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(ABSTRACT)

Adequate supply and availability of nitrogen (N) is a
major factor hindering successful revegetation of reclaimed
surface mines. Because topsoils are often unrecoverable,
"topsoil substitutes", made up of overburden materials
devoid of N, are often used on reclaimed surfaces. Four
replications of seven surface treatments were applied to 12
m2 plots of 2:1 sandstone:sil|ltstone material on a reclaimed
coal surface mine in Wise Co., VA: 1) fertilizer (168 kg/ha
N, 147 kg/ha P, and 139 kg/ha K), 2) limed (7.8 Mg/ha),
fertilized topsoil (30 cm deep), 3) 112 Mg/ha sawdust +
fertilizer + 336 kg/ha slow-release N, and 4-7) |ime-
treated municipal sewage sludge at rates of 22, 56, 112,
and 224 Mg/ha. Nitrogen avallability after 40 mo (as
determined by aerobic and anaerobic Incubations) In

sawdust- and sludge-amended soils was two to 20 +times



higher than In fertilized and +tfopsoil-amended solls.
Moisture holding capacity was nearly *twice as high 1In
sawdust-amended solls as 1In all other ftfreatments. Soll
nitrate (NOS-) levels (0-20 cm layer) In excess of 75 ug/g
were detected iIn the 112 and 224 Mg/ha sludge plots 28 mo
after application. Stem volumes of three-year-old pitch X
loblolly pines (Plnus riglda X taeda) were four times
larger in solls amended with sawdust + sl|low-release N and
were twice as large In solls amended with 22 and 56 Mg/ha
sludge compared to fertilized-only seedllings. Increased
seedl ing mortal ity was observed In the 112 and 224 Mg/ha
sludge ftreatments, possibly due to high soluble salt levels
and/or manganese deficiencies. The availability of N from
sawdust + slow-release N or sludge (< 56 Mg/ha) Is better
than that of Inorganic fertilizer for sustained tree
growth. These amendments are recommended for reclamation

Yo the extent that they are economically avalilable.



ACKNOWLEDGEMENTS

| would |ike to express my gratitude to my advisor,
Dr. James Burger, for his helpfulness and expertise during
the past two years. Without his guidance, this endeavor
would not have been possible. | would also like to thank
the other members of my committee for their contributions:
Dr. John Seiler (Forestry), Dr. Lee Daniels (Agronomy), and
Dr. Ray Reneau (Agronomy).

Special mention should go to all members of the "Burger
Boys" - Ted, Dave, Bill, John, Joe, and Amulya - who have
shared 1in the +trials and +triumphs of the Forest Soils
Program at Virginia Tech. My fondest memories of graduate
school are the many laughs we have shared together.

-1 would also Ilke to thank the Office of Surface Mining
and the Mining and Mineral Resources Research Institute for
their financlal contributions to this project.

Finally, a special thanks to Linda for the happliness
she has brought Into my Iife. For her help and encourage-

ment, | will always be grateful.

Iv



TABLE OF CONTENTS

ACKNOWLEDGEMENTS © 00 0000000000000 0000000060000000600000000000000 iV

page
lNTRODUCTION © 00 000 0000000000000 000000000000000000000000000000o0 1

LITERATURE REVle ® 0 0 00 0000000000000 0000000000000OCOCSIOCEOICOIOIEOIEOITCIOE 5

Background ceeeecececeeesoccscccooscccsccccossscccscsce D
General Reclamation ceceeeeceeecececcceocccossnnccnes [
Nitrogen Cycling eceeeeeeeeeccccoosscscsscscassascoccess 11
Use of Organic Amendments ..ceeceeeceeceecccsnccnnaes 14
Use of Sewage SIudge .cceceeeeecccnccccecccnccnscncens 17
Nitrogen Availability from Sludge «eeceeeececncneenes 27

METHODS AND MATERIALS @0 e 0000000000000 00RO ROOEONCEROECOCEORIOIEOTOOD 32

Study Design/Plot Construction seeeeeeeseeseescencaes 32
Fileld Sampling ceeeeeceeececceccceccscsocssccosascees 37
Laboratory Analysis ceeececececocccesocesocssscccenssas 38
Nitrogen Availability Indices ceeeeecececcececcconces 41
Statistical Analysis seeesssecosscesscssacnsacessanes 45

RESULTS ® 0 0.0 0.0 000 0000000 OO OO N OO OO OO OO OO ONNEOE SN OENOE 46
Seedl ing Growth and Survival ..eeeeececeecscesecessss 46
Soll Analysls ® 0 0. 0 0. 0.0 0 0 00 0 0 000 00O OO OO eSO OO NN OO OC OO 50
Fol iar Analysls ® ® 0 0 0. 000 000 0 00 0 0 0000000 O SO OSNCCTSOE 62
Nitrogen Availability Indices cececeverceccececesaees 70
DISCUSSION ® 0 0 0 0 0 00 00000 O NN OO OO0 OO OO0 OO0 ESOSSEEOEESEOEOCOCE 82
Seedl Ing Growth and Survival ..ceeececcecccceessscees 82
Sol' Analysis L I I I I I L B I I I I I I I I B I I I I B A ) 87
Fol iar Analysis ® 0 0 0 00 0 00 00 00O P OO0 OO0 OO OO0 OO OO OO OO OO 94
Nitrogen Avallability Indices seeeeeceeneceeeseeasss 101
SUMMARY AND CONQUSIONS ® 0 0 0 0 0 0 000 0000000 OO0 OO0 OO0 OO SO NSO OO 108
L'TERAmRE ClTED ® 0 0 0.0 00 0000000 O OO OO OO OSSO OO OO0 OO OSOSOS PSS 110

APPENDIX ® 0 00 0 0000000000000 000000000000 0000000000000000000O0OCE 121

VITA ® 0 0 0 00000000000 00000000000000000000000000000007r00000O0CCCEL 135



LIST OF TABLES

Jable Rage

1. Summary of surface treatments applied to a reclaimed
coal surface mine in Wise Co., VA In May 1982 ........ 35

2, Total amounts of N added in the Surface Treatments
Experiment on a reclaimed coal surface mine in Wise
Co.’ VA ]n May 1982 ® 0 0 0 0 00 00 0 000 00 OO0 OO SOOI SO OODS 36

3. Second-year height, diameter, volume, and survival of
loblolly and pitch X loblolly pine seedlings growing
In amended mine solls in Wise Co.y, VA teeeeeecccenness 47

4, Third-year height, diameter, volume, and survival of
pitch X loblolly pine seedlings growing In amended
mlne SOIIS In wise CO.’ VA ® 0 0 0.0 0 00 00 000 OO0 OO OO OO CETECEOE OPOOD 49

5. Laboratory analysis of municipal sewage sludge from Big
Stone Gap, VA applied to a reclaimed surface mine
ln w'se CO" vA ® 0 0 0 0 0 0 00 00000 OO OO OO OO0 OO OO0 O OO OO OO 51

6. Particle size analysis and coarse fragment content of
mine solls In Wise Co., VA in October 1983 .ceeeeeeees 52

7. Extractable P, Ca, Mg, K, and Al In amended mine soils
ln wise Co.’ VA ]n Oc'rober 1985 ® 0 0 00 0 00 00 0000 00O OO NP 57

8. Available molsture (gravimetric) of amended mine solls
tn wlse Co" VA ln 1984 ® 0 0 00 0 00 000 00000 0000000 e OO OOOOOE 59

9. Nitrate-N and ammonium=N concentrations of amended mine
So'ls In wise Co.. VA 9 ® 0 0 0 0 0 0 00 00 0 9O OO OO OO O EO OO OO POS OO 60

10. Electrical conductivity and pH of amended mine solls In
wise Co.’ VA ® @ 0 0 0 00 000 00 0000 0O 00O OO OO0 e eOe SO 0N 61

11. Nitrogen status and average fascicle weight of three-
year-old pitch X loblolly pine seedl ings growing In
amended mine solls In Wise Co., VA tecieeeeccacceseass 63

12. Follar P and cation concentrations In three-year-old

pitch X loblolly pine seedlings growing In amended
mine soils In Wise Coey VA cieeeeecesssccsssnsesnasesss O7

vi



13.

14.

15.

16.

17.

Fol lar microelement concentrations in three-year-old
pitch X loblolly pine seedlings growing in amended
mine soils in Wise Co.y VA tieieereeseosesssnssasensss 68

Correlation coefficlients (r) between seedling fol iar
concentrations and extractable soil levels of P, Ca,
Mg, and K in amended mine soils in Wise Co., VA ...... 69

DRIS nutrient indices relating nutrient status of
pitch X loblolly pine seedlings growing In amended
mine soils in Wise Coey VA teeeevevecnrocsocsoncsnnaons /1

Nitrogen mineral ization potential (N ), total soil N
(TKN), and mineral ization rate cofistant (k) of
amended mine sofls In Wise Couy VA tiveeveceroncosneee 12

Coefficients of determination (R2) of regressions of
N-avallabil ity Indices on follar N and volume of
pitch X loblolly pine seedlings growing in amended
mine soils In Wise Coey VA teveececesasssccsnsssansans 19

vii



LIST OF FIGURES

Elgure Rage

1. Coal producing region of Virginia and location of study
area In wlse Co ® 0 0 0 00 00 000000 000000 OO OO NP0 OO OE OO NSO COOIOODN 2

2. Plot design of the Surface Treatments Experiment ........ 33

3., Organic matter content of amended mine soils in Wise

CO., VA © 0000000000000 0000000000060000000000060000000000 54

4, Regression of organic matter content on third-year seed-
ling volume In amended mine solls In Wise Co., VA .... 56

5. Regression of follar N content on third-year seedling
volume In amended mine soils in Wise Co., VA sveeeee.. 64

6. Regression of average fascicle weight on third-year seed-
ling volume in amended mine soils In Wise Co., VA .... 66

7. Anaerobically mineralized N (NMIN) in amended mine soils
In wise CO.’ VA ® 0 0 0 0 0000 00 00 000000 O OO0 OO OSSN OON PSSO OO 74

8. Correlation between N mineral ization potential (N ) and
anaerobically mineralized N (NMIN) in amended mine
Solls ln Wise Co.’ VA ® 0 0 000 0 0 00 00 00 00 00000009 PO e OO 76

9. Correlation between organic matter content and N
mineral ization potential (No) In amended mine solls
'n w]se Co.’ VA ® 0 0 0 00 00 0 00 00 000000000000 OO N OO SN OEEPSTCCOES 77

10. Correlation between organic matter content and anaerobic-
ally mineralized N (NMIN) in amended mine soils in
wise Co.’ vA ® 0 0 0 0 0 0 00 000 OO0 O 0O O OO0 0000 SO OO OSSOSO OO 78

11. Predicted mineralized N during the fourth and fifth grow-
Ing seasons in amended mine soils in Wise Co., VA .... 81

vill



INTRODUCTION

Coal mining has provided the economic base for much of
the Appalachian plateau region for most of this century.
Probably no other area of similar size in the country Is as
dependent on one industry for Its economic well-being as Is
Appalachia. Because of this lack of economic diversity,
the economy of the entire region rises and falls with the
coal market.

Each year, thousands of hectares of land are disturbed
during surface mining and must be reclaimed. An estimated
28,000 ha have been mined in the coal region of southwest-
ern Virginia alone (Fig. 1). Although reclamation |Is
sometimes viewed as merely a "healing"™ process, the
reclamation of surface-mined land offers opportunities for
economic development not previously avalilable. A wide
array of uses for reclaimed land In southwest Virginia have
been studied, including housing sites (since flat land Is
scarce Iin the area), pasture for beef and dalry cattle,
crop production, Christmas tree production, and forestry.
Although much of the area iIs already forested, the forests

of the region are often of poor quality, either because of






| ow Iinherent fertility, past mismanagement, or both.
However, the potential exists for "creating" better forests
by carefully reclaiming mined land, selecting valuable
speclies, and using sound management.

Before such gains can be made, however, mined land must
be returned to a sufficiently high level of productivity.
This means providing sites +that are free of aclidic
material, high salt concentrations, and compacted |ayers;
reducing erosion through revegetation; and ensuring a
stable, long-term supply of essential nutrients. This
latter requirement 1Is often a serious I|limitation +to
successful reclamation.

This project was established to Investigate the use of
organic amendments to Improve spoil fertility and +to
examine the effects these ameqdmenfs have on the long-term
avallability of nitrogen. The following objectives were

establ ished:

1) Examine the use of seven surface treatments: 1) fertili-
zed overburden, 2) | imed, fertilized "topsoll", 3)
fertilized sawdust + slow-release nitrogen fertilizer,
and 4-7) municipal sewage sludge at rates of 22, 56,
112, and 224 Mg/ha, on the physical and chemical

properties of carefully selected and placed mine spoll.



2) Examine the effects of the above amendments on the

growth and survival of planted pine seedlings.

3) Compare the long-term availability of nitrogen from

fertilized mine spoll and organically-amended spoll.



LITERATURE REVIEW

Background

The process of surface mining, whether for coal,
minerals, or other resources, alters the landscape on an
unequaled scale. The drastic disturbance that occurs
removes vegetation and soil and changes, at least
temporarily, the topography of the land. Until the passage
of Public Law 95-87, +the Surface Mining Control and
Reclamation Act of 1977 (SMCRA), the aftermath of mining
operations in the Appalachian region was a topography of
highwalls, benches, and outslopes consisting of overburden
which had been pushed over the mountain-side. Vegetation
was slow to recover on these sites which added to the
instablility of outslopes. This often resulted In the ma;s
movement of material down slope or the less dramatic, but
Just as damaging, erosion of the outslopes causing serious
sedimentation problems in streams. Adding to this problem
was the aclidic water runoff resulting from the placement
and weathering of acidic, pyritic materials on the spoil
surface which once had been buried many meters below the

surface.



With the enactment of the SMCRA in 1977, many changes
in the mining and reclamation processes were implemented.
Overburden material can no longer be indiscriminately
pushed over the mountain-side but must be replaced on the
site to the approximate original contour (AOC) of +the
pre-mined landscape. Requirements that potential
acid-producing material be buried beneath overburden, and
that topsoil, or a suitable substitute, be replaced on the
surface, have helped alleviate problems with aclidic runoff
and low pH "hot spots"™ which 1Inhibit revegetation. I'n
addition, monetary bonds are required from +the mining
companies and are not completely released until reclamation
requirements, particularly those dealing with water qual ity
and revegetation, are satisfactorily met for five years.

Despite the advances made under SMCRA, many problems
still exist, Some people have questioned the expenslive
requirement of returning mined land to the original contour
in a region that 1Is desperately short of level land, and
there 1Is concern over the long-term stability of re-
contoured slopes. Also, over 385,000 ha of Iland 1In +the
Appalachian region was mined before 1977 and Is not subject
to the provisions of SMCRA. Even with SMCRA, the prospects
for returning mined land to Its original condition, or an

even higher level of productivity, are questionable. The



preference for mining companies to select grazing/pasture
land or unmanaged forest land as thelir primary post-mining
land use may result In thousands of ha of land 1in *the
Appalachian region being left Iin a state of slow succession
back to forest. More than a century may pass before these

forests develop into productive stands.

