubation study on reversion of extractable Cu in
15 Virginia soils was performed for 64 days. The soils
ranged from 54 to 489 mg kg~! in clay and from 5.4 to 7.4 in
pH. Simple correlations were obtained between the three
extractants used to measure available Cu, AlClji, DTPA, and
EDTA, and five soil properties, clay, surface area, hydrous
Al, hydrous Fe, and hydrous Mn.

Treatments to each soil consisted of a control, 22 kg
ha~! Cu as CuSO, and as Cu-enriched pig manure, (equivalent
to 975 mt ha"!). The incubation was conducted at an elevated
temperature of 35° C and with the soils at 33 k Pa moisture.
The CuSO4 was acidifying, increased soluble salt levels by
about 20 S m~!, and initially decreased the Eh. The Cu-
enriched pig manure additions increased the soluble salt
levels by about 200 S m-!, buffered the pH at about 8.4, and
reduced the Eh levels about 200 mv with the Eh rising after
day 8 to 16. The Eh was inversely related to pH, R?=49 to 92,
depending on soil. The acid extractant, AlCl;, extracted far
less Cu in the Cu-enriched manure treatment than in the CuSO,

treatment. Copper was extracted in the following order for
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the control and CuSO, treatments: AlCl; > EDTA > DTPA. The
Cu-enriched pig manure followed a different order of Cu ex-
traction such that EDTA > DTPA > AlCl,. Extractable Cu de-

creased with time despite Cu source.

Additional index words: Acid extractant, DTPA, EDTA, Soluble

salts
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INTRODUCTION

Reversion of Cu from available to unavailable forms has
major importance both from the consideration of toxicity
mitigation and residual value of Cu fertilizers. Copper
availability has been shown to decrease with time (6, 14) but
slowly enough that applied Cu should have multi-year residual
effect in acid soils (3, 6). An indirect indication of the
rapid rate of Cu reversion after application from either in-
organic or organic sources is the Cu accumulation in the A
horizon (8, 10, 16, 18, 19, 21).

Movement of Cu between physiochemical forms within the
soil is a partially understood phenomenon. Early research
indicated that pH, Eh and ligand concentrations greatly af-
fected Cu transformations (22). Copper is strongly bound to
organic matter (5, 7, 12, 13), is absorbed on the surfaces
of layer silicates, and hydrous oxides Al, Fe, and Mn (1).
Copper attraction to organic matter and clays increases as
the pH increases. In non-calcareous soils, Cu is readily
co-precipitated by Al and Fe hydroxides (11). Associations
between Cu and Mn oxides and, to a lesser extent, Fe oxides
have often been observed (11, 13, 14). Proposed Cu
adsorption maxima for soil constituents are Mn oxides > or-
ganic matter > Fe oxides > clay minerals (13).

Less information is available on the effects of pH and

Eh on Cu availability. Increases in pH and Eh can cause re-

63



duction of Mn** to Mn2* (15). Both high pH and Eh, either
together or separately, increased the Cu associated with Mn
oxides and hydroxides and oxalate fractions and decreased
exchangeable Cu, and Cu associated with organic matter (20).
Under waterlogged conditions, low Eh and pH solublized Cu but
the soluble cation was soon associated with exchangeable and
organic fractions. Availability of Cu depends on the rate
with which it is complexed by organic matter but precipi-
tation reactions are important, even in slightly acidic soils
(4).

The purpose of this study was 1) to evaluate Cu re-
jations in soils from the three physiographic regions of
Virginia, and 2) to evaluate Cu reversion to unavailable

forms.
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MATERIALS AND METHODS

Fifteen soils spanning the three physiographic provinces
of Virginia were selected for this study (Table 14). Selected
properties of the soils are given in Table 15. These soils
were chosen for their range in soil properties. The Cu-
enriched pig manure was collected from feces of pigs fed di-
ets enriched with 250 mg kg-! Cu as CuSO4. The manure
consisted of 0.23 kg solids kg~! and was frozen until needed.
The frozen manure was thawed, dried to a constant weight at
70° C in a gravity convection oven, and ground to pass a 0.84
mm sieve for improved handling and mixing with the soils.
Dry l-g samples were ashed at 450° C for two hours and the
nutrient constituents of the ash dissolved in 25 ml of 0.5 M
HCl. Solution concentrations of Cu, Mn, and Zn were deter-
mined by atomic absorption spectrophotometry. The manure was
dried at 105° C to determine amounts of moisture and solids
(Table 16).

