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Abstract: Poultry litter (PL) is known to have residual effects on crop productivity long after appli-
cations cease. Whether this advantage is greater if applied by subsurface vs. surface broadcast is
unknown. The objective of this study was to determine whether the residual benefit of PL to corn
and cotton production is greater if applied in subsurface bands vs. surface broadcast and identify
PL components contributing to this effect. The residual effect of PL applied by the two methods or
synthetic nitrogen (sN) at seven plant available N rates (0-292 kg ha! yrfl) in 2014-2015 was tested
on corn and cotton in 2016-2019. Corn was grown without applying PL or sN in 2016, and cotton
was grown in 2017-2019 after applying 90 kg ha~! yr~! sN to all plots. Corn produced 40% greater
grain and cotton produced 29% more lint yield due to residuals from PL than sN. Residuals from PL
distinctly increased cotton leaf K over sN regardless of the method of application. Corn and cotton
yield benefits from PL residual were greater if applied by subsurface banding vs. surface broadcast.
This difference diminished with time. The overall results show PL components persist in the soil for
up to 4 years and affect corn and cotton production, but this persistence is greater if the PL is applied
by subsurface banding. This study identified K as the key PL nutrient that persisted in the soil and
benefited cotton yield 4 years after the last application.

Keywords: cotton; corn; potassium nutrition; manure; chlorophyll index; ear leaf N; cotton leaf K

1. Introduction

Poultry litter (PL), a mixture of mostly poultry manure and one of several bedding
materials, has proven to be a valuable fertilizer for row crops [1-3], forage and pasture
grasses [4-6], and forest trees [7]. It is a near-complete fertilizer containing all mineral
elements essential for healthy plant growth and crop production. Driven by its effectiveness
and value as a fertilizer, its use for row crop production has steadily increased over the past
two decades. In the US, it is generated in poultry production houses in the southeastern
region where cotton (Gossypium hirsutum L.) and corn (Zea mays L.) are two of the three
dominant row crops. Only six states in this region generated approximately 7.96 x 10° kg
PL from broiler chickens alone, nearly 60% of the entire broiler litter generated in the US
in 2022 [8].

Litter from broiler chicken operations, as it is obtained from poultry production
facilities, is made up of approximately 60% organic matter, 25% water, and 15% plant
nutrient elements including N, P, K, S, Mg, and many of the minor elements necessary for
plant growth. Usually, it has a neutral to high pH, sometimes as high as 8.5 [9]. When PL is
applied and incorporated into the soil, the organic matter breaks down, gradually releasing
plant nutrients. The breakdown is rapid at the beginning [9,10] and slows with time. It
may take years for the organic matter breakdown to be complete until the most recalcitrant
fractions remain. Pitta et al. [10] recovered only 27% of the initial PL dry matter placed

Agronomy 2024, 14, 582. https:/ /doi.org/10.3390/agronomy14030582

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy14030582
https://doi.org/10.3390/agronomy14030582
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-8610-2619
https://orcid.org/0000-0003-2831-6376
https://doi.org/10.3390/agronomy14030582
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy14030582?type=check_update&version=1

Agronomy 2024, 14, 582

2 of 14

on the soil surface in litter bags for 1 year. The remaining 73% is presumed to have either
volatilized or leached into the soil.

The mineral elements in PL exist in various amounts, proportions, and forms. Some
elements exist in organic forms and others in inorganic forms. The inorganic forms, K for
example, are readily available for uptake as soon as the PL is applied. The ones in organic
forms must be mineralized into forms plants can take up and use. Organic N, for example,
must undergo conversion from organic forms such as proteins to inorganic forms (NH4*
and NO3 ™) for plant uptake. Similar to organic N, organic P and other elements must also
undergo mineralization before they can be taken up and used by plants. The conversion
process takes time and may not be complete in a single cropping season. Further, some
fractions may be consumed by the soil microbiota and become available for plant uptake
gradually after the soil microbes die and decompose releasing the nutrients [11].

Furthermore, the elements in PL do not exist in the same proportions taken up
by plants. For example, PL contains about equal amounts of plant available N and P
(=15kg Mg’1 PL), but plants require much less P than N and, therefore, will uptake less
P than N during a growing season [12,13]. Potassium is taken up by cotton in substantial
amounts also, but the amount removed with the harvested plant parts is just about 20% of
the total uptake [14]. Poultry litter-derived elements not taken up by plant roots during
the crop growing cycle remain in the soil for succeeding crops, although a fraction of them
may also be lost to leaching, runoff, or volatilization. Some PL-derived plant nutrients may
persist in the soil for years and benefit succeeding crops.

