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Abstract Optimal utilization of animal manures as a

plant nutrient source should also prevent adverse

impacts on water quality. The objective of this study

was to evaluate long-term poultry litter and N fertilizer

application on nutrient cycling following establishment

of an alley cropping system with eastern black walnut

(Juglans nigra L.), pecan [Carya illinoensis (Wan-

genh.) K. Koch], and northern red oak (Quercus rubra

L.) trees and orchardgrass (Dactylis glomerata L.). One

half of a 4.25-ha site in northwestern Arkansas USA

received broadcast applications of 3.9–6.7 Mg ha-1

fresh poultry litter and the other half 50–76 kg ha-1 N

as NH4NO3 fertilizer each spring from 2001 to 2008.

Macronutrient (N, P, K, Ca, Mg, and S) and micronu-

trient (Na, Fe, Mn, Zn, and Cu) concentrations in soil,

forage, and tree leaf tissue were monitored along with

NO3-N in soil water and groundwater. Poultry litter

application resulted in significantly increased concen-

trations of each macronutrient except S with increases

from 6.3 (N) to 121 % (P). Nitrogen fertilizer appli-

cation resulted in decreased concentrations from 2.1

(N) to 60.9 % (S) for all macronutrients except Ca.

Patterns of nutrient content in forage and tree leaf tissue

did not generally follow patterns of soil nutrient

concentrations suggesting nutrient sufficiency in most
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years and that climate and plant growth had a greater

effect on nutrient uptake. Soil P with litter application

increased 41.3 mg kg-1 over 7 years (from 34.1 to

75.4), which may necessitate a lower litter application

rate to avoid excessive P runoff.

Keywords Agroforestry � Poultry litter � Nutrient

cycling � Eastern black walnut � Pecan � Northern red

oak � Orchardgrass

Introduction

Agroforestry, with its potential for multi-faceted food,

fiber, and biomass production, continues to evolve as a

popular land use option especially for forest and arable

lands in transition. In particular, alley cropping systems

have great potential to integrate a wide variety of trees

and crops to optimize space, light capture, water use, and

nutrient utilization (Kang et al. 1990; Jose et al. 2000).

Alley cropping of forages is well-suited to large areas of

the southeast and mid-south U.S., which have significant

forest cover and limited areas of low-productivity arable

land that is often better suited for forage production than

for row crops. Considerable research has already been

completed addressing cultural practices associated with

the economics, establishment, and management of

forage alley cropping systems in temperature North

America (Gray and Garrett 1999; Garrett and Harper

1999; Garrett et al. 2004).

Northwestern Arkansas is an area of intensive

poultry production where the poultry litter (bedding

material and manure) is used to fertilize permanent

pastures grazed by beef cattle (Bos taurus). In Ozark

Highland pastures excessive nutrient accumulation in

soils have led to concern for regional surface water

(Sauer et al. 1999, 2000; Slaton et al. 2004; Menjoulet

et al. 2009; McMullen et al. 2014) and groundwater

quality (Chapman 1996; Peterson et al. 2002). Alley

cropping systems offer a two-tiered rooting system for

nutrient utilization as differences in rooting depth and

growth intervals between trees and forages create

greater potential for nutrient uptake and therefore

reduced likelihood for offsite transport to water

resources. Of the numerous possible tree/forage com-

binations, eastern black walnut (Juglans nigra L.) with

either tall fescue (Festuca arundinaceae Schreb.) or

orchardgrass (Dactylis glomerata L.) has emerged as a

promising combination for forage alley cropping

systems in the Ozark Highlands (Dey et al. 1987;

Kurtz and Garrett 1990; Garrett and Harper 1999).

Various aspects of black walnut and orchardgrass

production have been studied in detail. Ponder (1985)

and Dey et al. (1987) reported on soil water effects on

black walnut growth confirming the importance of

proper site selection (deep and moist but not water-

logged soil). Brauer et al. (2006) evaluated nut

production from open-canopy black walnut trees in

Kansas, Missouri, and Tennessee and found nearly

half of the high producing trees bore in an alternate,

biennial pattern. Ponder et al. (1998) and Ponder and

Jones (2001) reported that N, P, K fertilization

(especially P) of black walnut resulted in a moderate

increase in nut production and interruption of the

alternate-year nut crop. Gray and Garrett (1999) found

that black walnut trees receiving low rates of N

fertilization during the spring or late summer had

greater numbers of pistillate flowers, nut retention, and

2.9–4.8 times more walnuts than control trees. Thus,

black walnut nut production has consistently

responded favorably to nutrient supplementation.