General Reclamation

The problems encountered with reclaiming surface mines
vary from site +to site, particularly when comparing
pre-1977 (before SMCRA) and post-1977 mined sites. One
serious problem on older mine spolls Is the low pH often
encountered, particularly in localized "hot-spots"
(Barnhisel and Massey, 1969; Smith et al., 1974). Areas of
such |low pH are often characterized by high levels of
exchangeable aluminum and other metals which may reach
concentrations high enough to be toxic to plants. However,
not all mined sites exhibit such problems. The mean pH of
a Wise Co., VA surface mine (adjacent to the study area) is
about 5.7, although localized "hot spots" with a pH near 2
still exlst (Danlels and Amos, 1981a). The authors
concluded that compaction, shallowness, and a high sil*t
content were more Important than low pH or low nutrient

levels in limiting plant growth on that particular mined



site (Daniels and Amos, 1981b).

High concentrations of soluble salts may also seriously
[imit plant growth (Barnhisel and Massey, 1969; Evangelou
and Grove, 1982). The weathering of pyritic material

releases 804_ and HY, giving rise to both high salt
concentrations and |ow pH's. Certain rock strata in
southwest Virginia, such as siltstone, have also been
assoclated with high salt concentrations upon weathering
(Daniels and Amos, 1981b).

Because overburden material has a very high coarse
fragment content (generally > 50 %) and Is devoid of almost
any organic matter, low moisture avallability can seriously
IImit revegetation (Smith et al., 1974). Traffic pans may
also limit rooting volume, thus Increasing moisture stress.
The selection of appropriate rock strata to be used as
replacement material near or on the surface can have a
significant impact on reclamation. In Southwest Virglinia,
siltstone and brown and gray sandstones predominate In many
areas. Although each material has advantages and
disadvantages for use as surface materlial, research has
shown that combinations of +the +two materials (2:1
sandstone: siltstone is best) result Iin a superior medium
for pine establishment and early growth of vegetation

(Howard, 1979; Preve et al., 1984; Torbert et al., 1985).



Careful grading to cover spoll compacted by heavy mining
equipment can result In 1 m or more of relatively
uncompacted rooting volume on reclaimed sites, versus a few
centimeters to less than 1 m which Is common in Appalachian
mountain solls. This allows for a greater rooting volume
and reduced water stress over time.

Probably the most common factor |imiting revegetation
of mined sites 1Is +the extremely low availability of
nutrients, particularly nitrogen (N) and phosphorus (P)
(Bengtson et al., 1973; Czapowskyj, 1973; Plass and Vogel,
1973; Smith et al., 1974; Vogel, 1981). The |itter layer,
comprising a major nutrient pool In natural forest stands,
Is lost during mining and only a small amount of N or P can
be expected to be returned to the site by +topsoil
replacement, especially considering the thin, Infertile
native solils of the area. In additlion, many oxidized mine
spolls have extremely high P-fixing capacities, due +to
their low pH's and high iron and aluminum content.

To overcome low nutrient levels, heavy fertilization
with N and P 1Is often employed +to help establish
vegetation. However, mine spoils generally have low cation
exchange capacities, are often sandy in texture, and
vegetation may be slow to establish, all of which lead to

poor fertilizer wutilization and rapid N loss through
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leaching (Dancer, 1975; Mays and Bengtson, 1978).

Inoculation of +tree seedlings with ectomycorrhizal
fungi, particularly Pisolithus tinctorius (Pers.) Coker and
Couch, has been shown to greatly aid in the establishment
of pine seedlings on low fertility sites, Including coal
surface mines (Berry and Marx, 1976 and 1978; Marx and
Artman, 1979; Walker et al., 1982). The benefits of
mycorrhizae Include increased nutrient uptake (particularly
P), Increased water uptake, and decreased concentrations of
heavy metals in fol fage.

The seeding of legume speclies has been widely used to
overcome N deficiencles on mine sites, but low levels of P
(brought about by high P-fixing capacities of mine spolls)
may seriously |limit +the establishment and growth of
legumes. Mixed plantings of tree seedlings and a herbaceous

cover, including legumes, stabilizes the spoil, Improves

the site +through biological N-fixation, and increases
organic matter content, all of which benefit the +tree
seedl ings. However, overstimulation of +the herbaceous

cover through fertilization may cause severe competition
to the seedlings and lead to Increased mortality and
decreased growth (Bengtson, 1977; Mays and Bengtson, 1978).
Partial weed <control with herbicides and +the use of

slow-release fertillizer tablets, which provide benefits to
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the tree seedlings wlithout stimulating herbaceous plants,
are two means of avolding this problem (Bengtson, 1977;

Schoenholtz and Burger, 1984).

Nitrogen Cycling

Nitrogen 1Is widely recognized as one of the most
Important plant nutrients. The majority of crop plants,
excluslive of legumes, require large quantities of N for
maximum growth and yleld; .Therefore, the production of
N fertilizers has become an Iimportant Industry (Tisdale et
al., 1985). Although trees generally have a l|ower annual
nutrient requirement, an adequate supply of all nutrients,
Including N, remains essential for good growth.

&afural forest systems, including those under indirect
human Influence, employ a natural cycling of nutrients to
maintain productivity (Pritchett, 1979). The N cycle Is a
rather complex system of +transformations, nearly all of
which are mediated by microorganisms. Barring drastic
disturbances, nutrient cycles can ensure that an adequate
supply of nutrients Is avallable for plant growth, although
better growth can often be obtained through a variety of
practices, Including fertillization. Although
nitrification, denitrification, and occaslionally

precipitation and biological N-fixation are also Important,
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the most Important transformation affecting N availability
to plants In natural systems Is mineralization of organic
matter.

Surface mining activities completely disrupt +he N
cycle. Before and during mining, all vegetation on the
site Is removed and the litter layer Is lost and/or buried
beneath the overburden during reclamation (Danliels et al.,
1986 ; Plass and Vogel, 1973)., Populations of
microorganisms responsible for mineralization,
nitrification, and N fixation are drastically altered.
However there Is no evidence to suggest +that these
populations are not quickly re-established provided no
problematic conditions exist (such as |ow pH or high
concentrations of heavy metals). With the removal of +the
organic matter (and organic-N) pool from the site, release
of N +through mineralization, and Its subsequent
avallability to plants, Is virtually nonexistent.

I+ Is Impractical from an economic, If not an environ-
mental, standpoint +fo continually fertilize a reclaimed
mine site unless a very high value <crop 1Is being
establ ished. Bond release requirements also usually
prohiblt continued fertilization to maintain the required
ground cover. If a mined site Is to be truly returned to

productivity, then, it 1Is essential that the N cycle be



13

re-established, and the speed and degree to which the N
cycle is established may well Influence the productivity of
the reclaimed site for many years (Skeffington and
Bradshaw, 1981).

One of the first priorities In re-establishing the N
cycle on disturbed land 1Is +to produce an organic-N
reservoir through the establishment of an organic matter
pool. Once this is accomplished, along with the establish-
ment of living vegetation, the two major components of the
cycle are 1In place and evolution of +the N cycle «can
proceed. The establishment of annual and/or perennial
grasses and |egumes can begin building up a |litter layer
almost Immediately while Increasing the efficacy of
fertilizer N (Chichester and Smith, 1983). Marrs and
Bradshaw (1980) reported that once a vegetative cover of
grasses and forage |legumes was established, 90% of
additional fertilizer N was retained by the vegetation,
although retention of P and cations was still low.

Once the organic-N pool 1is established, N can be made
available to plants through mineralization and additional
fertilizer additions may not be necessary. |In working with
kaolin mining wastes In England, Dancer et al. (1977)
suggest that a total N accumulation of at least 700 kg/ha

Is necessary for the successful reclamation of sand wastes.



14

They estimate that It would take 10 years for such an
accumulation to occur, or much Jlonger 1if Ilegumes were
excluded.

Therefore, the time required to effectively establish a
N reserve may too long If left to vegetation additions
alone (Chichester and Smith, 1983; Marrs et al., 1980),
especially considering that initial N accumulatlion often
occurs in the living blomass, not In the soll (Roberts et
al., 1980). During this time, nutrient deficiencies may
occur and revegetation efforts may fall, postponing the
return to productivity. To speed the stablilization of the
N cycle, organic amendments may be added to mine spolls.

These amendments can be beneficial In other ways, as well.

Use of Organic Amendments

One of +the primary uses of organic amendments 1In
reclamation 1Is as mulches, especially with hydroseeding
operations. Hydroseeding mulches, primarily wood fibers or
paper waste In a water slurry with seed and fertilizer,
keep the seed In contact with +the spoll surface, hold
moisture, reduce evaporation from the spoil surface, and
help moderate temperature extremes (including frost heave)
which may occur on the spoll surface (Slick and Curtis,

1985; Vogel, 1981). All of these factors promote better
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seed germination and early growth. Mulches may also reduce
water runoff, erosion, and protect the site from rainfall
Impact. Because mulches are applied at relatively low
rates, they usually decompose completely within a growing
season (Slick and Curtis, 1985).

Organic material may also be added in large quantities
(several Mg/ha) to actually alter the physical and chemical
properties of the mine spoll. The most obvious effect is
the Increase In organic matter content of the spoil. This,
in turn, Iincreases water Iinfiltration, moisture holding
capacity, cation exchange capacity, Improves spoll
structure, and may form chelate complexes with a variety of
hazardous heavy metals, reducing thelir availabillity for
uptake and potential toxicity to plants (Slick and Curtis,
1985). Also, any nutrients which are present 1In +the
material may be released during decomposition and made
avallable for plant uptake.

A common material available for mine soil amendments Is
sawdust. Sawdust 1Is relatively cheap and 1Is readily
avallable from local sawmills. Two Important, beneficial
properties of sawdust are its high moisture holding
capacity and its durability (3 to 5 yr before completely
decomposing) (Smith et al., 1985; Slick and Curtis, 1985).

The high moisture holding capacity of sawdust-amended soll
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may be Iits best feature, although if compacted by traffic
It may restrict aeration and water Infiltration.

Although sawdust does supply some nutrients ( 2 kg N, 1
kg P, and 2 kg K per Mg of dry matter) Iits most beneficial
aspect Is its ability to improve the physical and chemical
properties of the spoil by increasing the organic matter
content of spoll. The high cellulose and |lignin content
leads to high C/N ratios, in the range of 200:1 to 500:1,

which 1Is responsible for Its longevity (Slick and Curtis,

1985). As a result, Immobilization of N, already in short
supply on mine sites, often occurs during initial
decomposition. Supplemental N fertilization 1Is highly

recommended to prevent N deficiencies in vegetation during
this period.
An additional benefit of sawdust Is In the maintenance
of spoil/soll fertility. Lignin compounds in the sawdust
+ ++ ++ +

4’ Ca  , Mg , K, and other bases which may

be applied as fertilizer. This nutrient reservoir reduces

can retain NH

the loss of nutrients through leaching and allows them to
become plant-available later on, through exchange reactions
and decomposition (Slick and Curtis, 1985).

A wide variety of other materials have been used as
amendments to soll and/or spoil, 1including hardwood and

softwood bark and wood chips, hay, straw, and crop residue.
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The latter three are usually Incorporated on site (l.e. on
farms) and are not really practical In the Appalachian coal
region, where sources may be quite distant. Bark and wood
chips generally have extremely high C/N ratios (> 500:1)
and may remain on site for over 10 years (Slick and Curtis,
1985). Because of +their |larger size, they are not as
easily Incorporated into the spoil as sawdust and thelr
effect may not be as Immediate.

Animal manure and municipal and Industrial sewage

sludges are three potential organic amendments which are

recelving increased attentlion. Manure, |ike crop residues,
Is a waste material I|ikely to be utilized near Its source
and Is not practical 1In Appalachian region reclamation.

However, abundant amounts of sewage sludge and effluent are

available for application to mined |and.

Use of Sewage Sludge

Despite the costs associated with +transportation and
application (Miner and Hazen, 1977), sewage sludge remains
a very promising material for reclamation, particularly for
small areas where a high level of productivity Is desired.
This waste material, an estimated 4.3 million dry tons
annually (Slick and Curtis, 1985), must be disposed of,

often at a <considerable cost. Since fertilization of
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surface mines must be done to ensure adequate revegetation,
fertilization with sewage sludge may be one means of
solving both problems. While It Is unrealistic to assume
that a Il|arge portion of +this waste could be applied to
reclaimed mine l|ands, these areas do provide a disposal
source for those communities located In coal producing
regions.

In addition to the benefits of increased organic matter
on spoll properties, as discussed for sawdust, sludge has
the added benefit of being a tremendous source of
nutrients, largely eliminating the need for Inorganic
fertilization (McCalla et al., 1977; Sommers, 1977). These
nutrients are also released more slowly and over a longer
period of +time than Inorganic fertilizers, reducing the
need for maintenance fertilization. Sludge has also been
shown to increase moisture holding capacity of solls and to
reduce bulk density and Improve soil tilth (Epstein, 1975;
Epstein et al., 1976).

Berry and Marx (1976) applied varying amounts of
anaerobically digested sewage sludge to an eroded, heavy
clay soll of the Cecil-Madison serles. Average loblolly
(Pinus taeda L.) and shortleaf (P. echinata Mill.) pine
seedl ing weight was three to four times greater In soll

amended wlith 69 Mg/ha sludge than In non-amended soil.



19

Sludge amendments of 138 Mg/ha significantly Increased
seedling fresh welght compared to 69 Mg/ha but decreased
weight was observed at a rate of 275 Mg/ha. Soll organic
matter, total N, extractable P, and exchangeable calcium
(Ca) also Increased with sludge additions, although soll
potassium (K) and magnesium (Mg) levels decreased. Follar
zinc (Zn) levels also Iincreased with increasing application
rate but were not thought to have affected growth.

In a companion study conducted on strip-mined kaolin
spoil (Berry and Marx, 1977), seedlings grew best at 69
Mg/ha sludge. Sludge applied at 138 Mg/ha decreased growth
somewhat and 275 Mg/ha sludge dramatically decreased growth
and survival compared to the +two |ower rates. Both of
these studies seem to suggest that +there 1Is an optimal
application rate of sludge for Improving seedling growth.
To a certain point, higher rates of sludge Improve growth
through higher additions of organic matter and nutrients.
At some point, however, salts, heavy metals, or some other
substances may be present in concentrations high enough to
seriously affect +tree growth. Increased herbaceous
competition may also affect survival. Judging from the
work of Berry and Marx (1976 and 1977) detrimental effects
may be seen at sludge application rates exceeding 100

Mg/ha.