The residual benefit of PL to subsequent crops has been shown in some studies. In a
no-till soil in Mississippi, including PL as a component of the cotton fertilization system
increased cotton yield not only in the year of application but also in subsequent years
after stopping litter application and resuming conventional fertilization with synthetic
fertilizers [15]. In a Decatur silt loam soil in Alabama, residual N from PL applied to cotton
2 years prior was capable of meeting about half of the N need of corn [16]. In another
Alabama study, residual PL in the second year after application resulted in as much as
50% of the cotton lint yield and 65% of the corn grain yield produced with standard N
fertilization [17]. Others have shown similar residual effects of PL applied in previous
years on current crops [18].

Poultry litter is traditionally applied by broadcasting on the soil surface with various
kinds of spreaders and may or may not be incorporated into the soil. In no-till systems, the
PL is left on the soil surface all season long, exposed to losses because the no-till practice
proscribes mechanically disturbing the soil to incorporate the PL into the soil. Yet, the
effects of PL applied to no-till systems persist for years after application [15].

Poultry litter is also applied by banding below the soil surface and has been shown
to conserve mineral nutrients contained in the PL in the same season it is applied [19].
Similar to broadcast application, PL applied by sub-surface banding has also been shown
to have residual effects on subsequent crops [20]. However, whether the residual benefits
from PL applied by subsurface banding are greater than PL applied as surface broadcast
years after stopping PL application is not known. The objectives of this study were to
(1) determine whether PL applied in subsurface bands persists longer and affects crop
growth and production greater than PL applied by surface broadcast and (2) identify PL
components contributing to this effect up to 4 years after the last application.

2. Materials and Methods

This study was conducted from 2016 to 2019 at the Mississippi Agricultural and
Forestry Experiment Station (MAFES) in Verona, MS, with a Leeper silty clay loam soil
(fine, smectitic, nonacid, thermic Vertic Epiaquepts). It was a continuation of a 2-year study
in 2014 and 2015 in which the value of poultry litter (PL) applied by surface broadcast and
subsurface banding as fertilizer for corn (Zea mays L.) was tested [21]. The soil initially
had 39 mg kg~! Mehlich 3-extractable P, 136 mg kg~! Mehlich 3-extractable K, 6.3 pH, and
1.7% organic matter, in a 0 to 15 cm depth.
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2.1. Experimental Description

In 2014 and 2015, corn was grown following the application of poultry litter (PL) by
two methods—surface broadcast vs. subsurface band—with six rates each ranging from
4.4 to 26.6 Mg ha~! yr~1. Corn was also grown in both 2014 and 2015 with synthetic
N (sN) application with six rates ranging from 67 to 292 kg ha~! yr~!. An unfertilized
control common to all three treatments was included. All PL or sN applications were made
to target 0, 67, 135, 179, 213, 247, and 292 kg ha~! plant available N. The actual applied
PL rate with either method in 2014 and 2015 was not exactly the same as the target rate
because the applications were based on calibrations. The actual applied sN rate, however,
was equal to the target rate because the application was made by hand after weighing the
amount for each plot. The study included a total of 19 treatments in a randomized complete
block design replicated four times. Each plot consisted of four 15.2 m long rows spaced
0.97 m apart and received the same treatment both years. The treatments in 2016 to 2019
that had received poultry litter by surface broadcast, subsurface banding, and synthetic N
treatments in 2014 and 2015 are, respectively, designated as LBCr (litter broadcast residual),
LSSr (litter subsurface band residual), and sNr (synthetic N residual).

Chemical properties of the PL used in the 2014 and 2015 study are shown in Table 1. A
more complete description of the 2014 and 2015 study is given in Tewolde et al. (2022) [21].

Table 1. Selected chemical properties of poultry litter used in the 2014 and 2015 study.

Property Unit 2014 2015
Moisture Y% 26.1 27.3
Total N gkg! 259 24.7
Total C gkg! 231 214
Ca gkg! 18.7 31.1

K gkg! 22.0 26.4
Mg gkg! 5.60 6.00

P gkg! 10.5 18.7

Cu mg kg~! 227 69.0
Fe mg kg ! 1182 656
Mn mg kg ! 526 412
Zn mg kg*1 347 357

2.2. Plot Management

Every year, the field was managed as a minimum till which involved reforming the
beds after harvesting the previous crop in the fall or in early spring of the same season. Any
tillage in 2014 to 2019 did not involve breaking the beds formed in the fall of 2013. In 2016,
corn was grown in the same field without applying poultry litter or synthetic N fertilizers
to any of the plots. The corn variety was Croplan 6640 (WinField United, Arden Hills, MN,
USA) planted at 74,000 seeds ha~! in all plots on 25 April 2016. While all sN treatments
received 34 kg ha~! P as triple superphosphate based on soil test recommendation, all
poultry litter plots received no fertilization of any kind since this was designed to measure
residual effects from the previous 2 years of fertilization treatments.