Orchardgrass has been evaluated as forage for

grazing in the Ozark Highlands since the 1940’s

(Sandal et al. 1953; Hileman 1973). Sandal et al.

(1953) reported that, over the 5-year study, a fertilized

orchardgrass-legume pasture had similar carrying

capacity and nutrient yield as a tall fescue pasture

and was superior in animal gains. Burner (2003)

compared persistence, yield, and quality of orchard-

grass, tall fescue, and a 1:1 binary mixture in an alley

crop environment under 10 year-old loblolly (Pinus

taeda L.) and shortleaf (Pinus echinata Mill.) pine

trees near Booneville, AR. Orchardgrass persisted

better in loblolly pine alleys (72 % of stand) com-

pared to the unshaded control while tall fescue

persisted better under control (30 % of stand) than

in loblolly pine alleys. Yields of orchardgrass and

binary mixture were not different in the pine alleys

(*1300 kg ha-1 harvest-1) and were usually greater

than the tall fescue yields (\700 kg ha-1 harvest-1).
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A simultaneous, integrated assessment of nutrient

cycling, forage production, and tree growth is needed

to better understand the potential of hardwood-forage

alley cropping systems in the Ozark Highlands. Given

the concentration of poultry production in the region

and the vulnerable water resources, such an evaluation

needs to include poultry litter as a nutrient source and

assessment of potential water quality impacts. The

objective of this study was to evaluate nutrient cycling

in soil, forage, trees, soil water, and groundwater

following establishment of a forage alley cropping

system with eastern black walnut, pecan [Carya

illinoensis (Wangenh.) K. Koch], and northern red

oak (Quercus rubra L.) trees and orchardgrass

receiving annual applications of poultry litter or

inorganic N fertilizer.

Materials and methods

Site establishment and management

This study was completed in a 4.25-ha paddock

located at the University of Arkansas Agricultural

Research and Extension Center in Fayetteville, AR

(36�50N, 94�110W, 380 m above msl, Fig. 1). Local

climatological data was available from a station of the

National Oceanic and Atmospheric Administration

network located at the Northwest Arkansas Regional

Airport approximately 15 km away. For 1981–2010,

the average annual precipitation was 1,217 mm and

mean air temperature was 13.7 �C. The soil in most of

the paddock is mapped as Captina silt loam (fine-silty,

siliceous, active, mesic Typic Fragiudults) with some

Pickwick silt loam (fine-silty mixed, semiactive,

thermic Typic Paleudults) and small areas of Nixa

cherty silt loam (loamy-skeletal, siliceous, active,

mesic Glossic Fragiudults) and Johnsburg silt loam

(fine-silty, mixed, active, mesic, Aquic Fragiudults)

along the margins (Harper et al. 1969).

The paddock had been an idle, ungrazed pasture for

several years prior to initiation of this study in 1999.

Site preparation began with glyphosate herbicide

application to kill the existing vegetation followed

by cultivation, disking, and land-leveling operations

and two aglime applications (8.4 Mg ha-1). Fifteen

tree rows oriented east–west at a 15 m-spacing were

delineated and a single-tine subsoiler pulled by a small

bulldozer was used to fracture the subsoil to the depth

of 0.4 m in each row. Eastern black walnut and pecan

Fig. 1 Map of field site. Water sampling sites are the locations of the soil water samplers and groundwater monitoring wells. An

example of the forage sampling area is shown for the litter-treated eastern black walnut
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trees were planted in the southern 10 rows (5 rows of

each species) at 9.1 m-spacing within rows. Pecan was

selected for evaluation as it is a valued nut crop tree and

is well-suited for moderately well-drained soils in the

region. The eastern black walnut trees were of various

graft combinations of 1 year-old scions (primarily

Kwikkrop and Sparrow) on 2 year-old roostocks

(primarily open-pollinated seedlings of Sparrow,

Kwikkrop, and Thomas) (Thomas et al. 2008). The

pecan trees were also 1 year-old scions (Kanza or

Peruque) on 2 year-old roostocks (Colby seedlings).

At planting a small fertilizer packet containing 1.6, 0.3,

and 0.7 g of N, P, and K, respectively, was placed at the

bottom of each hole. Landscape fabric (1.3 by 1.3 m)

was placed around each tree to control weeds, and a

1 m-tall cylindrical plastic tree shelter anchored with a

wooden stake was installed to protect the trees for the

first year.