20

Sludge added to soil at a rate of 83 Mg/ha decreased
the growth of seeded grasses, compared to lower sludge
rates, on a Colorado mine spoll (Topper and Sabey, 1986).
Possible causes Include Increased soluble salt concen-
tration, an increase in the competition by Invading forbes,
or microelement phytotoxicities. Sludge amendments of 112
and 224 Mg/ha have also reduced wheat growth In natural
solls, possibly a result of high levels of nitrate (NOS-)’
soluble salts, or other substances (Sabey et at., 1975).

Sludge has also been studied for use In the reclamation
of denuded land 1In the Tennessee Copper Basin (Berry,
1982). Volume Indices (dzh) of loblolly and shortleaf
pines grown in spoil amended with 34 Mg/ha sludge were more
than twice that of pines grown in spoil with 896 kg/ha of
10-10-10 (N=-P=-K) fertilizer and 1417 kg/ha |ime. Survival
was not affected. In the same area, Berry (1979) showed
that adding 90 g of sludge into the closing hole of planted
pines stimulated growth to the same degree as a 9 g
Agriform (Sierra Chemical Co., Milpitas, CA) fertilizer
pellet. Both had volume Indices nearly 10 times that of
the control seedlings, although seedlings planted with a 21
g fertilizer tablet outperformed all other treatments.

In further research 1In the Basin, estimated stand

biomass was more than three times greater In spoll amended
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with 34 Mg/ha of anaerobically digested sludge +than in
spoll with 896 kg/ha of 10-10-10 fertilizer and 1417 kg/ha
of Ca0 (McNab and Berry, 1985). Loblolly, shortleaf, and
Virginia (Pipus ylrglinliana MIill.) pines grown In
sludge-amended soll also produced a higher proportion of
wood and a lower proportion of follage than trees grown in
fertilized soll. Trees 1In sludge-amended solil continued
rapld growth through the eighth year with no indication of
decreasing growth while fertilized trees were "thin and
appeared chlorotic".

Research In borrow-pit reclamation (Berry, 1985a)
showed that 17 Mg/ha of sludge significantly Increased
height and diameter of loblolly pines over that of 1121
kg/ha of 10-10-10 fertilizer and 2242 kg/ha of dolomitic
| Imestone. Follar P levels were similar for both
treatments (both well above 0.11 %) but foliar N levels in
seedl ings grown in sludge were nearly at the critical level
(1.17 % and 1.18 % for disked and subsoiled treatments,
respectively) while foliar N levels for fertilized
seedl ings seemed clearly deficient (0.90 % and 0.87 % for
disked and subsoiled treatments, respectively).

Sewage sludge and effluent Is also being investligated
for use In nurseries (Berry, 1985b; Gouin and Walker, 1977)

and for appllication to natural forest stands (Brister and
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Schultz, 1981; Pinkowsk!l et al., 1985; Smith and Evans,
1977). The latter Involves the use of waste water and many
growth responses may be a result of Iirrigation as well as
fertilization.

Despite the many potential benefits of sewage sludge
used for reclamation, it 1Is unwise +fo Indiscriminately
apply sludge to any soil, Including mine spoils, without
being aware of potential problems. Sewage sludge,
particularly 1Industrial waste, normally contains micro-
elements (Al, B, Cd, Co, Cu, Fe, Hg, Mo, Mn, Ni, Pb, and
Zn) 1In concentrations much higher than +those present in
natural solls (Chaney and Glordano, 1977; McCalla et al.,
1977; Sommers, 1977). The addition of some elements which
are micronutrients (B, Cu, Fe, Mn, and Zn) may serve to
correct plant deficiencies of +these elements; however,
application at the rates commonly present in sludge ralses
the possiblility of phytotoxicity to plants.

Loblolly pine seedlings growing In soils amended with
sludges which had high microelement concentrations had
signiflicantly poorer growth +than seedlings growing In
sludge-amended solls with lower microelement concentrations
(Berry, 1985b). Seedlings growing In the former amended
soils also had higher foliar microelement concentrations.

Not surprisingly, two of +the sludges with high metal
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contents were from Chicago, |IL, a highly 1industrialized
city.

The high organic matter content of sludge helps +to
of fset high microelement contents, however. Organic matter
readily complexes metals 1Into chelate compounds, thus
greatly reducing their mobility and reducing plant uptake
(Chaney and Giordano, 1977; Glordano and Mortvedt, 1976).
The high pH common 1In +treated sludges also helps In
reducing microelement solubility, availlabililty, and
potential toxicity. However, it Is recommended that the pH
of sludge-amended soll be maintained at 6.5 or higher to
prevent metal toxicity (Sopper and Seaker, 1982).

In one study, sludge reduced the acidity of acid mine
spoil and decreased metal concentrations in the percolate,
while greatly aiding in seed germination and establishment
of a vegetative cover (Lejcher and Kunkle, 1973). A study
by Urie (cited In Smith and Evans, 1977) also showed higher
rates of sludge application to reduce heavy metal concen-
trations 1In leachate, although N03- concentrations
Increased with Increasing sludge rate. |In general, careful
analysis of sludge before application and selection of
wastes which are more |lkely to be low In metals (such as
municipal Instead of Industrial sludge) should reduce the

likel Thood of problems with heavy metals.
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The presence of pathogenic microorganisms In sludge Is,
of course, cause for concern. However, unless handling raw
sewage, there Is only a limited health hazard to humans,
since the vast majority of pathogenic organisms are
effectively killed during sewage treatment (McCalla et al.,
1977). However, safety still dictates that +the proper
health authorities have final approval on all waste
disposal activities. Further safeguards are suggested by
Menzies (1977).

Another potential problem 1Is +the high soluble salt
concentration which sometimes exists In sewage sludge and
effluent (Epstein et al., 1976; Stewart and Meek, 1977).
Although there Is considerable variability, dewatered
sludge 1Is generally low In soluble salts because most of
the salts are removed with the |iquid effluent. In a study
by Epstein et al. (1976), 240 Mg/ha of compost or 80 to 240
Mg/ha of sludge Increased electrical conductivity (EC) +to
over 4 dS/m immediately after application, -enough ‘o
seriously affect salt sensitive crops. After one year,
however, EC's for all treatments were below 2 dS/m.
Chloride levels were also extremely high at the higher
sludge rates and were thought +to have affected plant

growth.
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3
problem. Anaerobically digested sludge contains no NO3-

High NO levels In sludge-amended solil can also be a
inititally, but wupon removal from +he treatment plant,
nitrification may readlly occur, leading to high NO3-
levels after application to soll. Like 1Inorganic N
fertilizers, N03- from sludge may be highly susceptible to
leaching below the rooting zone and may not be available
for uptake by plants. Nitrate may also leach into ground-
water or move Into surface water, leading to pollution of

water sources (lnman et al., 1982; King and Morris, 1972;

Sidle and Kardos, 1979).

High NO3 levels may also contribute to salt toxicity
problems. Unlike soluble salt levels which generally
decline with time In humid regions, N03- levels may remain

high even after leaching, due to continued mineralization
and nitrification. King and Morris (1972) documented the

movement of N03--N under liquid sewage sludge-amended soll

for nearly two years. They reported greatly Increased

NOB-—N levels In the top 15-30 cm at the beginning of the

study and saw that NO

3
the study period. Throughout most of the study period,

moved progressively downward during

significant increases In N03--N were present In the 105-120

cm depth, indicating a potential problem.
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In further studies, 300 Mg/ha of composted sludge

Increased the NO, =N concentration below 112 cm from 11-12

3

ug/ml to 70-80 ug/ml, 267 d after application (lnman et
al., 1982). Only after 30 months did N03'-N levels
decrease to that of +the control soll. In general, it

appears that one-time applications of sludge may have less

Impact on soil salt and N03- concentrations than repeated
applications of |iquid effluent. However, mineralization
of organic N in sludge may continue to release NH4+ which
Is nitrified to NO. . If not +taken wup by plants In

3
sufficlient quantities, this may add +to +the NOS-
concentration of the spoil.

This continual release of N and other nutrients Is also
one of the major benefits of using sludge In reclamation.
This study Is particularly concerned with the release of N
through mineralization of organic amendments and |Its
avallability to plants. Mineral izatlion of organic N 1In
sludge Is a factor which is very Important In determining

application rates so that sufficient N Is added for plant

growth, but N03- loading is kept at a safe level.
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Nitrogen Avallability From Sludge

One of the first studies to examine mineralization of N
from soil-sludge mixtures was performed by Premi and
Cornfield (1971). A six-week Incubation released 50 mg/kg
of mineral N (NO3--N and NH4+-N) at 0.5 % activated sludge,
60 mg/kg at 1.0%, and 80 mg/kg at 2.0%, compared to less
than 40 mg/kg from an unamended soil. The percentage of
added N recovered as mineral N decreased from 4.2% at 0.5%
sludge to 2.3% at 2.0% sludge. Considerably more NH4+-N
than NOB--N was detected at the higher sludge rates,
Indicating an inhibition of nitrification. Similar results
were obtained by Ryan et al. (1973) who found very little
NH,"=N after 6 wk In solls which recelved < 94 mg/kg NH, " =N
In anaerobically digested sludge, but high levels In solls
which received > 378 mg/kg NH4+-N in sludge, even after 16
wk. They attributed +the Inhibition of  nitrification
microorganisms to some unidentified toxic material. In
addition, the percentage of applied N mineralized during
the 16 wk Incubation decreased from 48 % when 47 mg N/kg
soll was added to 4% when 1880 mg N/kg soll was added.

Terry et al. (1981) suggest that low N03- levels during
the Initial stages of Incubation are |ikely the result of

Immobilization of mineral N, not necessarily Inhibition of

nitrification. Working with anaerobically digested sludge,
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they found that 10 to 39% of added NH TN was immobilized

4
and, therefore, not Immediately available for nitrifi-
cation.

In contrast to studies by Premi and Cornfileld (1971)
and Ryan et al. (1973), work by Sabey et al. (1975) showed
similar amounts of N were mineralized (36 to 41% of added
N) when anaerobically digested sludge was applied to soll
at rates from 22.4 to 224 Mg/ha, suggesting that, at higher
rates, rate of application has |Ittle effect on minerali-
zation rate. Although different sludges often differ In
their mineralization rates, raw and digested sludges used
by Epstein et al. (1978) both released about 40% of the
added N through mineralization after 15 wk, although
digested sludge mineralized much faster initially.
Composting each sludge with wood <chips decreased
mineralized N to less than 10%.

The quantity and timing of N release through mineral i-
zation 1Is Important 1In determining the avallability of
mineralized N for plant uptake (King, 1984; Magdoff and
Amadon, 1980; Sabey et al., 1975). Mineral ization must
proceed at a fast enough rate to supply adequate N to the
vegetation, but not so fast as +to Increase NOS-

concentrations to the point that leaching and water

contamination might be a problem. Furthermore, for
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applications on sites such as surface mines, It Is
desirable for sludge amendments to continue supplying N for
several years, not Jjust one or two growing seasons.

Composting of sludge (which generally has a low C/N
ratio and readily mineralizes) with wood, sawdust, or bark
(which have much higher C/N ratios) has been shown +to
decrease the rate of N mineralization while providing a
stable, long-term amendment (Epstein et al., 1978; Sabey et
al., 1975; Tester et al., 1977). The effects on soll N
when adding other organic amendments range from rapid
mineral ization with some food processing and animal wastes,
to severe Immobilization of N with paper mill sludges
(King, 1984),

The amount of organic N remaining after 5 yr depends,
in part, on the +type of sludge added. Iin a study by
Harding et al. (1985) aerobically digested sludge
mineralized very quickly wupon application and Ilittle
mineralizable N remained after 5 yr. Waste activated
sludge had a very low mineralization rate, although much
mineralizable N remained. As a result, nelther of these
types of sludge were able to supply as much N for long-term
plant uptake as anaerobically digested sludge.

Once Incorporated Into the soil (or spoil) a variety of

environmental factors IiInfluence the rate of mineralization,
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including pH, temperature, moisture, and status of the
microbial population (numbers, nutrition, etc.). Higher
temperatures, higher soll water potentials, and higher pH
tend to favor faster minerallization rates (Cassman and
Munns, 1980; Terry et al., 1981). The relationship of
these factors to mineralization In forest systems has also
been documented (Burger and Pritchett, 1984; Matson and
Vitousek, 1981). These studies show that cultural
treatments which alter environmental conditions also alter
mineral ization rates. It Is possible that environmental
factors, such as temperature and moisture content, are just
as Important as +the quality and quantity of organic
material present Iin determining mineralization rates.

Terry et al. (1981) noted that the rate of application
of anaerobically digested sludge (11.8 to 44.8 Mg/ha) had
no effect on the rate of mineralization or nitrification,
or the percentage of organic N mineralized. Higher pH and
(especially 1In +thelir study) higher +tfemperatures led *to
faster rates of nitrification. Higher soil water
potentials (-0.025 MPa versus -0.1 MPa) also provided more
optimum conditions for nitrification. Denitrification of
mineral ized N03- may have occurred at +the =0.025 MPa
moisture potential, due +to +the presence of anaerobic

microsites.
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A major objective of +this study was to determine N

avallability Iin organically-amended (including sludge)
spoil and to relate this with tree-seedling growth and N
uptake. In addition, other spoill characteristics known to

be affected by organic matter additions were examined and

related to seedling growth.



METHODS AND MATERIALS

Study Design/ Plot Construction

The plots for this study were constructed on a surface
coal mine in Wise Co., Virginia (Fig. 1). The site had
been contour-mined In 1973. Previous observations in the
area suggested that a mixed overburden material of 2:1
sandstone (SS): siltstone (SiS) was superior for the growth
of vegetation (Howard, 1979).  This 2:1 SS:S1S overburden
mixture was placed over the study area to a depth of at
least 1 meter In the spring of 1982. Grading was kept to a
minimum to reduce compaction.

In April-May 1982, the surface treatments were applied
to 28 3.5 X 7 m plots (Fig. 2). Control (unamended
overburden) plots received 168 kg/ha N, 147 kg/ha P, and
139 kg/ha K as ammonium nitrate, di-ammonium phosphate, and
potassium chloride. "Topsoil" plots were constructed by
placing 30 cm of mixed, local A, E, B, C, and Cr horizon
material over the overburden. Because of +the +thin,
infertile topsolil of +the area, this "topsoll", still
considered legal "topsoll" by law, 1Is commonly used In

place of true topsoll (A and E horizon material) In actual

32
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-------- BLOCKS ---=mmmmmm
I 11 I1I IV
2 3 4 2 TREATMENTS :
3 1 7 5 1 CONTROL
2 TOPSOIL
! 6 6 6 3 SAWDUST
J 4 SLUDGE 22 Mg/ha
2 2 3 1 5 SLUDGE 56 Mg/ha
4 7 > 4 6 SLUDGE 112 Mg/ha
7 SLUDGE 224 Mg/ha
7 4 1 3
6 2 |, % 7 N
/ \
/ \
/ \
/ \
/ \
—
Family 1 ++ + + 10 m
Family 2 ++ + 4+
Family 3 ++ + 4+ + Seedling Location
Family 4 +4++ 4

Figure 2. Plot design of the Surface Treatments Experiment.
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practice. "Topsoil" plots received the same fertilizer as
the control plots plus 7.8 Mg/ha of agricultural |imestone
to increase +thelr low iInitial pH (4.5) to that of +the
control plots. Sawdust plots received 112 Mg/ha of common
sawdust (mostly hardwoods), +the same fertilizer as the
control plots, and an additional 336 kg/ha N as slow-
release N fertilizer (lisobutyldiene diurea) to offset
expected Immobilization of N. Municipal sewage sludge
(secondary treatment, |ime-treated cake sludge), obtained
from Big Stone Gap, VA, was applied at rates of 22, 56,
112, and 224 Mg/ha. No further nutrients were added to the
sludge plots. Sawdust and sludge plots were disked to 15
cm with a garden fTiller. The surface +tfreatments are
summar ized in Table 1. Total amounts of N added by each
treatment are shown 1In Table 2. Each treatment was
replicated four times for a total of 28 plots.