In 2017 to 2019, cotton was planted in the same plots every year. PhytoGen cotton
varieties (PHY 444 WREF in 2017 and PHY 430 W3EFE in 2018 and 2019) (Corteva Agriscience,
Indianapolis, IN, USA) were planted at 112,000 seeds ha~! in mid-May each year. All plots,
regardless of the fertility treatment in 2014 to 2015, received the recommended synthetic N rate
of 90 kg ha~! at the match-head square stage (a stage commonly used for N application timing)
each year for optimal cotton lint yield in the region. This was to allow for the quantification of
the residual effects of all nutrients and poultry litter effects other than N. The synthetic N was
applied in the form of urea-ammonium nitrate solution (UAN) (32% N) using a commercial
liquid fertilizer applicator equipped with a coulter-knife system that opened slits about 0.20 m
away from the row center into which the UAN solution was injected to a depth of ~0.1 m.
No other fertilization was applied to any of the treatments in any of the years.
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In all years, regional pest control practices were followed for both corn and cotton,
which are two of the three most dominant and economically important crops in the South-
eastern US. The management employed kept the field free of weeds and other pests. The
field was managed as a non-irrigated field each year, with total rainfall received in the
critical months of May, June, July, and August of 265, 470, 389, and 568 mm in 2016, 2017,
2018, and 2019, respectively (Table 2).

Table 2. Monthly average air temperature and total rainfall for 2016 through 2019 at Verona, MS.

Temperature Rainfall
2016 2017 2018 2019 2016 2017 2018 2019
Month °C °C °C °C mm mm mm mm
May 21.6 21.4 25.0 24.0 28 115 78 114
June 27.7 25.3 27.7 26.1 85 146 143 90
July 28.9 28.6 28.4 28.0 45 47 64 214
August 30.3 29.1 29.5 29.7 107 162 104 150

2.3. Data Collection

Corn grain yield in 2016 was determined by harvesting the entire length of the middle
two rows of each plot. This harvest was accomplished on 7 September 2016 with a two-row
plot combine with the ability to record grain weight and moisture content (Kincaid Seed
Research Equipment Company, Haven, KS, USA). The yield is reported after adjusting the
moisture content to 15.5%.

Cotton lint yield in 2017 to 2019 was also determined by harvesting the full length of
the middle two rows of each plot at the end of each year in the first two weeks in October.
A two-row plot picker retrofitted with a self-weighing and dumping system was used.
About 600 g of seedcotton subsamples from each plot was collected at the time of harvest
for determining lint turnout and for converting harvested seedcotton to lint yield. A 10-saw
benchtop gin was used to separate the lint from the seed of each subsample and the lint
turnout determined as the ratio of lint weight to subsample weight. The lint yield per plot
was calculated as the product of lint turnout and harvested seedcotton weight. Plant height
was measured on 10 to 15 typical plants per plot within 1 wk after picking cotton each year.
The measurements were made from the soil surface to the upper-most visible node.

Leaf nutrient concentration was determined from leaf samples collected at the R1 stage
(silking) in 2016 for corn and at the flowering stage in each of the 3 years (2017-2019) for
cotton. Six ear-leaf samples were collected for corn and 20 upper-most fully expanded whole
leaves were collected for cotton. These samples were dried in a forced air drier at 80 °C to
constant weight and ground to pass through a 1 mm sieve in preparation for nutrient analysis.
The ground leaf samples were analyzed for total P, K, Mg, Ca, Cu, Mn, Fe, and Zn content
using Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-OES; Varian Vista
Pro; Varian Analytical Instruments, Walnut Creek, CA, USA) after ashing a 0.2 g sample in a
mulffle furnace at 500 °C for 4 h. The ashed samples were then digested in 1.0 mL 6 M HCI for
1 h followed by 40 mL solution of 0.0125 M H,SO4 and 0.05 M HCI for an additional 1 h. The
ICP-OES was then used to analyze this digest. Both cotton and corn ground samples were
analyzed for total N by an automated dry combustion method with an Elementar Vario MAX
CN analyzer (Elementar Instrument, Mt. Laurel, NJ, USA).

Corn leaf chlorophyll index was measured on ear leaves at the R1 stage (silking) on
23 June 2016. The measurements were made on 10 ear leaves from the middle two rows
with a Minolta handheld SPAD-502 m (Minolta Corp., Ramsey, NJ, USA). Leaf area index
(LAL the amount of one-sided leaf area per unit ground area) was measured on 30 June
2016 on the middle two corn rows using an AccuPAR 80 (Decagon Devices, Inc., Pullman,
WA, USA). Cotton LAI was also measured by the same method on 3 August 2017, 30 July
2018, and 20 August 2019.
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2.4. Statistical Analysis