Prior to planting of the eastern black walnut and

pecan, the alleys between the tree rows were seeded to

winter wheat (Triticum aestivum L.) that received

56 kg ha-1 N as NH4NO3 fertilizer in October 1999

and again in February 2000 and was harvested for

forage later that spring. The site was fertilized again in

September 2000 (50.4, 67.2, and 33.6 kg ha-1 N, P,

and K, respectively) prior to seeding of orchardgrass

(var. Benchmark) in late September 2000. Alleys

between rows of trees were then managed for forage

production with hay or silage crops harvested mechan-

ically 2–3 times annually from 2002 to 2005. In March

2000, northern red oak seedlings were planted in the

remaining five tree rows on the north side of the

paddock at a 2.4 m-spacing within rows. The oak was

included in the study because there is an established

local market for this timber. Landscape fabric was also

used with the oak seedlings, but not tree shelters.

During the first two growing seasons, trees were

watered by placing 20-L buckets with small holes in

their bottom next to the trees and filling with water as

needed. Mowing and herbicides were used to control

weeds within *1 m of all trees.

From 2001 to 2007, the east half of the paddock

received broadcast applications of 3.9–6.7 Mg ha-1

fresh poultry litter obtained from a university broiler

house and the west half of the paddock received

50–76 kg ha-1 N as NH4NO3 fertilizer annually each

spring. An exception was 2005 when fertilizer and

litter applications were made in both spring and fall

(total 123 kg ha-1 N in fertilizer and 8.9 Mg ha-1

litter). Litter application rate was dependent on

availability. Fertilizer application rate was adjusted

when necessary to better match N input from litter. In

the spring of 2007, 50 kg ha-1 P and 101 kg ha-1 K

were added to the fertilizer-treated side of the paddock

as soil P and especially K levels were below optimum

for forage growth. The poultry litter application

matches the local recommended practice and the

fertilizer rate was intended to provide a comparable

amount of plant-available N. Litter samples were

analyzed for pH (1:2 litter:water), moisture content

(105 �C until constant weight), and total C and N (dry

combustion). Total P, K, and Ca content were

determined by nitric acid digestion with extracts

analyzed by inductively coupled plasma emission

spectroscopy (CIROS1, SPECTRO Analytical Instru-

ments, Inc., Marble Falls, TX). Litter and fertilizer

were broadcast-applied to cover the entire area (alleys

and tree rows) within their respective treatment areas.

The imposition of fertility treatments on such a large

scale was necessary to ensure that soil water and

groundwater monitoring were not compromised by

lateral flow of subsurface water between treatment

areas. Beginning in 2004, additional fertilizer was

provided to the trees as an annual application of a

slow-release fertilizer (Osmocote, The Scotts Miracle-

Grow Co., Marysville, OH) containing 5.6, 2.4, and

4.6 g of N, P, and K, respectively, was surface-applied

to the ground near each tree in June.

Soil, forage, and tree measurements

Soil cores were taken in March of 2001, 2002, and

2004–2008 prior to annual spring litter and fertilizer

applications. A 3.3-cm-diameter probe was used to

collect nine 15 cm-deep cores in a zig-zag pattern

from each tree row (including � of alley on each side)

within each of fertilizer- and litter-treated areas.

Fertilizer and litter applications were considered the

treatments and tree rows within each treatment the

replicates (i.e. 15 samples composed of nine cores

each were analyzed per litter- and fertilizer-treated

areas per year). Areas between treatments in the center

of the paddock (*10 m wide), within 2 m of trees,

and along paddock boundaries were not sampled.

1 Mention of trade names or commercial products in this article

is solely for the purpose of providing specific information and

does not imply recommendation or endorsement by the U.S.

Department of Agriculture.
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The nine cores for each row/treatment were com-

posited, air-dried, passed through a 2-mm sieve, and

analyzed for macronutrients (P, K, Ca, Mg, and S) and

micronutrients (Na, Fe, Mn, Zn, and Cu) using

Mehlich 3 extraction (Mehlich 1984) with extracts

analyzed by inductively coupled plasma emission

spectroscopy. A *15 g sample of the air dry\2 mm-

diameter soil was placed on a roller mill for 12 h to

create a fine powder for total C and N analysis using

the dry combustion method (Fison NA 1500 Elemental

Analyzer, ThermoQuest Corp., Austin, TX). Samples

of air dry, \2 mm-diameter soil also were used to

determine pH in water (1:2 soil:water).

Forage growth and quality were assessed by

measurements made in the middle two alleys of each

set of five rows of trees from 2002 to 2005 (Fig. 1).