The following procedures were outlined and in previous
research (9). Clay content was determined by the pipette
method and organic matter content by the Walkley-Black pro-
cedure. Surface area (SA) was determined using the ethylene
glycol monoethyl ether adsorption procedure. Ammonium
oxalate extractable Al (AMOXAl) and Fe (AMOXFe) were esti-
mated by NH,-oxalate extraction adjusted to pH 3.25 under UV

light at 85° C. The hydrous Mn content (HYHCLMn) was deter-
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Table 14. The soil series and taxonomic class of the 15 soils
studied.

Soil Series Taxonomic Class

Christian Typic Hapludults, clayey kaolinitic mesic

Craven Aquic Hapludults, clayey mixed thermic
Dragston Typic Ochraquults, fine-loamy siliceous thermic
Dyke Typic Rhodudults, clayey mixed mesic

Emporia Typic Hapludults, fine-loamy siliceous thermic

Fauquier Ultic Haplidalf, fine mixed mesic
Kempsville Typic Hapludults, fine-loamy siliceous thermic

Lodi Typic Hapludults, clayey kaolinitic mesic

Myatt Typic Ochraquults, fine-loamy siliceous thermic
Portsmouth Typic Umbraquults, fine-loamy siliceous thermic
Rains Typic. Hapludults, fine-loamy siliceous thermic
Rumford Typic Hapludults, coarse-loamy siliceous thermic
Slagle Aquic Hapludults, fine-loamy siliceous thermic
Starr Fluventic Dystrochrepts, fine-loamy mixed thermic
Tarboro Typic Udipsamments, mixed mesic
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Table 16. Properties of the Cu-enriched pig manure.

Total . Dry Manure __
Solids Cu Mn Zn Solids Moisture
%  meme——- mg kg~ le-==e= —e------- Ymmmmm -

23 974.6 170.1 227.6 94 6.6

68



mined by hydroxylamine hydrochloride extraction. The Al, Fe,
and Mn contents were determined by atomic absorption

spectrophotometry.

Incubation Experiment

An elevated temperature of 35° C, to facilitate chemical
reactions, and a high humidity environment, to prevent soil
drying between sampling, were deemed desirable. Incubators
were constructed using TYO5 blood serum styrofoam boxes. The
incubator bottom was flooded with approximately 3 cm water
to maintain a high humidity environment. The temperature re-
gime was accomplished with a 100 watt Hartz aquarium heater
placed within a 4 1 glass, water filled, wax (parafilm)
sealed jar. This low cost incubator maintained temperatures
within plus or minus 0.5° C. Soil moisture at 33 k Pa was
determined for the fifteen soils by pressure plate analysis.

Three treatments were evaluated, a control, 224 mt ha-?
dry manure (975 mt ha-! wet manure), and 21.86 kg Cu ha"! as
CusO, (Cu equivalent to the Cu-enriched manure treatment).
For each soil, three 100 g subsamples of air dry soil re-
ceived no amendments (the control), 10 g air dry manure or
37 mg CuSO,. Each amendment was thoroughly mixed with the dry
soil. Appropriate amounts of deionized water were next added
to attain a mois;ure regime of 33 k Pa. The soils were placed
within plastic cups 44 mm high and 114 mm in diameter. The

manure treatments received water to raise 110 g soil to 33 k
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Pa to compensate for water retention of the added manure. The
cups were covered with plastic wrap and placed within the

incubator.

Sampling and Analysis

Sampling was initiated immediately upon mixing amend-
ments and water into the soils and prior to placing into
incubator. Samples were obtained from 2° to 2° days. The
sampling procedure was to mix the soil with a spatula and
remove 14.10 g soil for analysis. Containers were weighed
before and after sampling. More deionized water was added,
if needed, to return each soil to 33 k Pa. The cups were ro-
tated within the incubator at each sampling.

To 6 g soil in a 25 ml centrifuge tube, 12 ml deionized
water was added. Samples were shaken for 6 hours and fil-
tered through Whatman 42 filter paper. The filtrate was ana-
lyzed for soluble salts, pH and Eh. Duplicate analyses were
determined on separate soil subsamples for the following
three extractable Cu determinations: 1) 0.90 g soil shaken
in 4.5 ml of 0.5 M HCl + 0.025M AlCl; for 5 min., 2) 2.24 g
soil shaken in 4.5 ml of 0.005 M DTPA + 0.01M CaCl, + TEA (pH
7.3) for two hours, and 3) 0.09 g soil shaken in 4.5 ml 0.05M
di-Na EDTA (pH 7.0) for one hour. Samples were centrifuged
at 2 000 rpm for five min., filtered and refrigerated until

analyzed by atomic absorption spectrophotometry.