All data were subjected to analysis of variance by crop using the PROC MIXED
procedure of the Statistical Analysis System 9.4 (SAS Institute, Cary, NC, USA, 2013).
Initially, as all plots were treated equally in all 4 years, the data were analyzed by crop as a
one-way analysis of variance comparing the residuals from the four main fertility treatments
in 2014 and 2015. Year was included in the model for cotton to test for interaction of year
and fertility treatments, with fertility treatments as the fixed effect factor and replication and
its interactions with fertility treatments as the random effect factors. Group comparisons
were also made between PL and sN using single degree of freedom contrast tests. This
initial analysis was followed by analysis of covariance (ANCOVA), which utilizes ANOVA
and regression analysis to compare the two methods of PL application (LBCr vs. LSSr)
by including PL rate in the model as the covariate. First, the ANCOVA model included
the method of application, the PL rate as a covariate, and their interaction. When there
was no interaction between the method of application and the covariate, the ANCOVA
was repeated after eliminating the interaction term because the lack of interaction shows
the two regression lines of the two methods were parallel to each other. The least squares
means generated by this ANCOVA (which are predicted means of the two methods at
an equal average PL rate) were then compared. Differences between two values were
compared using Tukey’s test at p < 0.05 unless stated otherwise. LS-means from ANCOVA
have greater precision than from ANOVA because the means from ANCOVA are adjusted
for the covariate. PROC REG was used to test the linear and nonlinear relationships
between yield and applied PL and that of yield and leaf K concentration.

3. Results and Discussion
3.1. Corn Response 1 Year after Last PL Application

Corn was grown in 2016 without applying any fertilizers to any of the plots. So the
corn planted in any of the plots should have performed the same if there were no carry
over effects of the fertilizers applied in the previous 2 years. But corn grain yield and other
measurements in 2016 differed among the treatments in the previous two years showing
that the residuals from these treatments affected corn performance. One clear difference
is between the synthetic N residual (sNr) and the poultry litter residual (PLr) treatments,
regardless of the application method. When averaged across rates, the two PLr treatments
produced 40% more grain and had 21% more leaf area index (LAI) and 7.6% greater chloro-
phyll index (Ci) than the sNr treatment (Table 3). These differences were clearly greatest
with the largest rates of the PL or sNr treatments (Figure 1). The grain yield of the PLr
treatments was as large as two-fold of the sNr treatment at the highest respective rates.

Table 3. Grain yield, leaf area index (LAI), chlorophyll index (Ci), and ear leaf N of corn grown in
2016 in a field that had received synthetic N (sNr) or poultry litter (PLr) applied by surface broadcast
(LBCr) or subsurface banding (LSSr) or was unfertilized (UTCr) in 2014 and 2015. Each LBCr, LSSr,
and sNr value is an average across four replications and six fertilization rates in 2014 and 2015. The
UTCr value is an average of four replications.

Treatment Grain Yield LAI Ci Ear Leaf N

Mg ha—1 gkg1

LBCr 455a 2.6a 33.7a 14.7 a

LSSr 4.65a 2.5ab 33.1a 14.1a

sNr 3.27b 2.1b 29.5b 129b

UTCr 3.41 ab 2.0b 30.5 ab 13.2 ab

ANOVA Pr>F

Treatment (trt) 0.01 0.029 0.042 0.04
PLrvs. sNrt 0.002 0.008 0.009 0.01

Note. Means followed by the same letter within a column are not significantly different at p < 0.05. ¥ PLr = Poultry
litter (LBCr + LSSr).
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Figure 1. Grain yield and chlorophyll index (Ci) in 2016 for corn grown in plots that had received
selected rates of synthetic N (sNr) or poultry litter (PLr) applied by surface broadcast (LBCr) or
subsurface banding (LSSr) in 2014 and 2015. Table 4 shows the statistics for comparing LBCr vs. LSSr.

Table 4. Grain yield, leaf area index (LAI), chlorophyll index (Ci), and ear leaf N of corn grown in
2016 in a field that had received selected rates of poultry litter (PLr) applied by surface broadcast
(LBCr) or subsurface banding (LSSr) in 2014 and 2015. Each value is the least squares mean derived
from the analysis of covariance (ANCOVA) with actual applied PLr rate as a covariate.

Grain . Ear Leaf
Treatment Yield LAI Ci N
Mg ha—1 gkg1
LBCr 435b 2.54 33.0 14.5
LSSr 4.85a 2.49 33.7 14.3
ANCOVA Pr>F
Treatment (trt) 0.326 0.691 0.246 0.523
PLr rate <0.001 0.017 <0.001 <0.001
PLr rate x trt 0.949 0.4833 0.432 0.367

Note. Values followed by the same letter within a column are not significantly different at p < 0.05. Values without
letter assignment within a column are not significantly different at p < 0.05. Figure 1 shows the yield and Ci
response to applied PLr rate as the covariate. No significant PLr x trt interaction signifies the two linear responses
to PLr rate applied by LBCr or LSSr are parallel.

Grain yield and Ci remained the same or decreased with increasing sN rates applied in
2014 and 2015 (Figure 1). The grain yield of the sNr in 2016 was highest for the treatments
that had received the least amount of sN or were not fertilized (UTCr) in 2014 and 2015.
The sN treatments that were most productive in 2014 and 2015 produced equal or less grain
yield in 2016 than the ones that were least productive in 2014 and 2015 [21]. Synthetic N
applications considered optimal or above optimal in 2014 and 2015 depressed yield in 2016
when the corn was grown on residual nutrients, only likely because of greater soil nutrient
depletion due to high grain yields than the suboptimal sN applications. The results suggest
that, in real production situations, replenishment of the soil nutrients for crops that follow
a highly productive corn crop fertilized with synthetic N fertilizers is necessary to maintain
productivity of the soil.