Although the young trees at this stage of the study

were not large enough to affect forage growth via

shading or root competition, this sampling strategy

was chosen as it could be continued as tree shading and

root competition effects become significant. Forage

yield was determined using the calibrated disk meter

method of Bransby et al. (1977). This was accom-

plished by walking each replicate (two alleys per tree

species, i.e. six replicates each for litter- and fertilizer-

treated areas) in a zig-zag pattern and then estimating

forage mass at 12 locations distributed evenly across

each field replicate. Representative forage samples

were collected at six of these locations by clipping

forage to a 2.5-cm stubble height with hand shears (i.e.

six forage samples were analyzed per litter- and

fertilizer-treated areas per harvest). There were three

forage harvests each year except 2002 when low

rainfall prevented significant fall regrowth. In the

other years, the first harvest was removed and ensiled

during early May, followed by a second harvest in

June or July, and a third harvest in early October.

Forage was packaged in conventional small square

bales for most secondary (regrowth) harvests each

year. Disk meter measurements were not completed

for the July 2003 harvest, nor are forage quality data

available for that harvest. Forage samples were dried

to constant weight at 50 �C, and then ground in a

Wiley mill (Arthur H. Thomas, Philadelphia, PA)

fitted with a 1-mm screen before analysis for macro-

nutrient and micronutrient content by digestion in

nitric acid and quantification of nutrient concentration

in extracts by inductively coupled plasma emission

spectroscopy.

Leaf tissue samples of all tree species were

collected in July of each year from 2004 to 2010.

Nine composite samples were assembled from 6 to 10

trees within each of the row areas where growth

measurements were made. Each sample was consid-

ered a replicate within the litter- and fertilizer-treated

areas and (i.e. nine samples were analyzed for each

area). Samples were made by either collecting recently

matured, whole, individual leaves from multiple

branches (oak) or the middle pair of leaflets from the

middle leaf on multiple individual branches (walnut

and pecan) of the current season’s growth between 1

and 2 m height. Each sample was composed of at least

50 leaves or 100 leaflets. Leaf samples were dried to

constant weight at 50 �C, and then ground in a Wiley

mill. Procedures for nutrient analysis of the tree leaf

tissue were the same as described previously for

forages. Tree growth was monitored by measuring

stem circumference 1.37 m aboveground to calculate

the diameter at breast height (DBH).

Soil water and groundwater monitoring

Porous ceramic cup soil water samplers (SPS 200,

Earth Systems Solutions LLC, Lompoc, CA) were

installed at 0.55 and 0.8 m depths at two locations

within each of the middle three tree rows in each

species of both litter and fertilizer application areas

(Fig. 1). The 18 shallow (0.55 m) and 18 deep (0.8 m)

samplers were considered replicates within the litter-

and fertilizer-treated areas. The samplers were located

near the midpoints between adjacent trees. Holes were

augered below the installation depth, silica flour added

to create a 0.15 m-thick layer, and samplers inserted

into the silica flour. The borehole was backfilled with

auger cuttings to within 0.15 m of the surface and then

bentonite was added to prevent water flow next to the

sampler body. The sampling strategy was to collect

samples shortly following significant rainfall events or

at least monthly throughout the growing season. Soil

water samples were collected six to eight times per

year for a total of 25 times from 2002 to 2005. The

samplers were emptied and a vacuum (-60 kPa)

applied 1 day prior to sample collection. Soil water

samples were analyzed for NO3-N by Cd reduction,

flow injection analysis (QuikChem 8000, Lachat

Instruments, Milwaukee, WI). The soil was often too

dry to extract samples during summer months. A total

of 324 samples (161 shallow, 163 deep) were collected
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from the litter-treated area and 327 (155 shallow, 172

deep) from the fertilizer-treated area.

A single 0.05-m-diameter groundwater monitoring

well was installed adjacent to each pair of soil water

samplers. The wells were installed in a manner similar

to the soil water samplers with a gravel/sand pack at

the bottom and bentonite seal around the base at

ground level. Well depth and well screen length varied

due to the presence of chert fragments and depth to

bedrock. Average well depth was 2.64 and 1.82 m for

the litter- and fertilizer-treated areas, respectively. The

18 wells within each of the litter- and fertilizer-treated

areas were considered replicates. The groundwater

sampling strategy was similar to the soil water

sampling strategy and wells and samplers were often

sampled on the same day. Groundwater samples were

collected four to 6 times per year for a total of 21 times

from 2002 to 2005. Each well was purged on the day

prior to sampling. Groundwater samples were ana-

lyzed for NO3-N by the same method as for soil water.

As for the soil water samplers, many wells did not

contain water on summer sampling dates. A total of

158 samples were collected from the litter-treated area

and 122 from the fertilizer-treated area.