70



Statistical Analysis
Simple correlations and regression analyses were per-
formed to evaluate the relationships between the dependent
variables (extractable Cu) and the independent variables

(soil properties, extractable Cu, and time).
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RESULTS AND DISCUSSION

The 15 soils selected for this incubation study had
large differences in seven measured soil properties, espe-
cially in their content of hydrous Mn (HYHCLMn) and clay
(Table 15). These seven properties were evaluated with re-
spect to their relationship to the initial values of
extractable Cu by three extractants, AlCl,, EDTA, and DTPA.
The studied soils were low, €38 g kg~!, in organic matter
concentration (Table 17). Consequently, a large proportion
of the Cu would be held by the inorganic soil fractions.
Correlation analysis indicates that these extractants were
related to clay, SA, AMOXAl, AMOXFe, and HYHCLMn soil frac-
tions (Table 15). The following linear correlations were
found between HYHCLMn and ALCLCu or EDTACu:

ALCLCu = 0.521 + 1.02x10°*HYHCLMn  R?=91*#

EDTACu = 0.212 + 8.90x10° *HYHCLMn R2=96%*
Copper is known to have a strong affinity with Mn oxides
across a wide range in pH (12). The affinity of Cu for Mn
oxides is stronger than for Fe oxides (11). The DTPA
extractant was highly correlated with clay such that:

DTPACu = -0.137 + 2.36x10"*Clay R2=95**
Copper can be specifically adsorbed to layer silicates and

associated hydrous oxide impurities (11).
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Table 17. Correlation coefficients between extractable Cu of

three extractants and selected soil properties.

X
Soil Property AlCl, DTPA EDTA
Soluble Salts -0.046ns -0.117ns -0.059ns
pH 0.283ns 0.189ns 0.288ns
Eh -0.253ns =0.l66ns -0.257ns
oM 0.706ns 0.080ns 0.068ns
Clay 0.941** 0.977** 0.946**
SA 0.860*%* 0.873*%* 0.874%*%*
AMOXAl 0.869** 0.866*%* 0.898%%*
AMOXFe 0.803** 0.803*%* 0.830%*%*
HYHCLMn 0.951%* - 0.963*%* 0.981%*%*

*%*-_Significant at the 0.01 level of probability.
ns--Not significant.
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Soluble Salt and pH Changes

Additions of Cu from either the CuSO, or manure source
caused many changes in the soils. The soluble salt (SS)
concentrations were elevated by the treatments (Fig. 5).
Addition of 21.9 kg Cu ha~! induced 0.01 to 0.02 S m~?! in-
creases in SS. These salt levels remained relatively con-
stant for the duration of the incubation. The manure
addition produced large increases of 0.15 to 0.20 S m-! in
SS and, although somewhat variable, remained high for the
duration of the incubation (Fig. 5). Soluble salt levels of
1.10 S m~! have been observed in manure slurries (10). The
high SS was associated with elevated Na and NH4-N levels and
could cause restricted plant growth. Considerable NOz;-N
levels were observed in leachate of soil columns amended with
sewage sludge after only two weeks (S5).

The pH of the soils ranged from 4.4 to 7.7 (Table 18).
Addition of CuSO, was acidifying and kept the pH depressed
for the duration of the incubation. The manure addition had
the opposite effect on all 15 soils (Table 18). All pH leveis
were immediately raised above 7.0 and peaked at 8.2 to 8.5.
Manure has been generally observed to increase the pH of acid
to neutral soils (10, 15). Application of 476 mt ha~?! (air
dry) sewage sludge to soil columns increased soil pH from
about 4.5 to 7.1 at the end of a 25 month leaching study (5).
The added sludge had a strong buffering effect regardless of

the initial pH of the soil. Addition of freeze dried manure
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Figure 5. Effects of added CuSO4 and Cu-enriched pig

manure on soluble salt levels in a Dragston
soil.
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Table 18. Effect on pH of CusO, and Cu-enriched pig manure
over time in the 15 incubated soils.