The productivity of corn planted in 2016 in soil with PL residuals was proportional to
the rate of the PL applied in 2014 and 2015, regardless of the application method (Figure 1).
Residuals from the lowest PL rates did not result in grain yield or Ci that differed much
from the UTCr or the sNr treatments. As the PL rates applied in 2014 and 2015 increased,
however, the grain yield and the other measurements in 2016 also increased proportionally.
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The grain yield in 2016 increased to as much as 5.9 Mg ha~! with ~16 Mg ha—! yr~! PL
applied in 2014 and 2015. This shows PL-derived nutrients or other PL benefits from the
previous 2 years of PL application carried over to 2016 and contributed to better growth
and yield.

Grain yield did not increase beyond the 16 Mg ha~! yr~! PL rate, likely because other
factors were limiting to yield. Nitrogen was the likely limiting nutrient for grain yield to
exceed the 5.9 Mg ha~! maximum in 2016. Ear leaf N measured around the silking (R1)
stage in 2016 did not exceed 15.0 g kg~ ! when averaged across all PL or sN rates (Table 3)
and remained below 17 g kg~! with any level of PL or sN applied in 2014 and 2015. This
level of ear leaf N is less than half of the published sufficiency range of 28 to 40 g kg~ ! for
optimal corn grain yield [22,23].

Between the two PL application methods, the LSSr resulted in greater grain yield than
the LBCr at a given application rate based on ANCOVA test (Table 4, Figure 1). The highly
significant PLr rate effect on grain yield or the other measurements in Table 4 denotes
a linear increase in these parameters with an increasing PLr rate applied in 2014 and
2015 by either method. The non-significant PLr rate*trt interaction denotes the two linear
responses to PLr rate applied by LBCr or LSSr are parallel (same slopes). The y-intercepts
of the two responses differed with greater y-intercept for the LSSr than the LBCr (not
shown), which also means the LSSr resulted in greater grain yield at any level of PL
since the two lines are parallel to one another. When the LS means (estimated means
at the same PLr) were compared, the LSSr treatment produced 11.6% more grain yield
than the LCBr (4.85 vs. 4.35 Mg ha™!). Although the two treatments did not differ in the
other measurements, these grain yield results indicate that applying PL by subsurface
banding leads to greater conservation of PL than by surface broadcast 1 year after the
last application.

As expected, the corn grain yield in all plots in 2016 was low because the corn received
no PL or sN fertilizers as the purpose was to measure the residual effect of the treatments
imposed in 2014 and 2015. The corn produced as much as 15 Mg ha~! grain in 2014 and
11 Mg ha~! in 2015 when the fertilizers were applied in the same season [21]. In 2016 when
no PL or sN fertilizers were applied, grain yield remained below 8.5 Mg ha~! (Figure 1).
As discussed above, N is the likely key nutrient that limited the yield in all treatments, but
the weather may have played a role. The year 2016 was the driest of the four seasons, with
only 265 mm of total rainfall in the four critical months of May to August in 2016 compared
with >389 mm total in 2017 to 2019 (Table 2).

3.2. Cotton Response to Poultry Litter 2 to 4 Years after Last Application

The cotton lint yield averaged across the 3 years (2017 to 2019) ranged from 1647 kg ha~!
for the sNr treatment to 2151 kg ha~! for the LSSr treatment (Table 5). These rainfed yields
are high for the region. The statewide average yield for 2017 to 2019 in Mississippi was
only 1225 kg ha—! [8].

Table 5. Lint yield, growth, and concentration of selected nutrients in leaves of cotton grown in plots
that had received selected rates of synthetic N (sNr) or poultry litter applied by surface broadcast
(LBCr) or subsurface banding (LSSr) or were unfertilized (UTCr) in 2014 and 2015. Each LBCr, LSSr,
and sNr value is an average across four replications, six fertilization rates in 2014 and 2015, and
3 years (2017 to 2019). The UTCr value is an average of four replications and 3 years.