Due to the project objectives and lack of replication

of litter- and fertilizer-treated areas, statistical differ-

ences between litter- and fertilizer-treated areas were

not tested. Single-Factor ANOVA and Fisher’s Pro-

tected LSD were used to test for differences in soil

parameters between initial (2001) and final (2008)

mean values of poultry litter-treated and fertilizer-

treated areas (Steel and Torie 1980). The significance

level was P = 0.05 for all analyses.

Results and discussion

Macronutrients

There were relatively few instances of large differ-

ences in concentrations of N, P, K, Ca, Mg, and S in

soil between successive years in either litter- and

fertilizer-treated areas (Fig. 2). Multi-year trends

among macronutrients were inconsistent. N concen-

tration increased until 2004 then declined for both

treatments while P concentrations increased steadily

with litter application and slowly declined in the

fertilizer-treated area. Horizontal lines in Fig. 2b, c

indicate optimum soil test levels of P and K for forage

production (Cooperative Extension Service 1998). To

maintain soil P at the optimum level and to increase

soil K levels back to optimum levels for forage

production, 50 and 101 kg ha-1 of P and K fertilizer,

respectively, were broadcast-applied to the fertilizer-

treated side of the paddock in 2007. Soil K concen-

tration increased in 2008 but soil P levels did not

increase following the P addition. Plant uptake in the

year following P addition, low soil P levels, and the

relatively small amount of P input may explain why

the soil P concentration did not increase. The double

application of both litter and fertilizer in 2005 resulted

in increased levels of Ca, Mg, P, and K for the litter-

treated area but decreases in N and S were also

observed. From 2001 to 2008, litter application

resulted in significantly increased levels of each

macronutrient except S with increases from 6.3

(N) to 121 % (P) (Table 1). Tewolde et al. (2011)

and Netthisinghe et al. (2014) also reported similar

increasing soil concentrations of P, K, Ca, and Mg

with poultry litter application. Fertilizer application

over the same interval resulted in decreased concen-

trations from 2.1 (N) to 60.9 % (S) for all macronu-

trients except Ca, which increased 37.7 %, perhaps a

legacy of lime application.

Trends in macronutrient concentration in forage

were inconsistent and often not correlated with soil

concentrations of the respective nutrients. Poor corre-

lation between soil and cotton (Gossypium hirsutum

L.) nutrient concentrations were also reported for a silt

loam soil receiving poultry litter applications (Netthi-

singhe et al. 2011). There were no large year-to-year

changes for forage Ca, Mg, and S and only single years

with large differences for N, P, and K. Concentrations

of Ca, Mg, and S all tended to increase with time for

both treatments. Forage K concentration tended to

decrease, likely the result of decreasing soil K.

McClain and Blevins (2014) found increased leaf N,

K, and P but lower leaf Ca and Mg in stockpiled tall

fescue following poultry litter application. To put the

forage macronutrient concentrations in perspective,

nutritional guidelines for a 544-kg mature beef cow at

peak lactation (month 2, 9.1 kg milk day-1) and

minimum requirements (month 7) are indicated with

dashed and solid lines, respectively (National

Research Council 1996). Note that if only a solid line

is shown, the peak lactation and minimum require-

ments are identical. Average annual macronutrient

concentrations in the forage of both treatments met the
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nutritional requirements in all years and for all

nutrients with NRC standards.

As for forage, differences between successive years

of tree leaf tissue macronutrient concentrations were

generally small. Small differences from year-to-year

and especially failure to follow trends in soil macro-

nutrient concentrations after 2004 may be due to the

slow release fertilizer applications. Overall, tree leaf

tissue macronutrient concentration followed similar

trends for both litter and fertilizer treatments with N

and S increasing until 2007 then decreasing, little

change in P and K, and gradual increases in Ca and

Mg. Compared to orchardgrass forage, nutrient con-

centrations in the tree leaves were much greater for Ca,

comparable for N, Mg, and S, and much lower for K.

The similar year-to-year patterns of macronutrient

concentrations in forage and tree leaf tissue for both

treatments suggests that plant growth and nutrient

uptake were affected more by climate (precipitation

and temperature, Table 2) than nutrient source or soil

nutrient concentration. The application of slow-

release fertilizer to all trees in both treatments also

likely reduced differences in leaf tissue nutrient

content.
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Micronutrients

Although micronutrient concentrations were not mea-

sured in the applied poultry litter, surveys of poultry

litter composition have generally found significant

amounts of Fe, Cu, Zn, and Mn present (Stephenson

et al. 1990; Kpomblekou et al. 2002; Bolan et al.