Control +Cy +Manure

Soil Series Day O Day 64 Day O Day 64 Day O Day 64

------------------- pH - - - - - -
Christian 5.2 5.1 5.0 5.1 7.1 7.7
Craven 5.2 5.3 5.3 5.3 7.1 6.9
Dragston 6.2 6.1 5.4 5.2 7.3 8.3
Dyke 6.2 4.5 5.0 5.5 7.6 7.6
Emporia 6.0 5.9 5.2 4.9 7.2 8.4
Fauquier 7.7 6.1 7.3 5.9 7.7 7.6
Kempsville 5.1 5.1 4.8 4.8 7.1 8.2
Lodi 7.5 6.0 6.7 5.9 7.7 8.3
Myatt 6.1 5.6 5.3 5.2 7.3 8.4
Portsmouth 5.4 5.6 5.2 5.2 7.2 7.5
Rains 5.6 5.6 5.5 5.1 7.1 7.5
Rumford 4.9 5.1 4.6 4.6 7.2 8.5
Slagle 5.7 5.4 5.6 5.2 7.3 8.0
Starr 5.4 5.1 5.0 5.1 7.4 7.7
Tarboro 4.4 4.7 4.3 4.2 7.2 8.5
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to three soils immediately increased their pH to above 7.0
and the pH increased over the 29 day laboratory incubation
(15). The pH changes were attributed to the high initial pH
(7.8) of the manure slurry and to consumption of protons
during the reduction process in the soils.
Relations of Eh and pH Changes

The incubation of the soils was conducted in an envi-
ronment designed to be conducive to oxidizing conditions.
The 33 k Pa moisture regime (approximately field capacity)
did not waterlog the soils. Incubation cups were large
enough to allow a shallow depth of soil, <2 cm, and a large
air volume. Even though the cups were covered, oxidizing
conditions should have prevailed. The cups were opened pe-
riodically for sampling and, coupled with mixing of the soil
while sampling, would have had ample air exchange. An indi-
cation of the redox conditions in soils is for oxidized soils
to have redox potentials of >400 mv, moderately reduced 100
to 400 mv, reduced -100 to 100 mv, and highly reduced -300
to -100 mv (2). To compare the observed Eh values with this
scale, the Eh values were adjusted to pH 7 by using a con-
version factor of -59 mv pH~"! and are notated as Eh, (2).
On this scale all the control and CuSO, treatments would be
considered to be moderately reduced and the Cu-enriched pig

manure treatments to be reduced.
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The addition of CuSO, generally decreased the Eh rela-
tive to the control. By the end of the incubation the Eh
values had recovered or exceeded the contrpl treatment Eh
levels.

The addition of Cu-enriched pig manure greatly decreased
the Eh values for all soils. The Eh was variable but gener-
ally reached a minimum by day 8 to 16 and then slowly in-
creased for the duration of the incubation. Without the
moderating influences of soil, the Eh of a digested sewage
sludge was about 50 mv and, subjected to aeration, increased
rapidly (within six days) to > 300 mv (17). Manure additions
to three soils immediately reduced Eh by about 100 nmv,
reached a minimum at day four and then increased for the du-
ration of a 29 day incubation experiment (15).

The Nerstian equation predicts a linear response between
pH and Eh. Linear regression analysis of all soils across
treatments and time indicated an inverse linear relationship
between Eh and pH (Table 19). The average equation for all
soils:

Eh = 535.0 - 56.9pH
shows a slope fairly close to the =59 mv pH~! often used to

adjust Eh readings to pH 7.

Treatment Effects on Extractable Cu
Copper was extracted in the following order for the

control and CuSO, treatments in all soils: AlClz > EDTA >
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Table 19. The relationship between Eh (in mv) and pH for 15

soils.
Soil Name Linear Equationt R?
Christian Eh = 543.7 - 56.8pH 78
Craven Eh = 544.0 - 59.0pH 86
Dragston Eh = 537.0 - 56.2pH 75
Dyke Eh = 511.9 - 52.0pH 77
Emporia Eh = 543.1 - 59.2pH 85
Fauquier Eh = 448.0 - 43.4pH 49
Kempsville Eh = 561.6 - 59.2pH 77
Lodi Eh = 511.1 - 50.7pH 60
Myatt Eh = 522.8 -~ 54.9pH 82
Portsmouth Eh = 543.5 - 60.7pH 87
Rains Eh = 597.6 - 68.1pH 90
Rumford Eh = 542.4 - 59.4pH 87
Slagle Eh = 548.9 - 59.9pH 88
Starr Eh = 520.6 - 53.5pH 83
Tarboro Eh = 549.8 - 61.1pH 92