Treatment Lint Yield Plant Height LAI Leaf N Leaf K Leaf P Leaf Mn

kg ha—1 cm gkgl gkg! gkgl mgkg!
LBCr 2100 a 95.0 a 3.82ab 37.0 11.6a 4.94 45.1b
LSSr 2151 a 96.5 a 399a 36.1 11.6 a 5.11 439b
sNr 1647 c 86.6 b 294 c 36.3 9.0b 493 515a

UTCr 1885b 88.4Db 3.43 bc 37.3 9.7b 5.44 43.6Db
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Table 5. Cont.
Treatment Lint Yield Plant Height LAI Leaf N Leaf K Leaf P Leaf Mn
kg ha—1 cm gkgl gkg! gkgl mgkg!
ANOVA Pr>F
Year (Y) <0.001 <0.001 0.016 <0.001 0.107 <0.001 <0.001
Trez(‘g‘em 0.001 <0001 <0001 0678 <0001 011 0013
YxT 0.581 0.805 0.035 0.843 0.47 0.256 0.008
Pslf\}‘r‘;s' <0.001 <0.001 <0.001 0.728 <0.001 0.372 0.002

2014 & 2015 sN, kg ha™'

100

Note. Means followed by the same letter within a column are not significantly different at p < 0.05. The entire field
(all treatments) received recommended synthetic N fertilization every year in 2017 to 2019, thus the differences
among the treatments are due to the residual effect of poultry litter or synthetic N applied in 2014 and 2015.
Means without letter assignment within a column are not significantly different at p < 0.05. ¥ PLr = poultry litter
(LBCr + LSSr).

3.2.1. Residuals from Poultry Litter vs. Synthetic N

Although all plots/treatments were fertilized with the same recommended amount
of sN in each of the 3 years, cotton grown in plots that had received poultry litter in
2014 and 2015 produced significantly greater lint yield when pooled across years (no
year by treatment interaction) than cotton grown in plots that had received synthetic
N (>2100 kg ha~! for PLr vs. 1647 for sNr) (Table 5). As in corn grain yield, the differences
in lint yield between PLr and the sNr treatments were greater at the higher application
rates than at the lower rates (Figure 2). The PLr treatments also had larger plants (plant
height and LAI) than the sNr treatments.

2014 & 2015 sN, kg ha™ 2014 & 2015 sN, kg ha™'

200 300 100 200 300 100 200 300

Lint yield, kg ha™

1300

500

2017

= |BCr
LSSr
sNr
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Figure 2. Lint yield of cotton in 2017 to 2019 grown in plots that had received selected rates of
synthetic N (sNr) or poultry litter (PLr) applied by surface broadcast (LBCr) or subsurface banding
(LSSr) in 2014 and 2015. Table 6 shows the statistics for comparing LBCr vs. LSSr.

Among the four treatments, the sNr produced the least yield (1647 kg ha~! pooled
across 2017 to 2019) (Table 5). The UTCr which received no fertilization in 2014 and 2015
produced nearly 15% more lint than the sNr. This yield difference in 2017 to 2019 likely
reflects differences in nutrient depletion in 2014 and 2015. The UTCr was likely less depleted
of soil nutrients because of less corn grain yield in 2014 and 2015 than the sNr [21]. In 2017
to 2019, the entire field including these two treatments received 90 kg ha~! synthetic N as
a blanket application based on local N recommendation for cotton. So, the difference in
cotton lint yield and growth between the sNr and UTCr in 2017 to 2019 is likely related to
the depletion of nutrients other than N in 2014 and 2015.
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Table 6. Lint yield, growth, and concentration of selected nutrients in leaves of cotton grown in 2017
to 2019 in plots that had received selected rates of poultry litter (PLr) applied by surface broadcast
(LBCr) or subsurface banding (LSSr) in 2014 and 2015. Each value is the least squares mean of all
3 years derived from the analysis of covariance (ANCOVA) with actual applied PLr as a covariate.

Treatment Lint Yield Plant Height Leaf Area Index Leaf N Leaf K Leaf P Leaf Mn
kg ha-1 cm gkg1 gkg1 gkg1 mg kg1
LBCr 2077 b 95.6 b 3.87b 36.3 114 494Db 45.1
LSSr 2179 a 984 a 412a 36.6 11.8 512 a 433
ANCOVA Pr>F
Treatment (trt) 0.403 0.586 0.235 0.814 0.035 0.165 0.026
PL rate <0.001 <0.001 0.002 0.364 <0.001 0.074 0.195
PL rate x trt 0.953 0.109 0.030 0.915 0.116 0.504 0.032

Note. Values followed by the same letter within a column are not significantly different at p < 0.10. Values
without letter assignment within a column are not significantly different at p < 0.10. No significant PLr rate X trt
interaction signifies the two linear responses to rate of PLr applied by LBCr or LSSr are parallel.

Cotton planted in plots that had received the two PLr treatments (LBCr and LSSr) did
not significantly differ in yield (2100 vs. 2151 kg ha~?!) or plant growth when the means
were pooled across rates and years based on ANOVA that did not take the PLr rates into
consideration (Table 5). Analyzing the data by including PLr rates as a covariate, however,
resulted in significant (p < 0.10) differences between LBCr and LSSr for lint yield, plant
height, and LAI (Table 6). The LSSr treatment in all cases resulted in greater lint yield
and plant growth, although the differences were small. The results, however, show that
applying PL by subsurface banding leads to a greater conservation of PL components than
applying by surface broadcast, considering the average PL applied in the 2 years (2014 and
2015) was 19% less for the LSSr than the LBCr (12.1 vs. 14.9 Mg ha~!) (Table 7).