On May 13, 1982 all plots were mulched with 90 kg/ha
straw and hydroseeded with a water slurry containing 170
kg/ha Kentucky-31 tall fescue (Eestuca arundinacea Schreb.)
seed and 840 kg/ha wood fiber mulch. In April 1983, half
of each plot received an application of glyphosate (Roundup
41S at 2 gal./acre) 1In preparation for +tree planting.
Twelve pitch X loblolly pine hybrid (Plnus rigida X taeda)

seedl ings (4 from each of 3 families) and 4 loblolly pine



Table 1. Summary of surface treatments

1/

appl led to a reclaimed coal

surface mine in Wise Co., VA in May 1982.

Treatment Amendments

Control N-P—K27 3/

Topsolil 30 cm local "topsoil"™’, N-P-K, 7.8 Mg/ha |ime 4/
Sawdust 112 Mg/ha sawdust, N-P-K, 336 kg/ha slow-release N

Sludge 22 Mg/ha
Sludge 56 Mg/ha
Sludge 112 Mg/ha
Sludge 224 Mg/ha

22 Mg/ha sewage sludge
56 Mg/ha sewage sludge
112 Mg/ha sewage sludge, Oust applied 7/83
224 Mg/ha sewage sludge, Oust applied 7/83

1/ All treatments constructed on 2:1 sandstone:siltstone spoil. Roundup

applied 4/83.

2/ N-P-K consists of 1120 kg/ha 15-30-15 fertilizer.

3/ "™topsoil" consists of mixed A, E, B, C, and Cr horizon material.

4/ As Isobutyldiene diurea (IBDU).

13



Table 2. Total amounts of N added in the Surface Treatments Experiment
on a reclaimed coal surface mine in Wise Co., VA in May 1982,

Treatment Total N added (kg/ha)
Control 168 (as Inorganic fertilizer)
Topsoll 168 (as inorganic fertilizer)
Sawdust 627 (168 as conventlional fertillizer, 336 as
. slow-release N, 123 as organic N In sawdust)
Sludge 22 Mg/ha 572 (as organic and inorganic N in sludge)
Sludge 56 Mg/ha 1456 (as organic and inorganic N in sludge)
Sludge 112 Mg/ha 2912 (as organlic and Inorganic N In sludge)

Sludge 224 Mg/ha 5824 (as organic and Inorganic N in sludge)

9¢
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seedl ings were planted 1In each plot (Fig. 2). Four-
month-old containerized seedlings, which were propagated In
a greenhouse, were used. In July 1983, metsul furan (Oust
75F) was applied at 2 ounces/acre to the 112 and 224 Mg/ha

sludge plots to control vigorous herbaceous competition.

Eield Sampling

In September 1984 and October 1985, solil samples were
collected from the tree-side of each plot. Four samples,
each 20 X 20 X 20 cm deep, were taken from each plot and
thoroughly mixed. A single sub-sample from this composite
was placed in a polyethylene bag and returned to the lab.
Samples were stored In loosely closed bags at 3° C untll
ready for analyslis.

Survival and growth of =seedlings were measured In
September 1984 and October 1985, Survival was calculated
for each family within each plot. This allowed for +the
calculation of survival for each treatment as well as for
each family. Growth was measured for each surviving tree
within each plot. Height was measured to the nearest
centimeter using a meter stick and measuring from ground
line to the terminal bud. Groundline diameter was measured
to the nearest millimeter using a caliper. A volume Index

(Vl=diame+er2 X height) was also calculated.
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In October 1985, follar tissue samples were also
collected. These samples were used to assess the
nutritional status of the seedlings as well as to help
interpret the effects of the surface treatments on seedl ing
performance. Ten complete, undamaged fascicles were
collected from the latest flush of each ftree and placed in
a paper Dbag. Tissue was kept cool wuntil ready for

oven=drying in the l|aboratory.

Laboratory Analyslis

Solls to be used for mineralization and mineralization
potential experiments were kept at fleld moisture contents
and at 3° C until analysis was performed. The remainder of
the soil was alr-dried and sieved through a 2 mm screen.
Air-dry and field moisture contents were determined.

Organic matter (organic carbon) was determined by the
Walkley-Black method (Nelson and Sommers, 1982). Total N
was determined by standard micro-Kjeldahl digestion using
salicylic acid to recover NOS- (Bremner and Mulvaney, 1982)
and analysis for total N with a Technicon Auto-Analyzer ||
(Technicon, 1978). Inorganic N was determined by a 2 M KCI
extraction (Keeney and Nelson, 1982) and analysis for
NH, =N and NO, =N with the Auto-Analyzer (Technicon, 1973a

4 3
and 1973b). Soluble salt concentrations (electrical
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conductivity) were done on a 5:1 water:soll extraction
using a conductivity bridge (Rhoades, 1982). Spoil pH was
determined for a 2:1 water:soll mixture wusing a pH
electrode. Exchangeable catlons were determined by
extraction with 1 M ammonium acetate (Thomas, 1982) and
analysis by atomic adsorption spectrophotometry. Exchange-
able acidity was determined by extraction with 1 M KCI| and
titration to phenolphthalein endpoint. Available P was
extracted with 0.5 M sodium bicarbonate (pH 8.5) (Olsen and
Sommers, 1982). Extract P concentration was determined by
the modified Murphy-Riley ascorbic acid procedure (Watanabe
and Olsen, 1965) with a spectrometer.

Follar tissue samples were dried at 65° C to a constant
weight (about 24 hr) and weighed fo determine average
fascicle weight (in grams) for each plot. A composite of
an equal weight of tissue from each surviving tree within
each plot (ftotaling at least 1 g) was made. Samples were
ground In a Wiley mill through a #40 sieve. Foliar N
concentration was determined by micro-Kjeldahl digestion
(Bremner and Mulvaney, 1982) and analysis on the Auto-
Analyzer. Other foliar elements (P, K, Ca, Mg, Mn, Zn, Fe,
Al, Cu, and B) were determined by dry-ashing at 500° C for
4 hr, dissolving the residue in 6 N HCI, and analysis by

Inductively coupled plasma (ICP) spectrometry. Analysis of
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the sludge was done by an independent, private laboratory
In Fairfax, VA.

The Diagnosis and Recommendation Integrated System
(DRI1S) was used to further analyze folilar nutrient levels.
DRIS has advantages over critical levels alone 1In that
nutrient levels are evaluated relative to one another and
nutrient Imbalances <can be more easily detected. The
theory and mechanics of DRIS are explained by Beauflils
(1973) and only the particulars to this study are explained
in detall here.

Since trees growing 1In soll amended with sawdust +
slow-release N were so much larger than seedlings In other
treatments, sawdust +rees were used as the "good", or
reference, population and were assumed to have near optimal
nutrition. DRIS norms (nutrient ratios which <can be
statistically used *to discriminate between "good" and
"poor" populations) were developed by ~comparing the
nutrient ratios of the sawdust trees against all other
seedl Ings. Ratios with variances which are significantly
lower in the "good" population are used as DRIS norms. A
list of these significant ratios Is gliven 1In Table A-4.
These norms were then used to develop nutrient 1indices
which evaluate the nutritional status of each treatment

relative to the sawdust seedlings (Table 15).
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Nitrogen Avallability Indices

Biological methods of estimating mineralizable soil N
have received wide-spread attentlon as an 1Index of N
avallability to plants (Keeney, 1980; Keeney and Bremner,
1966; Lea and Ballard, 1982; Powers, 1980; Shumway and
Atkinson, 1978). Both anaerobic and aerobic incubation
procedures have been suggested and both have +thelr
advantages as well as disadvantages. Two procedures were
examined In this study.

A modifled anaerobic Incubation developed by Waring and
Bremner (Keeney, 1982) was done to determine mineral lzed N.
Five grams of soil was added to a glass vial fitted with a
screw top. The vial was filled with distilled water,
capped, and incubated at 40° C for 7 d. At the end of 7 d,
the vial contents were quantitatively transferred to a
centrifuge tube and enough 2 M KC| was added to ensure a
10:1 KCI solution:soll extraction. The tubes were then
shaken on a mechanical shaker for 1 hr and flltered.
Filtrate was then analyzed for NH4+-N (as minerallzed N) on
the Auto-Analyzer. Higher temperatures can be used In this
method since optimum temperatures for nitrification are not
of concern, +thus +this method 1Is quicker +than aerobic
methods (1 wk versus 6-16 wk). Less error 1is involved

since problems with maintaining optimum moisture levels are
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eliminated. Also, with some soils, particularly agricul-
tural soils, more N is mineralized In the anaerobic method.
However, 1t 1Is Impossible to determine N mineralization
potential (NO) or mineralization rate constant (k) from
this procedure.

To determine No and k, the aerobic incubation procedure
developed by Stanford and Smith was utilized (Stanford and
Smith, 1972; Smith et al., 1980). This procedure also
allows for estimates of N mineralization over time,
although the iIncubation takes ©place under optimal
conditions. Twenty-five grams of soil and an equal welight
of sand were thoroughly mixed and placed In the Incubation
column (Fig. A-1). The columns were then leached with 50
ml of 0.01 M CaCI2 and 40 ml of minus-N nutrient solution
(Table A-1) (Stanford and Smith, 1972). Excess leachate
was removed with 6.8 kPa tension. Leachate was collected
“_N and NH,T-N with the Auto-Analyzer.

3 4
Leachings were also analyzed for total N (Smith et al.,

and analyzed for NO

1980). The columns were Incubated at 35° C and leached at
o, 2, 4, 6, 8, and 12 wks.

Estimates of "field capacity" for the mineralization
columns were determined by placing soll/sand mixtures in 3
cm3 bulk density rings, saturating with water for 12 hr,

and allowing the rings to drain freely for 24 hr. Estimated



43

"fleld capacity" for all treatments was between 25-31%
(weight basis). After leaching and removal of excess
leachate by suction, column molsture contents were between
20-25%, or 80-84% of estimated "field capacity". Average
molisture loss during the two-week Incubation periods was
0.5-1.0 g. Moisture contents after Incubation averaged
19-24%, or 75-78% of estimated "fileld capacity".

No consistent trend in the amount of organic N leached
by each +treatment was found. In general, very |little
organic N was leached, so inorganic N values alone were
used in calculations of No'

Estimates of No (first approximation) were obtalned by
regressing cumulative N mineralized at time +t (Nm) against
time In weeks (t) in the |Inear equation

1/N = 1/N_ + b/t C1]
where the reciprocal of the intercept Is the estimated No'

Nm and estimates of No were then used to regress Iog(No
- Nm) agalnst t in the integrated, transformed first-order
kinetics model of Stanford and Smith (1972),

Iog(No - N = IogNo - k/2.303 (t). 2]

Improved estimates of NO were obtalined by adjusting No
In an Iterative process to maximize the r2 of equation 2

(Stanford and Smith, 1972).
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Estimates of average monthly soill temperatures (15 cm
depth) were obtained from data by Schoenholtz and Burger
(1984) (Table A-3). These temperatures were used to adjust
the mineralization rate constant (k), assuming a 010 of 2,
by equation 3,

- T

= [exp (In(010) / (10 / (T 1)))] k, 3]

2
Is the temperature (° C€) at which k1 was

k2
where T1
determined and T2 Is the tfemperature at which k2 I's
desired.

Moisture content can also affect microbial activity and
mineral ization. Optimal moisture conditions for microbial
activity are wusually assumed +to be 50-75% of fleld
capacity. Below 50 % of fleld capacity, k usually decreases
I inearly with moisture content.

Based on data from Schoenholtz and Burger (1984), soll
moisture contents at the 15 cm depth in the study area are
usually around 50 % of fleld capacity, even during the
drier periods of the year (July - September). As a result,
It was not necessary to correct k for moisture content.

Mineralizable N remaining (Nr) at time t can then be
estimated using the exponential decay rate function

-kt

N =N e . C4]

Mineralized N Is calculated as the difference between No

and Nr'
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Statistical Analyslis

Tree seedling performance was analyzed as a split-plot
design, with surface tftreatments as the maln plots and pine
seedlIing families as the subplots. Families were randomly
arranged within each treatment plot and surface treatments
were randomly arranged within each block (7 plots). The
study was replicated 4 times for a total of 28 main plots.
Spoil parameters were analyzed as a randomized complete
block design (7 treatments X 4 blocks).

Analysis of varlance and Duncan's Multiple Range Test
were performed to determine significant treatment differ-
ences for all of the soll parameters measured (TKN, organic
matter, etc.) as well as treatment effects on seedling
growth parameters. Linear regression techniques were used
to relate various N parameters (and other soll parameters)
with seedling growth and foliar N concentration and content

at the end of three growing seasons.



RESULTS

Seedling Growth and Survival

After two growing seasons, amendments of 112 Mg/ha
sawdust + slow-release N and sewage sludge at rates < 56
Mg/ha Increased the volume (dzh) of loblolly and pitch X
loblolly pine seedlings over +those 1In +the control and
topsoll +treatments (Table 3). Seedlings growing 1In soil
amended with 112 Mg/ha sludge were also larger than
seedl ings growing In replaced topsoil. Sludge at a rate of
224 Mg/ha did not significantly Increase seedling volume
over control or topsoll seedlings.

Seedlings growing In unamended soil (control) were as
large as those growing In replaced topsoil. Trees growing
In soll amended with sawdust + slow-release N were by far
the largest, being over 60% larger than seedlings growing
In soil amended with sewage sludge and averaging nearly
three times the volume of control seedl ings.

Survival was generally good In the control, *topsoil,
sawdust, and 22 and 56 Mg/ha sludge treatments (Table 3),
but 112 and 224 Mg/ha sludge treatments had an adverse

effect on survival.
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Table 3. Second-year height, dlameter, volume, and survival of loblolly
and pitch X loblolly pine seedlings growing In amended mine soils
In Wise Co., VA.