2010). Poultry litter applications resulted in

Table 1 Summary of change in soil nutrient concentrations and pH from 2001 to 2008

Nitrogen Phosphorus Potassium Calcium Magnesium Sulphur

Fert.

(g kg-1)

Litter

(g kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

2001 1.43 1.42 34.1 34.1 88.7 93.3 1,229 1,405 63.4 70.4 18.4 18.2

2008 1.40 1.51 32.2 75.4 72.9 107.3 1,692 1,821 53.2 77.8 7.2 8.6

Change -0.03 0.09 -1.9 41.3 -15.8 14.0 463 416 -10.2 7.4 -11.2 -9.6

% Chg. -2.1 6.3 -5.6 121 -17.8 15.0 37.7 29.6 -16.1 10.5 -60.9 -52.7

Signif. NS NS NS ***� ** NS *** *** ** * *** ***

Sodium Iron Manganese Zinc Copper pH

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

Fert.

(mg

kg-1)

Litter

(mg

kg-1)

2001 8.1 10.3 82 103 100 103 3.13 3.34 1.72 1.85 6.55 6.69

2008 10.4 17.6 124 174 162 130 3.71 6.10 2.11 2.95 7.35 7.21

Change 2.3 7.3 42 71 63 27 0.58 2.76 0.39 1.10 0.80 0.53

% Chg. 28.4 70.9 51.2 68.9 63.0 26.2 18.5 82.6 22.7 59.5 12.2 7.9

Signif. *** *** *** *** *** *** NS *** * *** *** ***

NS no significant difference
� Asterisks indicate significant differences between 2001 and 2008 values for the fertilizer- or poultry litter-treated soil samples at

P B 0.05 (*), 0.01 (**) and 0.001 (***)

Table 2 Observed annual precipitation, average annual air temperature, forage production, and tree growth

Precip. (mm) Temp. (�C) Forage production Black walnut girth/DBH Pecan girth/DBH

Fert. (kg ha-1) Litter (mm) Fert. (mm) Litter (mm) Fert. (mm) Litter

2001 1,101 13.9 NA� NA NA NA NA NA

2002 1,024 13.5 3,087 3,460 5.3 4.3 2.9 3.8

2003 969 13.4 2,969 3,085 10.6 12.4 6.3 9.2

2004 1,153 13.8 3,006 3,185 15.5 16.6 8.8 12.1

2005 804 14.4 2,246 2,914 8.8 11.2 7.3 9.5

2006 978 14.8 NA NA 13.7 18.0 15.3 22.6

2007 1,097 14.3 NA NA NA NA NA NA

2008 1,386 13.3 NA NA NA NA NA NA

2009 1,254 13.5 NA NA 10.4 12.3 16.2 18.8

2010 956 14.3 NA NA 7.5 12.6 15.9 17.7

30-year normal annual precipitation is 1,217 mm and average air temperature is 13.7 �C. Tree growth values are for annual increases

in girth measured 25 cm above the graft for 2002–2006 and diameter at breast height (1.37 m) for 2009 and 2010. No growth data are

available for the red oak trees
� NA not available (no measurement that year)
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significantly greater concentrations of each micronu-

trient in soil with increases from 26.2 to 82.6 %

(Fig. 3; Table 1). Significantly increased concentra-

tions of Cu (30 %) and Zn (76 %) following poultry

litter application were also reported by Netthisinghe

et al. (2014). Micronutrient concentrations in soil for

both treatments had greater year-to-year variability as

compared to the macronutrients. The fertilizer treat-

ment also had increased concentrations of each

micronutrient (18.5–63 %) from 2001 to 2008

although the increases were less than for the litter

treatment for all nutrients except Mn.

Micronutrient concentrations in forage, as for the

macronutrient concentrations, did not mirror the

trends in soil concentrations. Relatively large changes

between years were observed on multiple occasions.

In contrast to the macronutrient data, there were years

with annual average forage micronutrient concentra-

tions below the beef cow nutritional requirements for

Na, Zn, and Cu. Some instances of Cu and Zn

deficiencies for beef cow nutritional requirements

have been observed in poultry litter-treated forages in

the Ozark Highlands (McGinley et al. 2004) although

this was likely due to low soil fertility and not related

to litter application.

Large year-to-year changes in tree leaf micronutri-

ent concentrations were found for Na, Zn, and Cu prior

to 2006 but only occasionally after. Again, lack of
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correlation between tree leaf and soil micronutrient

levels is likely due to the application of slow release

fertilizer to all trees beginning in 2004 and the effect of

climate on plant growth and nutrient uptake. When

compared to orchardgrass, micronutrient concentra-

tions in the tree leaves were much greater for Mn,

comparable for Fe, Zn, and Cu, and much lower for

Na.