Table 7. Rates of poultry litter (PL) applied in 2014 and 2015 (each rate is the sum of the two years)
and calculated amounts of selected nutrient elements supplied by these PL rates (each amount is the
sum of the two years).

Applied PL Rate Total N P K Mg Mn Zn
LBCr LSSr LBCr LSSr LBCr LSSr LBCr LSSr LBCr LSSr LBCr LSSr LBCr LSSr
Mg ha-1 kgha1

10.2 6.7 258 170 155 98 251 163 60 39 4.7 3.2 3.6 24
185 13.7 468 347 277 203 452 334 108 80 8.6 6.4 6.5 4.8
23.1 21.1 587 533 332 311 558 512 134 122 10.9 9.8 8.1 74
32.8 27.5 829 695 485 406 798 668 191 160 15.3 12.8 11.6 9.7
41.7 33.5 1054 850 613 488 1012 812 242 195 19.5 15.8 14.7 11.8
52.3 421 1324 1065 768 621 1270 1024 304 245 245 19.7 184 14.8

3.2.2. Cotton Lint Yield Response in 2017 to 2019 to PL or sN Rates Applied in 2014
and 2015

The cotton lint yield in each of the 3 years between 2017 and 2019 depended on the rate
of PL applied in 2014 and 2015. Each year, the lint yield linearly increased with an increasing
PL rate, whether it was applied as broadcast or by subsurface banding (Figure 2, Table 6).
This increase in lint yield in 2017 to 2019 due to the PL rate or method of application
may not be due to differences in N supplied by the PL, because all of the cotton in all
treatments received the same recommended amount of synthetic N every year in 2017 to
2019. Thus, the increases due to PL rates may be attributed to components of PL other than
N. These components persisted in the soil for 2 to 4 years to impact cotton yield in 2017
to 2019. The effect was dependent on the rate of PL application with weaker coefficients
of determination in the last year (2019) than the previous 2 years. This may be reflective
of the diminishing residual PL effects with time. These results are similar to the findings
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by Tewolde et al. (2016) [15] who found that the residual benefit of surface-applied and
unincorporated PL is greatest in the first year after stopping PL fertilization, and the benefit
diminishes with subsequent seasons. Tewolde et al. (2018) [20] also reported that residuals
from a relatively low rate of PL applied for 3 years increased cotton lint yield by a 2 years
average of 29% after stopping PL applications.

These results overall suggest that the residual benefits of PL applied 2 to 4 years ago
are proportional to the rate applied, whether applied by surface broadcast or subsurface
banding. One year after the last application, the benefits to corn grain yield were greater if
the PL was applied by subsurface banding vs. surface broadcasting. The greater benefit to
yield when the PL was applied by subsurface banding continued in years subsequent to
2016, but this benefit seemed to diminish with time.

Unlike the PL residual response, the lint yield in 2017 to 2019 decreased (negative
slope) or remained the same with increasing sN applied in 2014 and 2015 (Figure 2, Table 8).
As described earlier, this decrease is likely due to increasing grain yield with increasing sN
rates [21] and associated soil nutrient depletion in 2014 and 2015.

Table 8. Regression coefficients of regressing cotton lint yield in 2017 to 2019 on poultry litter
rates applied by surface broadcast (LBCr) or subsurface banding (LSSr), or on synthetic N (sNr)
rates, applied in 2014 and 2015. All treatments received recommended synthetic N fertilization
(90 kg ha~! yr~1) in 2017 to 2019.

Year Treatment Intercept Slope Pr>F R? n
kgha1 kgha—1Mg1
2017 LBCr 1929 17.9 0.001 0.41 24
LSSr 2081 13.4 0.022 0.22 24
sNr 1887 -0.8 0.190 0.07 28
2018 LBCr 2088 19.2 0.011 0.26 24
LSSr 2223 20.1 0.010 0.26 24
sNr 1981 —05 0.467 0.02 27
2019 LBCr 1548 12.3 0.066 0.15 24
LSSr 1601 12.0 0.054 0.17 23
sNr 1687 -2.0 0.004 0.29 27

3.2.3. Cotton Leaf Nutrient Levels in 2017 to 2019 Reflect PL or sN Rates Applied in 2014
and 2015

Cotton leaf K and Mn concentrations but not leaf N or P differed among the four
treatments (LBCr, LSSr, sNr, and UTCr) when the data were pooled across rates and
years (Table 5). Leaf N concentration averaged across all four treatments was 36.7 g kg~ !.
All treatments received the same recommended sN rate (90 kg ha~!) every year, so the
treatments were not expected to differ in leaf N. The treatments also had similar leaf
P with an average of 5.1 g kg~!. Further, differences among the treatments for other
mineral elements including Mg (2.77 mg kg~ ! average), Ca (23.4 mg kg ! average), and
the microelements Zn, Fe, or Cu (average of, respectively, 28.6, 83.1, 10.9 mg kg’l) did
not exist.