4All linear equations were significant at the 0.1 level of
probability.
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DTPA. The Cu-enriched pig manure treatment followed a dif-
ferent order of Cu extraction where EDTA > DTPA > AlClz. This
could be the result of the manure buffering the soil at a
higher pH and thereby reducing the effectiveness of the acid
extractant. These results would indicate that a chelating
agent remains more effective at extracting Cu over a wider
range of pH and organic matter than an acid extractant. The
relationship between DTPA and EDTA follows a linear re-
lationship:

DTPACu = -1.08 + 0.754 EDTACu r=97%%,
Either extractant could be used as an indicator of soils high
in Cu.

Despite the acidifying nature of the CuSO4 treatment,
extractable Cu levels decreased in all soils (Table 20).
Precipitation reactions involving Cu have been observed in
acid soils (4, 14). The general trend was for extractable
Cu values to rapidly decrease to about day 8 and then to de-
crease at a much reduced rate for the duration of the incu-
bation. The Cu-enriched pig manure treatment followed the
same pattern (Table 20). However, the analyses were greatly
hampered by manure induced physical and biotic changes. The
initial manure odor was replaced by a musty smell by day two.
The soil had a sponge-cake type texture and a white
mold/fungal growth. By day four the soils were very spongy

and exhibited hydrophobic tendencies. By day 32 the soils

were highly hydrophobic and meaningful extractable analyses
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Table 20. Effect of time and added Cu, from either CuSO4 or
Cu-enriched pig manure, on available Cu as measured
by three extractants.

—-Control +CuSO, +Manure
Extractant Day O Day 64 Day O Day 64 Day O Day 64
----------------- mg kg~! —=ccececccncacna—-
Christian
AlClCu 0.8 0.5 104.4 90.2 15.4 .
DTPACu 0.16 0.14 82.3 61.8 54.1 47.0
EDTACu 0.4 0.4 95.9 74.0 74.0 .
Craven
AlClCu 0.5 0.2 182.7 8l.4 16.9 .
DTPACu 0.09 0.04 75.8 38.7 53.5 35.2
EDTACu 0.2 0.1 99.8 54.1 77.1 .
Dragston
AlClCu 0.7 0.6 111.1 86.8 21.4 .
DTPACu 0.13 0.09 81.6 46.9 62.5 49.6
EDTACu 0.4 0.6 98.9 60.2 81.9 .
Dyke
AlClCu 4.8 4.8 102.4 78.7 20.0 .
DTPACu l1.08 0.89 61.2 35.1 71.4 43.8
EDTACu 3.9 3.8 100.0 71.9 83.7 ' .
Emporia
AlClCu 0.5 0.3 134.1 75.5 17.8
DTPACu 0.07 0.06 80.8 50.0 55.6
EDTACu 0.3 0.2 99.1 62.2 77.1
Fauquier
AlClCu 2.1 2.0 76.0 84.1 18.8 .
DTPACu 0.37 0.32 58.1 29.1 51.5 34.9
EDTACu 1.6 1.7 78.6 66.6 77.1 .
Kempsville
AlClCu 0.4 0.3 116.5 96.3 18.4 17.6
DTPACu 0.07 0.06 97.4 71.0 76.9 54.0
EDTACu 0.2 0.1 112.1 82.3 82.8 .
Lodi
AlClCu 0.9 0.7 95.6 84.1 18.2 13.7
DTPACu 0.17 0.11 73.5 40.2 45.2 41.0
EDTACu 0.6 0.7 85.4 60.5 74.1
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Table 20 continued. Effect of time and added Cu, from either
CuSO, or Cu-enriched pig manure, on available Cu
as measured by three extractants.