Soil pH, C, and N

Soil pH increased from an average value of 6.6 in 2001

to over 7.2 (Fig. 4; Table 1). This increase is the result

of aglime application during the site development and

the application of poultry litter, which had an average

pH of 6.8. Relatively small changes between years

occurred in total C and N with the litter-treated area

having consistently greater concentrations especially

after 2004 when C and N concentrations in the

fertilizer-treated area decreased at a greater rate.

Sainju et al. (2010), reporting on a study of poultry

litter application to cotton in Alabama, found that

10 years of poultry litter application had increased soil

N storage and mineralization. Measurement of C

content in the poultry litter began in 2003 and averaged

41 % (dry-wt basis) from 2003 to 2007 corresponding

to an annual application of 2,196 kg C ha-1 with an

average C:N of 13.4. Although the total C in the litter-

treated area increased from 14.4 g kg-1 in 2001 to

15.7 g kg-1 in 2008, this increase was not statistically

significant. The change in total C in the fertilizer-

treated area was also not significant, decreasing from

15.3 to 14.9 g kg-1.

Soil water and groundwater NO3-N

Concentrations of NO3-N in soil water and ground-

water showed a consistent pattern of greater concen-

tration in the fertilizer-treated area throughout the

study (Fig. 5). Average values for the fertilizer- and

litter-treated areas were 8.6 and 5.3 mg L-1, respec-

tively, for the 0.55-m porous cups and 9.4 and

6.2 mg L-1, respectively, for the 0.8-m porous cups.

Average values for NO3-N in groundwater were 7.1

and 5.0 mg L-1 for the fertilizer- and litter-treated

areas, respectively. There was a trend of increasing

concentrations of NO3-N in the soil water collected in

the porous cup samplers, especially in the fertilizer-

treated area, while NO3-N concentrations in the

associated groundwater monitoring wells decreased

over time.

The pattern of NO3-N concentration increasing in

soil water but decreasing in groundwater has several

possible explanations. As the forage and tree roots

extended and penetrated deeper into the soil they
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would be more effective in taking up NO3-N. Van Es

et al. (2006) concluded that liquid manure application

to orchardgrass on a clay loam or a loamy sand in New

York posed a minimal NO3-N leaching concern due to

longer periods of uptake and higher rates of N uptake

compared to corn (Zea mays L.). Increased denitrifi-

cation in the soil below 0.8 m or in the shallow aquifer

would also effectively remove NO3-N as increased

groundwater recharge (with low NO3-N water) would

dilute the NO3-N in groundwater. However, below-

normal rainfall especially in 2003 and 2005, would

make this explanation for decreasing groundwater

NO3-N less likely. Another possible explanation is

that the fertilizer NH3 is rapidly nitrified and, with the

NO3 already present, more rapidly leached from the

root zone whereas the NO3 derived from poultry litter

mineralization is formed more slowly with greater

opportunity for plant uptake. This explanation is

consistent with the observed seasonal dynamics of

NO3 in the shallow soil water of the fertilizer treatment

in each year except 2004 (Fig. 5a). As water flux

through the root zone was not measured, it is not

possible to conclude whether the observed differences

in NO3-N concentrations between treatments would

result in significant differences in N loss via leaching.

Nonetheless, spikes in groundwater NO3 observed in

spring and summer, especially for the fertilizer

treatment, indicates that some rapid movement of

fertilizer NO3 through the soil profile was occurring.

The relatively low NO3-N concentrations do suggest,

however, that NO3-N leaching was not a significant

pathway of N loss for either treatment.

Nutrient balance

An average of 5.0 Mg ha-1 (as-is basis or 3.9 Mg

ha-1 on dry-weight basis) of poultry litter was applied

per year from 2001 to 2006 with average annual inputs

of 154, 57, 78, and 175 kg ha-1 of N, P, K, and Ca,

respectively. Over the same years the fertilizer-treated

area received an average annual N addition of

73 kg ha-1 and a single P and K application of 67

and 34 kg ha-1 of P and K in 2000. The amount of

each nutrient in the poultry litter that is plant-available

depends on litter mineralization rates, adsorption

equilibrium in the soil, and for N, the amount of NH3

volatilization, NO3 leaching, and biological denitrifi-

cation. Laboratory incubations of poultry litter in soil

have produced estimates of net N mineralization from

31 to 67 % over incubation lengths from 35 to

150 days (Cabrera and Gordillo 1995). Sauer et al.