Helight Diameter Vl§7 Survival

Treatment (cm) (mm) (cm™) (%

Control 35.4 d1/ 6.8 cd 20.8 cd 88 a
Topsoll 36.0 cd 5.8 d 15.5 d 92 a
Sawdust 42.3 a 10.4 a 59.3 a 97 a
Sludge 22 Mg/ha 38.4 bc 8.0 b 31.9 b 95 a
Sludge 56 Mg/ha 41.4 ab 8.2 b 35.3 b 89 a
Sludge 112 Mg/ha 39.9 ab 7.3 bc 29.9 bc 70 b
Sludge 224 Mg/ha 39.5 ab 6.3 d 17.3 d 56 ¢

1/ Means within columns fol lowed by the same letter are not significantly
different (Duncan's Multiple Range Test, alpha = 0.05).

2/ VI (volume Index) = dZh.

Ly
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During the winter of 1984-85, a severe cold spell
resulted Iin heavy mortality of loblolly pine seedlings. By
the end of the third growing season, loblolly pine survival
was only 17%, 1Including 100% mortality on a number of
plots. As a result, data for 1985, 1Including survival,
growth, and foliar analysis, 1Is for the pltch X loblolly
pine seedliings only.

At the end of three growing seasons, seedlings growing

In sawdust + slow-release N +freatment soll were again
larger than all other treatments (Table 4), averaging over
twice the volume of all other treatments, except 22 Mg/ha

sludge. Sludge amendments of 22 Mg/ha increased seedling
volume over control and topsoll treatments while 56 Mg/ha
Increased volume over the <control +treatment. Sludge
amendments > 112 Mg/ha did not result in increased seedl Ing
volume. In fact, 224 Mg/ha sludge decreased seedling
volume compared to control and topsoil treatments.

Sludge at rates 2> 56 Mg/ha also had a detrimental
effect on seedling survival, Including 90% mortality at the

highest rate (Table 4). Survival In non-sludge treatments

was generally very good for mine soll (90% or better).



Table 4. Third-year height, diameter, volume, and survival of pitch X
loblolly pine seedlings growing In amended mine solls In Wise

Co., VA.

Height Diameter VI27 Survival
Treatment (cm) (mm) (cm™) (%)
Control 52.0 ¢/ 13.7 ¢ 113.6 d 100 a
Topsoil 57.0 c 14.4 c 150.4 cd 90 a
Sawdust 74.3 a 23.1 a 500.2 a 92 a
Sludge 22 Mg/ha 66.2 ab 18.5 b 281.6 b 90 a
Sludge 56 Mg/ha 63.6 b 16.7 bc 244,.8 bc 77 b
Sludge 112 Mg/ha 59.6 bc 15.5 bc 190.2 bcd 44 c
Sludge 224 Mg/ha 50.2 ¢ 10.0 ¢ 54.2 e 10 d

1/ Means within columns followed by the same letter are not significantly
different (Duncan's Multiple Range Test, alpha = 0.05).

2

2/ VI (volume Index) = d“h.

6%
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Soll Analyslis
Analysis of the sludge used in this study is presented

in Table 5. A pH of 6.8 and a calclium content of 3.7% are
probably normal for a |ime-treated sludge. As Is the case
for anaerobically digested sludge, Initial NOB--N content
Is low. Being from a |Ilightly industriallized area, the
sludge has a fairly low microelement content. Assuming N
content remained constant between analysis and application
to the mine spoil, the N content of the sludge was 2.6%.
Estimates of total N added by the sludge are based on this
value.

As part of the Initial characterization of the study
site, particle size analysis and coarse fragment content
were determined 1In October 1983 (Table 6). Although
changes with time are inevitable (such as decreasing coarse
fragment content), It 1Is unlikely that these changes have
been of significant magnitude to affect this study.

The coarse fragment content Is high In all treatments
(> 65%) and the soil-sized fraction is dominated by sand (>
594). Clay content is low In all treatments (< 13%). Local
"topsoll"™ had the same coarse fragment content and was
slightly more sandy than either amended or unamended
overburden material. However, the coarse fragments in the

"topsol|l" treatment were smaller and more weathered than in
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Table 5. Laboratory analysis1/ of municipal sewage sludge
from Big Stone Gap, VA applied to a reclaimed
surface mine in Wise Co., VA.

pH 6.8 Microelements (ug/g):
NH,-N (ug/g) 3000 B 32
NO =N (ug/g) 24 Cd 6.0
TotTal=N (%) 2,6 Cu 245
Total-P (%) 0.6 Pb 175
Ca (%) 3.70 Mn 320
Mg (%) 0.38 Hg 3.5
K (%) 0.88 Ni 80
Organic Matter (%) 38 Zn 880
Total Solids (%) 45

1/ Analysis provided by Dewberry & Davis Environmental
Laboratory, Fairfax, VA.
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Table 6. Particle size analyslis and coarse fragment ?9n+en* of
mine soils in Wise Co., VA In October 1983,

- - 0-5 cm -====m=m-
Coarse
Treatment Fragments Sand Silt Clay
—f - 9 -
Control 65 61 28 1"
Topsol | 66 69 22 9
Sawdust 65 61 28 11
Sludge 22 Mg/ha 71 63 27 10
Sludge 56 Mg/ha 67 60 28 12
Sludge 112 Mg/ha 67 59 28 13
Sludge 224 Mg/ha 70 61 27 12
Fishers LSD (0.05) 3 2 1

1/ From Daniels et al., 1986.
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the other treatments. The Influence of 33% siltstone In
the overburden material was evident, as "topsoll" had a
significantly lower silt content +than the overburden
material.

The addition of organic material +to mine spoll
Increased soll organic matter contents three and one-half
years after application (Fig. 3). All amended solls had
higher organic matter contents than replaced topsoil and
unamended overburden (control). Organic matter content of
the control +treatment was higher than +the topsoil
treatment. Organic matter content Increased with
Increasing sludge application rate, although the difference
between 112 and 224 Mg/ha was not significant for elther
year. The only change In organic matter content between
1984 and 1985 was an Increase of about 27% in the sawdust +
slow-release N treatment.

Although oxidation of carbon in coal fragments was not
thought to have been a problem, the presence of reduced Fe
and oxidized, easily reducible Mn may have resulted in some
error in organic matter estimates using the Walkley=-Black
method.

Since organic matter Is known to be an important factor
In soil fertility, and even more so 1in mine spoil

fertility, a simple |Ilinear regression was performed +to
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examine the correlation between organic matter content and
seedling volume (Fig. 4). Because of potential toxlic
effects of sludge and/or herbicide in the 112 and 224 Mg/ha
sludge treatments, these two treatments were excluded from
the regression. The relationship was falrly strong
(R=0.71) and highly significant.

Sodium bicarbonate~-extractable P, ammonlum acetate-
extractable catlons, and potassium chloride-extractable Al
are presented In Table 7. Extractable P levels were still
very high in all soils and increased with increasing sludge
rate. Because of the large amount of Ca added In |ime-
treated sludge, Ca |levels increased significantly with
Increasing sludge rate. Soil Mg and K levels were highest
in the sawdust + slow-release N plots. Cation exchange
capacity (sum of Ca + Mg + K + Al) was higher in amended
solls and, again, increased with increasing sludge rate.
Exchangeable Al levels were very low In all ftreatments and
base saturation exceeded 98.9% for all treatments.

Moisture retention curves were developed for sieved (<
2 mm) soll samples by Danlels et al. (1986) using porous
ceramic plates and pressure vessels. Since young mine
spolls/soils generally lack strong structural development,
the errors in using loose soil samples should be minimal,

especially for the purpose of making comparisons among
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Table 7. Extractable P, Ca, Mg, K, and Al In amended mine soils in Wise
Co., VA in October 1985.

Treatment P Ca Mg K Al cec?/
-- mg/kg 77 - cmol (+)/ kg =====—=——==-
Control 22,1 d 2.60 e 1.32 b 0.07 ¢ 0.02 ns 4.01 e
Topsoll 13.1 d 2,53 e 1.19 b 0.09 b 0.04 3.85 e
Sawdust 16.9 d 4,28 cd 1.84 a 0.11 a 0.04 6.27 ¢
Sludge 22 Mg/ha 26.8 d 4,03 d 1.19 b 0.07 ¢ 0.02 5.31 d
Sludge 56 Mg/ha 50.6 ¢ 4.85 ¢ 1.18 b 0.06 c 0.04 6.13 ¢
Sludge 112 Mg/ha 108.3 b 7.15 b 1.03 ¢ 0.07 c 0.03 8.28 b
Sludge 224 Mg/ha 156.3 a 8.73 a 0.81 d 0.08 bc 0,04 9.66 a

1/ Means followed by the same letter are not significantly different (Duncan's
Multiple Range Test, alpha = 0.05).

2/ CEC = sum of (Ca + Mg + K + Al).,

ns = non-significant.

LS
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treatments.

Calculations of avallable water for 1984 surface
samples are presented In Table 8 (also see Fig. A-2).
Available water was highest in sawdust-amended soil. Of the
sludge treatments, only 112 Mg/ha held more avallable water
than the topsoil treatment. None held more available water
than the control tfreatment. Available water of the whole
soil (adjusted for coarse fragments) was very low for all
treatments due to the high coarse fragment content.

Nitrate-N levels ranged from moderate to extremely high
in 1984, while NH4+-N levels remained Ilow (Table 9).
Nitrate-N showed a dramatic Iincrease with Increasing sludge
rate, even two and one-half vyears after application.
Differences in NH4+-N levels were not as apparent, as N03-
dominated the inorganic N fraction In the soll.

Nitrate-N levels In 1985 had decreased to one-fourth tfo
one-third of +their 1984 |evels, possibly due to several
days of heavy rain before sampling. Ammonium-N |evels were
unaffected In some treatments while others showed a slight
decline compared to 1984 |evels.

Electrical conductivities (EC) were also lower in 1985
than in 1984 (Table 10). The EC's in the 112 and 224 Mg/ha

sludge treatments were considerably higher than 1In +the

other treatments, particularly In 1984. No other treatment



Table 8. Available moistu
Co., VA In 1984,

ng (gravimetric) of amended mine solls In Wise

Fine Soll (< 2mm) Whole Sol1%/
Avall.>! Avall.
Treatment -0.033 MPa =-1.5 MPa HZO HZO
-==57=="=" kg H20/kg SOl| ===m===

Control 0.163 de 0.050 e 0.113 bc 0.040 bc
Topsoll 0.137 e 0.047 e 0.090 ¢ 0.031 ¢
Sawdust 0.298 a 0.093 ab 0.205 a 0.072 a
Sludge 22 Mg/ha 0.178 cd 0.061 d 0.117 be 0.034 bc
Sludge 56 Mg/ha 0.190 cd 0.073 ¢ 0.117 bc 0.039 bc
Sludge 112 Mg/ha 0.238 b 0.101 a 0.137 b 0.045 b
Sludge 224 Mg/ha 0.206 bc 0.091 b 0.115 bc 0.035 bc

1/ From Daniels et al., 1986.

2/ Means within columns fol lowed by the same letter are not significantly

dif ferent (Duncan's Multiple Range Test, alpha = 0.05).

3/ Avallable HZO = -0.033 MPa - (- 1.5 MPa).

4/ Adjusted for coarse fragment content (Table 6).
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Table 9. Nitrate=N and ammonium-N concentrations of amended mine
solls in Wise Co., VA.

1984 1985
Treatment NOS-N NH4-N NO3-N NH4-N

1/ ug/g
Con+trol 9.4 e 2.0 bc 3.8 de 1.9 a
Topsoll 10.3 e 1.3 ¢c 3.2 e 1.5 ab
Sawdust 26.9 cd 2.5 ab 5.4 cd 1.5 ab
Sludge 22 Mg/ha 20.4 d 1.1 ¢ 4.9 cde 0.9b
Sludge 56 Mg/ha 42.5 ¢ 2.3 ab 6.7 c 1.1 ab
Sludge 112 Mg/ha 75.8 b 2.4 ab 18.6 b 0.8 b
Sludge 224 Mg/ha 132.9 a 3.2 a 39.1 a 1.2 ab

1/ Means within columns fol lowed by the same letter are not
significantly different (Duncan's Multiple Range Test,
alpha = 0.05).

09
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Table 10. Electrical conductivity and pH of amended mine

soils In Wise Co., VA.

ecl/
Treatment 1984 1985 pH
--E/ds/m -——
Con+trol 0.60 ¢ 0.38 cd 6.1 ns
Topsol| 0.53 ¢ 0.34 d 6.3
Sawdust 0.73 c 0.44 cd 5.5
Sludge 22 Mg/ha 0.59 ¢ 0.42 cd 6.4
Sludge 56 Mg/ha 0.86 ¢ 0.45 ¢ 6.4
Sludge 112 Mg/ha 1.54 b 0.55 b 6.4
Sludge 224 Mg/ha 2,70 a 0.85 a 6.3

1/ Electrical conductivity of 5:1 water:soil extraction.

2/ Means within columns fol lowed by the same letter are not
significantly different (Duncan's Multiple Range Test,

alpha = 0.05).

ns = non-significant.
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differences were detected. Given the dramatic decrease
between 1984 and 1985, [t 1Is possible that soluble salt
levels were even higher prior to 1984, particularly in
sludge-amended soils. The same should also hold true for
N03- levels.

The average pH of all treatments, except sawdust,
remained above 6.0 throughout the study period (Table 10).
Although not significant, the sawdust treatment showed an

average pH 0.6 to 0.9 wunits Ilower +than the other

treatments.

Follar Analyslis

Follar N concentration, content, and average fascicle
welght for pitch X loblolly pine seedlings are presented in
Table 11. Al though N concentration was not different
between treatments, N content was highest in the sawdust +
slow-release N and 22 Mg/ha sludge treatments (Table 11).
No follar symptoms Indicative of a N deficiency were
observed on seedlings in any treatment. Average fascicle
welght was greatest In seedlings growing in soil amended
with sawdust + slow-release N.

Nitrogen concentration was not significantly related to
seedl ing growth. However, third-year seedling volume was

significantly related +to follar N content (Fig. 5).



Table 11. Nitrogen status and average fascicle weight of three-year-old

pitch X loblolly pine seedlings growing In amended mine solls
in Wise Co., VA.

Nitrogen Nitrogen Fascicle
Concentration Content Welght
Treatment (%) (g/100 fascicles) (mg)
Control 1.41 ns 81.0 b"/ 57.2 b
Topsol |l 1.49 89.2 ab 59.6 ab
Sawdust 1.42 104.1 a 73.7 a
Sludge 22 Mg/ha 1.50 97.4 a 65.1 a
Sludge 56 Mg/ha 1.44 80.1 b 55.3 b
Sludge 112 Mg/ha 1.39 74.5 b 53.1 b
Sludge 224 Mg/ha 1.38 71.1 b 51.5 b

1/ Means within columns followed by the same letter are not
significantly different (Duncan's Multiple Range Test, alpha = 0.10).

ns = non-significant.

€9
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Seedling volume also showed a strong relationship with
average fascicle weight (Fig. 6).