—Control +CusSO, +Manure
Extractant Day O Day 64 Day O Day 64 Day O Day 64
----------------- mg Kg~! --eccmceccmmmeaa—o-
Myatt A
AlClCu 0.4 0.2 113.2 96.3 18.4 .
DTPACu 0.05 0.03 99.9 61.2 61.9 52.3
EDTACu 0.2 0.1 105.7 76.1 80.7 .
Portsmouth
AlClCu 0.8 0.6 130.0 66.6 15.2 13.5
DTPACu 0.13 0.08 81.9 37.4 54.0 30.0
EDTACu 0.4 0.2 112.7 69.1 78.3 .
» Rains
AlClCu 1.7 1.2 103.7 86.8 17.2 15.4
DTPACu 0.29 0.22 71.0 40.8 58.3 40.5
EDTACu 0.6 0.4 94.6 60.1 81.9 .
Rumford
AlClCu 0.3 0.2 115.2 94.9 17.9 .
DTPACu 0.05 0.2 90.8 54.0 60.6 50.4
EDTACu 0.2 0.1 102.1 65.4 81.3 .
Slagle
AlClCu 0.6 0.4 139.5 77.4 18.3 13.1
DTPACu 0.09 0.06 71.8 41.6 55.1 35.3
EDTACu 0.3 0.2 98.3 61.4 78.2 .
Starr
AlClCu 3.2 2.9 96.3 70.6 17.9 14.2
DTPACu 0.96 1.02 69.3 41.2 65.9 34.0
EDTACu 2.6 2.5 96.6 65.6 79.5 .
Tarboro
AlClCu 0.4 0.2 111.8 92.2 18.9 .
DTPACu 0.06 0.04 103.5 72.1 61.9 45.9
EDTACu 0.2 0.1 105.1 76.2 86.1 .

82



became difficult. Addition of a surfactant, as a wetting
agent, to the extracting reagents may improve the analyses.
The overall observed trend was for extractable Cu values to
rapidly decrease to about day eight and then to continue to
decrease, but at a much reduced rate, for the duration of the

incubation.
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Chapter V
SUMMARY AND CONCLUSIONS

The research was performed to evaluate Cu or Cu and Zn
from either sulfate sources or Cu-enriched pig manure. The
two field studies investigated the effects of soil applica-
tion of Cu and 2n, eitheﬁ alone or together, on corn. A
laboratory incubation study was undertaken to evaluate Cu
relations and reversion in a variety of Virginia soils. The
results from the three studies conducted should have a wide
range of applicability due to the diverse nature of the se-
lected soils.

Application of 638 mt ha~! Cu-enriched pig manure con-
taining 198 mg Cu kg~! did not induce Cu toxicity in corn.
The Cu-enriched manure treatments supplied much of the N, P,
and K requirements for high yields of corn. Grain yields
either were not affected or were slightly increased by the
Cu-enriched pig manure. In general, application of Cu, from
either CusSO, or Cu-enriched pig manure, slightly increased
blade Cu concentrations but did not affect Cu levels in the
grain. Continued field studies under these controlled con-
ditions is needed to accumulate information on acceptable Cu
levels in agricultural soils. This information is not cur-
rently available to agencies determining acceptable Cu load-

ing levels in soils.
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The DTPA extractant was effective at sepérating Cu and
Zn treatment levels but was not related to Cu concentrations
in the aerial portions of corn. However, DTPA was an effec-
tive predictor of 2n in the aerial portions of corn. Labo-
ratory studies indicated that more Cu was extracted by AlCl;
in 0.5M HCl than EDTA which extracted more than DTPA. By
increasing the pH of 15 soils through the addition of Cu-
enriched pig manure this Cu extraction order was altered such
that EDTA > DTPA > AlCl; in 0.5M HC1l. Based on the laboratory
studies, EDTA should be similar to DTPA in separating Cu
treatment levels.

Laboratory incubation pf 15 Virginia soils indicated
that 22 kg Cu ha~!, as CusO,, was acidifying and slightly
increased soluble salt levels. Addition of'a high rate of
Cu-enriched pig manure (975 mt ha~?* wet manure) created re-
ducing conditions, buffered the soils at a pH of 8.4, and
increased the soluble salt concentrations 200 S m~'. Despite
the very different effects of the two Cu sources, extractable
Cu, as measure by three extractants, decreased with time.
Consequently, the availability of applied Cu would be ex-
pected to decrease with time.

Additions of Cu and 2Zn sulfates for 17 years to a cumu-
lative total of 280 kg Cu and 560 kg 2n ha~!, respectively,
did not adversely effect corn growth on a Davidson soil. The
17 annual additions of Cu and Zn, either alone or together,

did not cause any grain or stalk yield decreases. Copper
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concentrations in the blades and grain were not related to
soil additions of Cu or 2n. However, 2n concentrations in
the blades and grain were directly related to each other,
r=0.87**, to soil 2n treatment levels, and to DTPA Zn. This
experiment needs to be continued to determine the levels at

which Cu and 2n will prove toxic to corn.
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