(1999) reported that poultry litter from a poultry house

under similar management as the house used as the

litter source in this study contained 85.1 % organic N,

8.7 % NH3-N, and 6.2 % NO3-N. Ammonia volatili-

zation from surface-applied litter to tall fescue pastures

in Georgia averaged 28.7 and 41.7 % of the applied N

in NH3 form with most of the loss occurring within

10 days of application (Marshall et al. 1998). The

annual N inputs for the litter- and fertilizer-treated

areas in this study would result in equivalent amounts

of plant-available N if, on average, *50 % of the

organic N in the applied litter was plant-available. This

estimate is reasonable considering the literature values

for N mineralization and NH3-N volatilization losses,

and if N losses via surface runoff and NO3 leaching and

denitrification are not significant.

Measured concentrations of N, P, K, and Ca in the

applied poultry litter and harvested orchardgrass were

used with litter application rate and forage yield data

to estimate nutrient balances. This approach excludes

losses via surface runoff or leaching, which were not

measured. Excluding 2003 when data are missing for

one of the forage harvests, there were average annual

surpluses of 27 and 93 kg ha-1 for P and Ca and an

average annual deficit of -87 kg ha-1 for K. The net

P surplus is consistent with soil P data, however, soil

Ca did not increase appreciably nor did soil K decrease

with time in the litter-treated area. Netthisinghe et al.

(2011) estimated that it would take at least 5 year of

only inorganic fertilizer application to orchardgrass

soils to reduce soil P, Cu, and Zn concentration back to

normal ranges following buildup of these nutrients

following 4 years of broiler litter application. Regard-

ing N, the poultry litter- and fertilizer-treated areas had

average annual deficits of -26 and -74 kg ha-1,

respectively. Presumably, this shortfall was at least

partially compensated for through mineralization of

soil organic N, mineralization of previous years’

poultry litter, and N mineralized from unharvested

forage and tree leaves. As only N was added to the

fertilizer-treated area after 2000, concentrations of K,

Mg, and S decreased appreciably over the duration of

the study (from 88.7 to 72.9 kg ha-1 for K, from 63.4

to 53.2 kg ha-1 for Mg, and from 18.4 to 7.2 kg ha-1

for S). Soil N and P in the fertilizer-treated area had

smaller declines from 34.1 to 32.2 kg ha-1 for P and

0.143 to 0.140 % for N, but soil Ca actually increased
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from 1,229 to 1,692 kg ha-1. Again, the increase in

soil Ca may be a legacy of the 6.7 Mg ha-1 lime

application in 2000.

Conclusions

Soil fertility management in much of the Ozark

Highlands is driven by the desire to utilize poultry

litter as a nutrient source while avoiding significant

impacts on local surface and subsurface water quality.

Established local markets for forest products and a

consistent demand for high quality forage make alley

cropping systems well-suited for this region. Several

years of data on nutrient dynamics in soil, forage, tree

tissue, soil water, and groundwater following estab-

lishment of a hardwood-orchardgrass alley cropping

system indicate that the recommended annual poultry

litter application rate generally supplied adequate

nutrition for forage and tree growth. Litter-treated

orchardgrass consistently exhibited an increased risk

of grass tetany and both litter- and fertilizer-treated

forage had Na and Zn content below nutritional

recommendations for beef cattle. Annual tree growth

was influenced more by climatic factors, especially

below-normal growing season rainfall. Lack of guide-

lines for interpreting tree leaf tissue nutrient concen-

trations for eastern black walnut and northern red oak

and for pecan under Ozark Highland conditions makes

any detailed assessment of tree nutritional status

difficult.

Steadily increasing soil P in the litter-treated area

may necessitate a lower litter application rate or

alternate year applications in the future unless P

removal by the forage and uptake by the trees

increases. Previous studies have shown a direct

correlation between soil P and P concentration in

runoff (e.g. Sauer et al. 2000) and current recommen-

dations for cool season forage production are that no

additional P is necessary if the soil P concentration is

[50 mg kg-1. A much smaller increase in soil N was

observed with poultry litter application but soil water

and groundwater NO3-N concentrations were consis-

tently lower under the litter treatment. This result

suggests that the mineralization of organic N in

poultry litter was sufficiently slow to optimize plant

uptake and prevent excessive NO3-N movement out of

the root zone. It is expected that, as the trees grow, this

efficient capture of N will likely continue or perhaps

even improve so that accumulation of P in the surface

soil layer may be the limiting factor in determining the

long-term sustainability of this alley cropping system.
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