Other macronutrient levels are presented In Table 12.
Seedl ings growing In 224 Mg/ha sludge had lower levels of P
and K. Follar Ca levels Iincreased with increasing sludge
rate, eventually reaching levels more than twice that of
the control and topsoil seedlings. Seedlings at the highest
sludge rate had the highest follar Mg levels, but no other
trends were evident.

Folilar Mn concentrations were highest in control
seedl ings and decreased with Increasing sludge rate (Table
13). Foliar Fe, Cu, and Zn concentrations were not
different among treatments. Seedlings growing In replaced
topsoll had the highest levels of foliar Al. Boron levels
were highest In the 224 Mg/ha and sawdust + slow-release N
treatment seedlings. None of +the heavy metals examined
(Zn, Cu, Fe, or Al) showed any Increase with Increasing
sludge application rate.

With +the exception of Ca, foliar macronutrient
concentrations were not highly correlated with extractable
soll levels of the same nutrient (Table 14). Although a
number of correlations between foliar and soll nutrients
were significant, only four showed a high degree of

correlation (qYrqy 2> 0.70). Follar Ca was positively
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Table 12. Follar P and catlon concentrations In three-year-old
pitch X loblolly pine seedlings growing In amended mine
soils In Wise Co., VA.

Treatment P K Ca Mg
17 * o

Control 0.147 ab 0.58 a 0.23 ¢ 0.153
Topsoil 0.148 a 0.56 ab 0.22 c 0. 145
Sawdust 0.129 b 0.53 ab 0.21 ¢ 0.127
Sludge 22 Mg/ha 0.143 ab 0.54 ab 0.23 ¢ 0.141
Sludge 56 Mg/ha 0.139 ab 0.47 b 0.28 bc 0.148
Sludge 112 Mg/ha 0.136 ab 0.46 b 0.32 b 0.125
Sludge 224 Mg/ha 0.102 c 0.35 ¢ 0.58 a 0.181

L9

1/ Means within columns fol lowed by the same letter are not
significantly different (Duncan's Multiple Range Test,
alpha = 0.05).



Table 13. Follar microelement concentrations in three-year-old pitch X loblolly
pine seedlings growing In amended mine solls in Wise Co., VA.

Treatment Mn Zn Fe Al Cu B
17 = vy N

Control 198.3 a 56.2 ab 104.7 ns 94.1 b 4.63 ns 13.0 bc
Topsoi |l 156.3 a 48.6 b 101.9 134.3 a 4,28 13.8 bc
Sawdust 142.3 b 57.8 ab 98.0 89.0 b 4.56 16.9 ab
Sludge 22 Mg/ha 151.8 a 57.5 ab 96.7 81.0 b 5.08 12.0 ¢
Sludge 56 Mg/ha 88.6 bc 67.8 ab 94.7 81.2 b 4,29 11.9 ¢
Sludge 112 Mg/ha 65.5 cd 74.6 a 104.0 78.6 b 5.48 12.3 bc
Sludge 224 Mg/ha 31.5 d 59.4 ab 118.5 99.5 b 4.15 19.7 a

1/ Means within columns followed by the same letter are not significantly
different (Duncan's Multiple Range Test, alpha = 0.05).

ns = non=-significant

89
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Table 14, Correlation coefficients (r) between seedling

fol lar concentrations and extractable soil levels
of P, Ca, Mg, and K In amended mine soils in Wise
Co., VA.
Soil P Soll Ca Soil Mg Soil K
Foliar P -0.48 * -0.56 ** ns ns
Foliar Ca 0.80 ** 0.71 %% -0.53 ** ns
Fol iar Mg ns ns ns =-0.44 *
Foliar K -0.71 %% -0.76 ** ns ns

ns = non-significant at alpha = 0.05.

¥ significant at alpha = 0.05.

0.01.

*¥* significant at alpha
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correlated with soil P and Ca levels and follar K was
negatively correlated with soll P and Ca levels.

DRIS nutrient Indices are presented in Table 15. Within
each treatment, the Index with the lowest (most negative)
value 1Is considered to be the most 1imiting nutrient,
relative to trees in the sawdust + slow-release N plots,
which served as the reference population. Boron and Zn
appear most limiting in the control, topsoil, and 22 Mg/ha
treatments. With increasing sludge rate, K and then Mn
appear to be most |Ilimiting, or are at |east the most
Imbalanced relative to levels In the sawdust + slow-release

N treatment seedlings.

Nitrogen Avallability lIndices

Organic amendments Increased the TKN content of mine
soil (Table 16). TKN levels 1In the two highest sludge
rates were twice that of any other treatment and were 4 +to
5 times greater than the control and topsoil treatments.
However, doubling the sludge rate from 112 to 224 Mg/ha did
not result in higher TKN levels 2 yr after application. By
1985, TKN levels In all organically-amended treatments were
at least twice that of the control and topsoil treatments.
The only significant change in TKN between 1984 and 1985

was a 25% decrease In the topsoll treatment.



Table 15. DRIS nutrient indices relating nutrient status of pitch X loblolly pine seedlings
growing In amended mine soils in Wise Co., VA. Treatments are evaluated relative
to the sawdust + slow-release N treatment seedlings.

Nutrient Indices

Treatment N P K Ca Mg Mn Zn Fe Al Cu B

Control -0.7 1.1 0.2 1.5 -0.6 1.5 =-2.7 -0.4 -0.4 -1.0 -4.5
Topsol | -0.4 0.9 -0.2 1.0 =0.0 0.4 -6.0 -1.6 5.9 -0.6 -2.8
Sludge 22 0.4 1.4 0.4 2.0 -=0.0 0.6 -1.4 -0.7 -1.8 0.2 -3.6
Sludge 56 -0.9 0.2 -3.1 5.8 2.4 -2.8 2.0 -0.8 -1.4 2.5 1.2
Sludge 112 -1.3 -0.6 -4.4 9.7 3.3 =6.3 2.8 1.1 =2.3 7.0 6.0
Sludge 224 -1.0 -10.5 =-19.4 44.7 16.3 -21.8 -11.6 7.0 2.8 13.5 44,5

1L



Table 16. Nitrogen mineral ization potential (N ), total soil N (TKN), and
mineral izatlon rate constant (k) of 3mended mine solls In Wise Co., VA.
1984 1985
N TKN N TKN
(ug?g) (g/kg) k (ug?g) (g/kg) k

Control 12 d1/ 0.54 ¢ 0.10657 ab 6 d 0.50 e 0.07213 be
Topsolil 12 d 0.44 c 0.10089 ab 10d 0.33 e 0.09294 ab
Sawdust 46 b 1.12 b 0.12691 a 74 ¢ 1.12 cd 0.10220 a
Sludge 22 Mg/ha 24 ¢ 0.88 bc 0.08987 b 54 ¢ 1.00 d 0.05567 c
Sludge 56 Mg/ha 48 b 1.36 b 0.11347 ab 72 ¢ 1.34 ¢ 0.05173 ¢
Sludge 112 Mg/ha 138 a 2.83 a 0.08207 b 125 b 2.21 b 0.06643 bc
Sludge 224 Mg/ha 194 a 2.82 a 0.09334 b 238 a 2.77 a 0.06940 bc

1/ Means within columns followed by the same letter are not significantly different
(Duncan's Multiple Range Test, alpha = 0.05).

44
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Nitrogen mineralization potential (No) was also
increased through the use of organic amendments (Table 16).
No in the organically-amended soils was at least twice that
of control and topsoil treatments in 1984, and at least 5
times greater by 1985. No was by far the highest In the
112 and 224 Mg/ha sludge treatments.

No for the sawdust + slow-release N and 56 Mg/ha sludge
treatments Increased between 1984 and 1985. No In the
topsoil treatment remained Ilow and No In +the control
treatment decreased to about half the 1984 |evel.

Nitrogen mineralization rate constants (k), determined
under |aboratory conditions, are presented In Table 16.
Rate constants were highest in sawdust + slow-release N
plots for both years.

Anaerobically mineralized N (NMIN) is much greater 1In
organically-amended solls, especially 1In 1985 (Fig. 7).
NMIN increased with increasing sludge rate, although 112
and 224 Mg/ha sludge rates were, again, not significantly
different. NMIN levels in sawdust + slow-release N-amended
solls were also very high. Between 1984 and 1985, NMIN
levels decreased In the control and topsoil treatments and
increased In the two highest sludge treatments. NMIN 1in

the sawdust + slow-release N treatment Increased over 20%,

although the Increase was not statistically significant.
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Combining both years' data, No was highly correlated
with NMIN (Fig. 8). Separate correlations for each year's
data were also good (1984 r2=0.88; 1985 r2=0.78). The
amount of N released by the anaerobic method (1 wk) was
more than that released by the aeroblic method (12 wks) for
the control, topsoil, and sawdust (1984) treatments.

As expected, organic matter was an Important factor In
controlling N availability. Soil organic matter content
was well correlated with No (r2=0.80) (Fig. 9) and was very
highly correlated with NMIN (r2=0.93) in 1985 (Fig. 10).

SeedlIng foliar N concentration was not significantly
related to either N avallability Index (Table 17). Follar
N content was significantly related to both indices, as
well as TKN. Values of No and NMIN from 1985 showed the
best relationship with N content, although the relationship
was not strong (R2=O.37).

Third-year seedling volume showed a strong relationship
to both N avallability 1indices (Table 17), particularly
with NMIN values from 1984 (R2=O.71) and 1985 (R2=O.67).
TKN was also significantly related to seedling volume
(R%=0.48).

Using calculated No values and mineralization rate

constants (k) corrected for soill temperature (Table A-3),

predictions were made of N minerallization during the fourth
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Table 17. Coefficients of determination (RZ) of regressions
of N-availability Indices on foliar N and volume of
pitch X loblolly pine seedlings growing in amended
mine solls in Wise Co., VA (112 and 224 Mg/ha sludge
treatments excluded).

NMIN= anaerobic mineral ized N; No= N mineral ization potential

g N N Content i/
NMIN 1984 ns 0.27 * 0.71 **
NMIN 1985 ns 0.37 ** 0.67 **
N_ 1984 ns 0.22 * 0.55 **
N® 1985 ns 0.37 ** 0.63 **
T8tal-N 1985 ns 0.25 * 0.48 **

1/ VI (volume index) = d“h.

ns = non-signifcant.

¥ significant at alpha = 0.05.

*¥* significant at alpha = 0.01.
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and fifth growing seasons (Fig. A-3 through A-9). Predicted
mineralized N was much higher In organically-amended solls,
particularly in the sawdust + slow-release N and 112 and
224 Mg/ha sludge treatments (Fig. 11). Assuming no further
inputs of N into the system, mineralized N decreases
sharply In the fifth growing season and would eventually
fall below that required by +the +trees (Switzer et al.,
1968; Wells and Jorgensen, 1975). However, this model does
not Include possible inputs from precipitation or

biological N fixation.
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DISCUSSION

Seedling Growth and Survival
With the exception of the two highest sludge rates, the

organic amendments examined in this study have been very
beneficial to the establishment and early growth of pitch X
loblolly pine seedlings on mine spoils/solls. Organic
amendments have been found to Improve the physical and
chemical properties of mine spoils, such as increased
cation exchange capacity, water Infiltration, moisture
holding capacity, and nutrient availability, all of which
may |limit +tree growth (Slick and Curtis, 1985). Such
benefits were well recognized in thils study, as amendments
of 112 Mg/ha sawdust + slow-release N and 22 and 56 Mg/ha
sludge produced three-year-old seedlings with more than

twice the volume of those growing In fertilized mine soll

(Table 4).
After three growling seasons, the use of replaced, |Iimed
"topsoil™ has not resulted In any significant Improvement

in seedling growth or survival compared to the use of

carefully selected overburden. Since native solls of much

82



83

of the Appalachian coal reglon are acldic, relatively
infertile, and except for cove sites, usually only a few cm
thick, there has been some questlon as to the benefit of
removing and stockpiling such material. Although +this
study was not designed to Intensively compare "topsoll"
replacement with a potential topsoil substitute, the use of
selected overburden material does appear to have some merit
as an economical alternative to topsoil replacement.

Better +tree performance may have occurred 1in the
topsoll +treatment had It not been | Imed. Pine specles
generally grow better in slightly acid soils than in solls
with a near neutral pH. While Ideal for most agronomic
plants, liming the topsoll treatment to 6.5 was probably
less deslirable for the pines.

The study was originally implemented with loblolly pine
as well as three families of pitch X loblolly pine hybrids.
However, the very poor survival of loblolly pine after the
third year resulted In its being excluded from the final
analyslis. Although loblolly pine has been successfully
established In mine spoils In southwest Virginia, It 1Is,
nevertheless, well out of 1Its natural range. Since high
levels of soil fertility, especially N, have been known to
reduce the cold-hardiness of some species, high soll

fertility levels coupled with a severe cold spell in
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January 1985 may have caused the heavy mortal ity observed.
The pltch X loblolly pine hybrids, developed to combine
the fast growth and good form of loblolly pine with the
cold-hardiness of plitch pine (Little and Trew, 1979), have
survived very well. In addition, the hybrids tended +to
begin growth earlier in the spring than the loblolly pines.
The decreased growth and survival at the higher sludge
rates has been observed In other studies (Berry and Marx,
1976 and 1977), although to a lesser degree. The fact
that the two treatments which show the greatest mortality
(112 and 224 Mg/ha sludge) are the two treatments which
received an application of Oust in July 1983 ralses the
possibility of herbicide damage or a sludge X herbicide
interaction. However, a number of factors suggest
otherwise. First, no visible signs of herbicide damage
were seen, even on seedlings which survived but showed
decreased growth. Second, soil-active herbicides, like
Oust, are prone to Immobilization by organic matter. As
such, higher mortality would be expected in plots with
lower organic matter contents (112 Mg/ha). But, In fact,
mortal ity was significantly higher in the 224 Mg/ha sludge
treatment. Decreases In survival have continued well after
the herbicide application (note the decrease In survival

between Fall 1984 and Fall 1985, Tables 3 and 4). Oust
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generally provides competition control for one, or at best,
two growing seasons. Since organic matter probably
Immobilized at least some of the herbicide, It is unlikely
that the herbicide could still be affecting pine seedlings
two years after application. In addition, loblolly pine Is
generally considered to be quite tolerant of Oust.

Most tree species, especlally pines, are adapted +to
growing In soils which are strongly to slightly acid. When
grown 1In soils with a high pH (> 6.0) and high organic
matter contents, micronutrient deficiencies are often a
problem. In this study, high pH alone does not appear to
have 1Induced any significant micronutrient deficiencies.
However, the high pH in conjunction with high organic
matter contents may have resulted in Mn deficiencies In the
higher sludge rate plots. Even so, micronutrient
deficiencies would not normally be expected to cause such
severe and sudden mortal ity.

At the other end of the scale, microelement (heavy
metal) toxicities are always of concern when dealing with
sludge materials. The sludge wused 1In this study was
relatively "clean" when compared to sludges used In similar
studies (Berry, 1985b; Gouln and Walker, 1977; McNab and
Berry, 1985; Sommers, 1977). Elevated levels of micro-

elements have not been detected in pine folliage (Table 13)
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and although somewhat higher levels were detected In fescue
tissue from adjacent plots, the levels were not 1In *the
toxic range (Daniels et al., 1986). As a result, micro-
element phytotoxicity Is not thought to have had an effect
on seedling survival.

High soluble salt levels have been known to hinder and
sometimes prevent vegetation establishment on mine spoils
(Barnhisel and Massey, 1969; Evangelou and Grove, 1982).
Usually these salts arise from the weathering of certain
overburden materials, particularly pyrites. In this study,
a potential soluble salt problem arises from the addition
of sewage sludge to mine spoil, which has been noted to
Increase soluble salt levels (Epstein et al., 1976; Stewart
and Meek, 1977). In September 1984, 28 months after
application, the soluble salt (EC) levels in the 112 and
224 Mg/ha sludge plots were significantly higher than in
other treatments (Table 10). Although electrical
conductivities of 2-3 generally affect only salt sensitive
crops, the salt levels in the sludge treatments may have
been <considerably higher during +the first +two years.
Furthermore, the effects of high salt levels on +tree
species are not well documented. It Is possible +that
soluble salt Ilevels may have been at J|least partly

responsible for Increased mortal ity at the highest sludge
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rates.
High NOB--N levels were also detected Iin the higher
sludge rate plots (Table 9). High NO3- levels might

contribute to a salt toxlicity problem, result Iin severe
nutrient 1Imbalances, or possibly cause a speclific
phytotoxic response, although this has not been documented.
Since NOS- levels In this range are rarely found in soll,
little research has been done on the effects of such high
levels on plant growth, especially for pine species. It Is
difficult to say what effect, If any, high NO3- levels In
the 112 and 224 Mg/ha sludge treatments may have had on

seedl ing survival.

Sofll Analysis

Organic matter Is recognized as an Important factor 1In
soil fertility and potential productivity and may be even
more critical In mine solls, which are often devoid of any

significant amounts of organic matter. The use of sawdust
and sewage sludge was successful 1In Increasing organic
matter levels In mine soil and maintaining these levels for
four years (Fig. 3).

Soil systems normally maintain a relatively constant,
"steady-state" organic matter content based on microclimate

and rates of organic matter addition and decomposition
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(Jenny, 1980). The Jlack of any significant change In
organic matter content between 1984 and 1985 (except for
the sawdust treatment) may suggest that these soils are at
or below their equlilibrium organic matter content and any
changes 1in organic matter content are |ikely to occur
rather slowly. It Is probable, then, that the benefits of
higher organic matter levels in amended plots should remain
for some time.

The significant Increase In organic matter content 1in
the sawdust-amended plots may be due to the accrument of
organic material from pine |itter or adjacent fescue plots.
Another explanation might be a change in the nature of the
organic material already present. Relatively undecomposed
organic material Is not well oxidized by the Walkley-Black
method (Nelson and Sommers, 1982). Since numerous small
fragments of sawdust were still visible In the soll samples
in 1984, but not In 1985, It Is possible that more complete
oxidatlion of organic carbon occurred Iin the 1985 samples,
resulting In higher estimates of organic matter content.

By 1985, 112 Mg/ha sawdust + slow-release N and 112
Mg/ha sludge had resulted in nearly Identical soil organic
matter contents. Due to its higher C/N ratio, however,
sawdust + slow-release N treated soil had only about half

the total-N levels of 112 Mg/ha sludge (Table 16).
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Organic matter content In the control +treatment was
higher than iIn the topsoil treatment, as a result of better
fescue establ ishment on the control plots during the first
year. Doubling the sludge application rate from 112 to 224
Mg/ha did not result in significant increases In organlic
matter for either year. The highest sludge rate may have
resulted 1In an organic matter content well over the
equlilibrium content maintainable by +the soill and rapid
decomposition may have occurred during the first two years.

The relationship between organic matter content and
seedling volume exemplifies the Important role organic
matter plays In mine soll productivity (Fig. 4). Although
organic matter Is only one variable, it can be viewed as an
integration of a number of variables, 1Including nutrient
avallability, CEC, and moisture holding capacity, which
explains Its high correlation with seedling volume.

Nitrogen avalilablility 1in solls 1Is dependent on *the
presence of organic N and 1Iits release through microbial
activity. Where microbial activity Is not severely
limited, N availability 1Indices may show a significant
correlation with organic matter content (Lea and Ballard,
1982). The relationship between soll organic matter
content and potential N avallability was very strong 1in

this study (Fig. 9 and 10).
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Extractable P levels were surprisingly high 1in all
treatments (Table 7). Since NaHC03-ex+rac?able P levels In
excess of 10 mg/kg are usually considered adequate for most
crops, no P deficiencies should occur in any treatment at
this point, However, as these mine solls weather and
oxldize, their P-fixing capaclity should Increase, reducing
P avallability. Phosphorus levels Increased with
Increasing sludge rate, corresponding to the high amounts
of P added in sludge. Since unfertilized spoll had only
about 3.5 mg/kg of extractable P, retention of fertilizer P

appears to have been good in the control, +topsoll, and

sawdust + slow-release N treatments.

Calcium was the dominant cation 1In all +treatments,
especially In sludge-amended solls which received a
considerable amount of Ca from the |Iime-treated sludge

(Table 7). Except for Ca, sludge amendments did not appear
to Increase cation levels over +that of the control or
topsoil treatments. In fact, soll Mg levels decreased at
112 and 224 Mg/ha sludge rates. Large Ca additlons from
sludge tend to replace K and Mg from the exchange complex.
Levels of exchangeable soil K and Mg have been known *to
decrease with Increasing sludge rate and Ca content (Berry

and Marx, 1976).
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Cation retention was high in solils amended with sawdust
+ slow-release N. Soll Mg and K levels were significantly
highest In sawdust-amended soils and solil Ca levels were
as high as the 22 and 56 Mg/ha sludge treatments, although
no Ca was added as sludge or Ilime (Table 12). The ability
of sawdust to act as a nutrient reservolr may be very
Important (Slick and Curtis, 1985). Essential elements,
including those added In fertilizer, may be Immoblilized by
sawdust during initial decomposition and released later as
decomposition continues. Other nutrients become bound on
the organic exchange complex and are Immediately
plant-avalilable. This may help Improve the efficacy of
fertilizer additions. Except 1In the <case of N, such
Immobilization reactions are not |ikely fo cause initlal
nutrient deficiencies.

Exchangeable Al levels were quite low 1In all freat-
ments, as might be expected from the high pH (> 6.0). The
overburden material used In this study 1Is fairly high 1In
carbonates and low in exchangeable Al, so the low levels
were not unexpected.

Moisture availabillity can play an important role 1In
successful mine reclamation and many revegetation fallures
are the result of Inadequate moisture for seed germination

and early growth. Tree seedlings may undergo moisture



92

stress as well, resulting In decreased growth and,
occasionally, mortality.

Organic matter, 1In the form of mulches, can greatly

Improve spoil moisture conditions by reducing evaporation.
Organic matter Incorporated directly 1Iinto the spoil can
also 1Increase spoll moisture holding capacity. Although
all organic amendments in this study Iincreased soil organic

matter content, only 112 Mg/ha sawdust significantly
increased soll molisture holding capacity (Table 8).
Moisture holding capacity In sludge-amended soil was not
higher than unamended soil. A high degree of decomposition
of the sludge material may have prevented Its Increasing
moisture holding capaclty by any significant amount.

When expressed on a whole soil basis (adjusted for
coarse fragments), moisture holding capacity 1Is very low
for all ftfreatments. Such low moisture holding capacities
increase the possiblility of moisture stress occurring
during relatively short periods without precipitation.
However, according to Plass and Vogel (1973), mine spolls
with 58-67% coarse fragments are still capable of retaining
adequate amounts of moisture for plant growth during normal
weather conditions In West Virginia. Even with adequate,
well-distributed rainfall +throughout the study period

(Table A-2), the higher moisture holding capacity of +the



93

sawdust-amended solls probably contributed to the better
seedl Ing growth Iin these plots (Table 8).

Nitrate-N levels In sludge-amended plots In Fall 1984
were extremely high (Table 9), even though the Initial
NO3--N content of the sludge was low (24 ug/mg). Rapid
mineral ization of sludge N and nitrification of NH4+ has
lead to the «continually high No3' levels. Adequate
aeration, a high pH, and a favorable environment for
microbial activity have promoted rapid nitrification and a
predominance of NOB- over NH4+ in all treatments.

The high N03- levels in the highest sludge rate solls
could lead to significant leaching and pose an environ-
mental hazard to groundwater. Even a vigorous vegetative
groundcover may not be able to utillize all NOB- present, so
some leaching losses are Inevitable. In our case, where
herbicides were wused to <control herbaceous and grass
specles, NO3- was allowed to reach very high levels and
pine seedlings alone were wunable to wutilize a large
portion.

High N03- levels may also have contributed to the
higher soluble salt levels detected in 112 and 224 Mg/ha
sludge plots (Table 10). Unlike most soluble salts, which

tend +to decrease in concentration over +time due *to

leaching, N03- levels can remaln high as long as a large
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organic N pool Is present and mineralization and

nitrification are occurring at a rapid rate.

Eoliar Analysis

Nutrient critical levels have not been developed for
pitch X loblolly pine, making exact 1Identification of
nutrient deficiencies Impossible. Although not included In
the final analyslis, loblolly pine foliar N and P concen-
trations were similar to those found in the hybrids. Since
loblolly pine Is one of the parental species of the hybrid,
critical levels for loblolly pine may serve as a rough
indicator of nutrient status.

Foliar N concentrations were not affected by freatment
(Table 11). Given that N concentrations were well above
1.20 %, the accepted critical level for loblolly pine, it
Is unlikely that any N deficiencies have occurred In any
treatment. There was also no significant relationship
between N concentration and seedling volume.

Nutrient content has received some attention as a
better measure of follar nutrient status than concentration
alone (Leaf, 1973). Nutrient content Is less Ilikely to be
Influenced by increased follar biomass, which can result In

dilution of concentration values.
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Fascicle N content was highest in the sawdust + slow-
release N and 22 Mg/ha treatments (Table 11). However,
this Increase Is due primarily to increased fascicle welight
and not to an Increase In concentration. Nitrogen content
was significantly related to +third-year seedling volume
(Fig. 5).

The lack of N deficlenclies does not necessarily mean

that N avalilability 1Is not potentially Ilimiting in some
treatments. It is possible that other factors (moisture,
other nutrients, etc.) are more |IiImiting +than N,

particularly In the control and topsoil treatments, so that

no defliclencies appear. In amended treatments, where other
factors are less |Iimiting, there Is a corresponding
increase In N availability (Fig. 7), preventing N

deficiencies.

Another factor preventing observed N deficliencies 1In
this study 1is the large amount of N added, even In
treatments which received only 1Inorganic fertillizer, and
the relatively young age of the seedlings. The N status of
these seedlings 1Is |lkely to change dramatically as +they
begin a perlod of rapid growth and increased N demand,
usually between age 5-10 (Switzer et al., 1968).
Differences in N availability in the various solls may

become more pronounced at that time.
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Timmer and Morrow (1984) cite a number of fertilization
studies which have found good correlation between first
year Increases in needle weight and Increased future
growth. Although first year needle weight was not measured
In this study, current fascicle welight did show a signifi-
cant relationship to current seedling volume (Fig. 6).
Increased loblolly pine fascicle weight has been observed
following fertilization of mine spolls in Alabama, and
generally reflected increased seedling volume (Bengtson and
Mays, 1978). Seedlings growing 1in more optimal soll
conditions are able to produce greater photosynthetic
biomass which may be reflected In an iIncreased number of
needles, 1increased needle weight, or both. If current
fascicle weights are an adequate indicator, the best future
growth should occur iIn mine soils amended with sawdust +
slow-release N and 22 Mg/ha sludge.

Foliar P levels 1In all +treatments were above the
critical level for loblolly pine (0.10 %) (Table 12). Given
the pH of the site and the high levels of extractable soil
P, no P deficiencies should occur 1iIn +the foreseeable
future,.

Ballard (1979) reported critical cation levels for
loblolly pine to be 0.30% K, 0.10% Ca, and 0.05% Mg. Powers

(1974) reported slightly higher values for conifers In



97

general: 0.40% K, 0.12% Ca, and 0.05% Mg. Follar catlion
concentrations in +this study are well above these
established levels and no deficiencies are suspected (Table
12). In addition to high solil cation levels, the high
levels of NOS- present may have also contributed to the
elevated cation concentrations. Because of the necessity
to balance anions and cations In plant tissue, Increased
uptake of N03- (versus NH4+) can lead to Increased cation
concentrations In plant tissue (Mengel and Kirkby, 1982).
Foltar Ca Ilevels were similar to those found 1In other
studies using sewage sludge (Berry, 1985a; Berry and Marx,
1980), but follar K and Mg levels were considerably higher,
approximating the levels of fertilized seedlings in both
studies.

Increased foliar Ca Ilevels correlated well with
Increased soll Ca levels, brought about by the addition of
| ime-treated sludge (Table 14). Foliar K levels showed a
corresponding decrease as soil Ca levels increased. Liming
has been shown to decrease K intensity In the soil solution
(Beckett, 1964) and may lead to decreased K uptake.

The dramatic differences In foliar Ca and K concentra-
tions with Increasing sludge rate may constitute a signifi-

cant nutrient Imbalance. DRIS analysis Indicates +that,

relative to the sawdust + slow-release N seedlings, K was
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the primary |imiting nutrient 1In the 56 Mg/ha sludge
treatment and the secondary |imiting nutrient In the 112
and 224 Mg/ha sludge treatments (Table 15). Calcium levels
were in excess In all three treatments. lonic competition
can occur during plant uptake, but K Is usually taken up in
preference to Ca (Mengel and Kirkby, 1982). However,
differences In soll Ca and K present in this study are not
often observed.

Although soll K and Mg levels were highest 1In soils
amended with sawdust + slow-release N (Table 7), foliar
concentrations of these elements were not noticeably higher
(Table 12). However, because of the larger size and needle
welght of the sawdust trees, the total amount of K and Mg
Iin the living biomass is probably higher.

The negative correlation between follar P and extract-
able soil P may be a result of dilution of P concentrations
at the higher sludge rates, due to high soil N levels.
Interaction between soil P and organic matter may also have
contributed to the observed relationship. Since soll Ca
and P show similar trends with treatment (Table 7), follar
Ca and K show the same relationships with soil P as with
soil Ca, but these correlations may not be meaningful.

Although microelement deficiency/toxicity levels are

not well developed for ftfree speclies, good guidelines for
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low, average, and high levels for a number of pine species
are given by Stone (1968).

Manganese concentrations In southern pines are commonly
300-400 wug/g. Although Mn deficiencies have not been
reported for any southern pines, few studies have reported
pine follar Mn concentrations less than 150 ug/g. It is
possible that a Mn deficlency may have been Induced 1In
seedl Ings growing In > 56 Mg/ha sludge (Table 13). DRIS
analysis also suggests a Mn Imbalance (Table 15) and the
defliciency may be somewhat severe.

Zinc concentrations 1In this study fall 1In the inter-
mediate range for pine species (40-60 ug/g) and were
similar to those found by Berry (1985a) and Berry and Marx
(1980). Iron concentrations were clearly above deflicliency
levels for pines (> 50 ug/g), and were about twice as high
as Fe levels In those same studles. Copper defliciencles
are usually not apparent until follar levels drop below 3
ug/g, so no deficiencies are suspected In this study.
Copper toxlicities have not been reported for pines, but
extremely high levels (> 100 ug/g) would most Iikely be
necessary. Boron levels 1In +this study were above the
deficlency level (10 ug/g) and were well below potentially
toxic levels (> 80 ug/g).

The fact that DRIS indicates B and Zn to be the most
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limiting nutrient in the control, topsoil, and 22 Mg/ha
sludge treatments Is not surprising, given the high levels
of macronutrients and the high pH. High levels of soil=-P
can also result in Zn deficiencies (Olsen and Barber,
1977). Although B concentrations are only marginal, Zn
concentrations are adequate and It 1Is not |ikely +that
either 1Is deficlent iIn the normal sense; that 1is, growth
responses to B or Zn additions would not be expected.
Although Al Is not considered a micronutrient,
potentially toxic levels may develop in acid solls. Follar
Al concentrations in this study were extremely Ilow,
compared to values exceeding 700 ug/g previously reported
for loblolly and shortleaf pine (Berry and Marx, 1976 and
1980; Berry, 1985a). This may be due to the high pH of the
soils and the relatively low amounts of exchangeable Al.
Higher foliar Al levels In the topsoll treatment may be the
result of Its more weathered nature and lower Initial pH
compared +to the overburden material. However, higher
levels of exchangeable Al were not detected 1In +topsoll

plots (Table 7).
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Nitrogen Avallability Indices

As expected, TKN was much higher in organically-amended
mine soil for both years (Table 16). The 1Inability of
fertilizer alone (without a legume cover crop) to maintain
sufficiently high levels of TKN Is evident. Unfertilized
2:1 sandstone:siltstone spoll contained 0.36 g/kg total N,
a level similar to that of fertilized, replaced "topsoll"
and not much below that of fertilized overburden.

Al though total TKN was still very high 1In sludge-
amended soll, It 1Is apparent that much N has been lost.
Using calculated coarse fragment contents (Table 6) and an
estimated bulk density of 1.4 g/cms,fhe average bulk
density of similar, nearby spoll materlals (Tuladhar,
1986), It Is estimated that only one-third of the N added
in sludge Is still present in the 224 Mg/ha treatment and
only about one-half In the 112 Mg/ha tfreatment. Up to
40-50% of N added In sludge can be mineralized in short-
term Incubations (Parker and Summers, 1983; Sabey et al.,
1975; Terry et al., 1981). If appreciable amounts of
mineralized N are taken up by Iliving biomass or leached
below the sampling depth, it Is possible for total N values
to show such a drastic decrease within one or two years.

Since high NO3 levels were detected in this study, a large

portion of the added N may have been lost through leaching.
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The relative stability of TKN values between 1984 and 1985
may suggest a slower rate of mineralization and either a
slower decrease or stabilization of TKN levels.

Adequate amounts of +total N are Important for
successful reclamation, but it Is the avalilability of this
N that 1Is most Important for the growth of vegetation.
Nitrogen mineralization potential (No) Is one measure of
"labile N": that fraction of the total organic-N pool which
can potentially be mineralized. No can be a dynamic value,
changing as the organic substrate 1is altered through
decomposition and fresh organic matter additions. Further-
more, No Is a measure of "potential", measured under near
optimal conditions. The actual rate and amount of N
mineralized wlill depend on other soll factors, such as
temperature, moisture, pH, and microbial activity, under
less than optimal conditions.

No estimates were higher In organically-amended solls,
and were JIncreased to a greater extent than TKN values
(Table 16). No values In natural solls range from < 25
ug/g In certain Ultisols (Burger and Pritchett, 1984;
Stanford and Smith, 1972) to nearly 300 ug/g In some
Mollisols (Stanford and Smith, 1972). Values 1In +the

control and topsoil treatments are clearly low (6-12 ug/g)

and appear to be decreasing with time. No values 1In the
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organically-amended solls appear to be stable or
increasing, particularly in the sawdust + slow-release N
and 56 Mg/ha treatments. No may not stabillize 1In these
treatments for some time, as decomposition and alteration
of the added organic material continues. With time, No’
like organic matter content, should reach an equlilibrium
level.

Before leaving the treatment plant, sludge materials
are usually well decomposed. This may explain why +the
mineralization rate constants (k) are lower 1In sludge-
amended soils, although much mineralizable N remains (Table
16). Sawdust has a higher Initial C/N ratio and is high in
both lignin and cellulose, two materials which are
resistant to decomposition. However, +the addition of
Inorganic N as both conventional and slow-release fertili-
zers may have 1induced a "priming effect", accelerating
decomposition. As a result, both N0 and k were relatively
high, which might explain the lack of any N deficlienclies In
sawdust + slow-release N plots.

Nitrogen mineralized during anaerobic Incubations
(NMIN) may provide a quicker and simpler 1index of N
availability than estimates of NO (Keeney, 1980; Keeney and
Bremner, 1966). Only a |imited amount of work calibrating

soll NMIN levels with tree species requirements has been
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done. Shumway and Atkinson (1978) developed a rule of
thumb +to determine probable responses of wunthinned
Douglas-fir stands to N fertilization. Soils with NMIN
levels < 25 ug/g showed a strong response, while soils with
NMIN levels between 25-50 ug/g generally showed a moderate
response. Powers (1980) reported soil NMIN levels < 12
ug/g to be clearly deficlent 1in Ponderosa pine (Plinus
ponderosa L.) stands and some pine/fir stands In soils with
up to 16 ug/g NMIN still responded to fertilization.

With these two studies as guidelines, NMIN levels 1In
the control and topsoll treatments may be considered |low
(Fig. 7). NMIN values In the sawdust + slow-release N and
112 and 224 Mg/ha sludge treatments are probably high, or
at least non-deficlent. Decreases in both No and NMIN 1In
the control and topsoll treatments between 1984 and 1985
are Important when considering long-term N availability.
Clearly, these treatments are not going to be able +to
supply as much N for +tree growth In +the future as +the
amended soils (Fig. 11). At present, however, these
treatments are able to meet seedling N demands, which may
be low due to other |imiting factors.

Neither N-availability 1Index showed a significant
relationship to foliar N concentration at the end of the

third growing season (Table 17). However, regressions with
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N content were significant, even though no N deficlencles
are yet apparent.

Because organic amendments altered so many physical and
chemical properties of the mine spoll, It Is difficult to
ascertaln the exact Influence of N avalilability on seedling
growth. It Is unlikely, however, that N availability has
had as much influence over seedling growth as might be
Inferred from the regressions of NMIN and No on seedling
volume (Table 17). This regression probably reflects the
Influence of organic matter in general on seedling growth;
due to the high correlation between organic matter and the
N-availabil ity Indices. Although N availlability was
significantly increased by the organic amendments used In
this study, N does not appear to have been the most
lImiting factor in any treatment so far.

The N requirement of a stand of loblolly pine during
the first 15 yr has been estimated to be anywhere from 9.3

1 ' (Switzer et al., 1968) to 16 kg ha | yr~!

kg ha ' yr_
(Wells and Jorgensen, 1975), based on N accumulation In the
living biomass. However, the rate of accumulation Is not
constant during the period, but normally begins slowly for
the first few years and then accelerates rapidly. A
loblolly pine plantation in Mississippl accumulated nearly

as much N in Its fifth year as In the previous four years
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combined (Nelson et al., 1968). Nitrogen accumulation was

14 kg ha™! yr-1 during the first four years but jumped to

1

34 kg ha~ ! yr~! during the fifth growing season. Wells and

Jorgensen (1975) suggest that this 1s probably the maximum
rate of N accumulation In loblolly pine (40 kg ha-1 yr-1
Including roots).

All of +these studies base +thelr N requirements on
uptake, thus Internal and external nutrient cycling are
accounted for. That portion of the annual requirement not
met by cycling must be provided from the soil N reserve.

Even If only 10 kg ha"1 yr-'1 of N from the soll reserve
was adequate for good growth, It 1is wunlikely that +the
unamended solls could meet +this demand by the fourth
growing season (Fig. 11). Soils amended with 22 and 56
Mg/ha sludge may be able to supply an adequate amount of N
until cycling of aboveground nutrients begins to contribute
to N availability from the solil. Amendments of sawdust +
slow-release N and 112 and 224 Mg/ha sludge may still
supply all the N needed for good growth during the fourth
and fifth growing seasons, even 1In +the absence of any
appreciable nutrient cycling.

Again, this model does not take Into account further

Inputs of N intfo the system. In actual practice, N-fixing

legumes would almost <certainly be present and would
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contribute to N availability from the soll.

An 1deal amendment for reclaiming mine spoils should
supply N in about the same amount as that required by the
vegetation, In this case loblolly pine, and should continue
to supply N for a number of years. Inorganic fertilizers
alone supply more than enough N for seedling establ ishment,
but without supplemental N (elther +through Ilegumes or
additional fertilizer) N avalilablility quickly decreases to
Inadequate levels.

Higher rates of sewage sludge (112 and 224 Mg/ha) may
supply much more N than that required by the seedlings.
This excess N, particularly NOB-, Is susceptible +to
leaching and may become a potential pollution hazard. In
Instances where large sludge additions are desired, such as
for disposal, smaller periodic applications are probably
preferable to large one-time applications.

Lower rates of sewage sludge (22 and 56 Mg/ha) and 112
Mg/ha sawdust + slow-release N may continue to supply
adequate amounts of N for good growth even four or filve
years after application. Furthermore, N mineralization
occurs at a rate which more <closely matches seedling
requirements. Where economically available, these

amendments are recommended for appllication to mined land.



SUMMARY AND CONCLUSIONS

Amendments of sawdust (112 Mg/ha) + slow-release N and
municipal sewage sludge at rates of 22 and 56 Mg/ha
Increased third-year seedling volume over wunamended,
fertilized overburden. Increases In organic matter content
were well correlated with increased seedling volume, but
Individual soil parameters (nutrients and moisture) by
themselves did not show a good correlation with volume.
Best growth 1iIn soll amended with sawdust + slow-release N
may be the result of high levels of all nutrients and
Iincreased moisture holding capacity. By the end of three
growing seasons, limed "topsoil" replacement had not
significantly Improved seedling growth or survival over
that In carefully selected overburden.

Survival of pitch X loblolly plne seedlings was very
good in all treatments except 112 and 224 Mg/ha sludge.
Adequate rainfall during +the study period may have
contributed to good survival. Pine seedling survival was
decreased by the addition of 112 and 224 Mg/ha sludge.
Increased mortality In these treatments may have been the

result of high levels of soluble salts and/or N°3- or Mn

108
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deficiencies.

Based on follar analysis, including DRIS, Mn
deficiencies are suspected Iin treatments which received 2>
56 Mg/ha sludge. Additions of other microelements In
sludge were offset by the high pH and organic matter
contents of sludge-amended solls, so +that no other
deficliencies or “toxliclities occurred. Although no
macronutrient deficiencies were detected, high levels of
soll Ca in sludge-amended solls may have resulted in a Ca-K
imbalance which may have affected growth.

Doubling the sludge application rate from 112 +to 224
Mg/ha did not result in significant increases In organic
matter content 40 mo after application or in TKN 28 mo
after application.

While N has not been a major Ilimiting factor to date,
regression analysis Indicates that differences in N
availability have had some effect on 1Initial seedling
growth. More Importantly, differences 1In long=-term N
avallability between the various treatments should have a
significant Impact on future growth, particularly as +the
seedl ings enter a period of rapid growth and Increasing N

demand.
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Tablie A-1. Chemical composition of minus=N nutrient
solution used In Incubation columns for
nitrogen mineral ization potential determinations.

Chemical Formula Concentration

CaSO4-H20 0.002 M 0.2867 g/
MgSO4 0.002 M 0.2004 g/1
Ca(H2P04)2-H20 0.005 M 1.1244 g/|
KZSO4 0.0025 M 0.3630 g/|I
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Table A-2. Rainfall data for Wise, Va during the
1983, 1984, and 1985 growing seasons.

APR MAY JUNE JULY AUG SEPT

1983 4.35 7.13 2.95 3.75 4.20 1.47
1984 3.55 7.28 2.43 NA 1.98 2.91
1985 2.57 3.60 3.04 4.82 6.41 NA

NA = data not available
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Table A-3. Estimated soil temperatures (° C) used In predicting
mineral ized N for the surface treatments study.

APR MAY JUN JUuL AUG SEP OoCT

Temp. 16 20 24 25 25 21 16
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Table A-4. DRIS norms (discriminating ratios significant at
alpha = 0.10) for seedlings growing in sawdust +
slow-release N-amended soil and those in all other

treatments.
Sawdust Others
Ratio Mean s.0.V/ Mean 5.D.
Ca/N 0.150 0.011 0.179 0.050
N/Mn 104.047 26.778 140.009 84.332
Zn/N 0.004 0.0003 0.004 0.0012
Al/N 0.006 0.0006 0.006 0.0017
Ca/P 1.639 0.093 2.008 0.966
P/Mn 9.426 2.066 14.387 8.205
P/Zn 22.396 1.172 24,353 6.359
Fe/P 0.076 0.004 0.073 0.016
Al/P 0.069 0.004 0.067 0.018
Ca/K 0.404 0.019 0.567 0.309
K/Mn 37.874 5.775 50.740 26.170
Zn/K 0.011 0.0007 0.012 0.0041
Fe/K 0.019 0.0006 0.020 0.0051
Al /K 0.017 0.001 0.019 0.005
Ca/Mn 15.394 3.033 34.714 40.632
Ca/Zn 36.624 0.564 45,148 12.856
Ca/Fe 21.652 1.122 26.983 7.888
Ca/Al 23.882 1.881 30.750 12.089
Mg/Mn 9.316 2.936 15.349 11.514
Zn/Mn 0.421 0.089 0.707 0.597
Fe/Mn 0.708 0.111 1.130 0.941
Al/Mn 0.644 0.119 0.972 0.665
Cu/Mn 0.032 0.007 0.051 0.037
B/Mn 0.120 0.011 0.147 0.139
Zn/Fe 0.592 0.038 0.607 0.138
Al/Zn 1.541 0.124 1.647 0.672
Al /Fe 0.908 0.042 0.935 0.217

1/ S.D. = standard deviation.
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Figure A-1. Incubation columns used in the determination
of N mineralization potentials.
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