The two treatments that received PL in 2014 and 2015 (LBCr and LSSr), however,
clearly had greater leaf K concentration than the other two that did not receive PL (sNr and
UTCr) (11.6 vs. 9.35 g kg~ 1) and less leaf Mn than the sNr treatment (44.5 vs. 51.5 mg kg 1)
(Table 5).

Leaf K in 2017 to 2019, like lint yield, increased with increasing rates of PL and
decreased or remained the same with increasing sN applied in 2014 and 2015 (Figure 3).
The increasing leaf K level in all 3 years with increasing PL rate applied in 2014 and 2015
suggests that PL supplied K in proportion to the applied PL. The 2-year total amount of
K supplied by the PL in 2014 and 2015 ranged from 251 to 1270 kg ha~! for the LBCr
treatment and from 163 to 1024 kg ha~! for the LSSr treatment (Table 7). A fraction of
these amounts was removed with the corn grain harvested in each of the 3 years (2014 to
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2016). However, this amount is likely small relative to the amount applied, because the K
concentration in corn grain typically is as low as 4.9 g kg1, and the amount removed at
harvest is also low (<50 kg ha~! depending on the grain yield) [24,25]. This implies that
much of the K derived from PL applied in 2014 and 2015 remained in the soil and benefited
cotton planted in 2017 to 2019. The removal of K with harvested seedcotton is also low
(<60 kg ha™!) relative to the total applied [26]. Much of the K taken up by the cotton plant
remains in non-harvestable plant parts including leaves and burs; thus, the K that carried
over into 2017 likely depleted only gradually. These results suggest K derived from PL
applied in a season or two may persist in the soil and benefit cotton production for an
extended period, which was up to 4 years in our study.

2014 & 2015 sN, kg ha™' 2014 & 2015 sN, kg ha™' 2014 & 2015 sN, kg ha™
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Figure 3. Cotton leaf K response in 2017 to 2019 to rates of synthetic N (sNr) or poultry litter applied
by surface broadcast (LBCr) or subsurface banding (LSSr) in a field that was planted with corn in
2014 and 2015. The entire field received recommended synthetic N fertilization every year in 2017
to 2019.

Between the two PL application methods, there were no clear differences in leaf K
when pooled across all the PL rates and years (11.4 vs. 11.8 g kg~ 1) (Table 6). The difference
between LBCr and LSSr in leaf K averaged across the PL rates within each year were also
not significant, although the LSSr seemed to have greater leaf K at lower PL rates (Figure 3).
This suggests the persistence of K from PL applied up to 4 years ago may be about the
same whether applied by surface broadcast or subsurface band.

Leaf Mn was also affected by the treatments, although there was a year by treatment
interaction (Table 5). Unlike leaf K, PL application, regardless of the method or rate of appli-
cation, reduced leaf Mn relative to the sN applied in 2014 and 2015. When averaged across
the 3 years and rates, the sNr had leaf Mn of 51.5 mg kg ! compared with <45.1 mg kg !
for the PL treatments. The UTCr had similar leaf Mn as the PL treatments. The significant
year by treatment interaction (p = 0.008) was because the greater leaf Mn of the sNr was
significant in 2018 but not in 2017 and 2019. Within the same season of application, PL has
been shown to reduce cotton leaf Mn concentration relative to synthetic N fertilizers [19].
This reduction is desirable in low-pH soils, as excessive Mn uptake in such soils can lead to
Mn toxicity and yield reductions. Poultry litter tends to increase soil pH when applied to
low pH soils [27,28] which occur widely in Southeastern US. Thus, the reduction in leaf
Mn due to PL fertilization could be associated with its effect of reducing soil acidity. This
effect seems to linger for as long as 4 years after the last PL application.

Unlike leaf K and Mn, leaf concentrations of N, P, Mg, and most microelements in
2017 to 2019 were not affected by the PL applied in 2014 and 2015. The PL applied in 2014
and 2015 supplied other elements including N, P, Mg, and microelements in proportion
to the increasing PL rate. However, the increasing rates of application (Table 7) did not
affect these elements, for multiple possible reasons. The first possibility is that much of
the PL-supplied nutrients were used up by the corn or were lost to leaching, volatilization,
or runoff in the first 3 years. This is the likely explanation for PL-supplied N. The lack
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of leaf nutrient response in 2017 to 2019 to PL applied in 2014 and 2015 for some of the
other nutrients including P, Mg, Fe, and Zn may be attributed to the existence of sufficient
extractable levels of these nutrients in the soil for cotton uptake. Thus, any additional
amount supplied by the PL applied in 2014 and 2015 should not be expected to increase
their levels in leaves.

3.2.4. K Nutrition Explains the Lint Yield Increase Due to PL Application History

Potassium nutrition in 2017 to 2019 as measured by leaf K concentration seems to be
the key factor that led to the yield differences among the PL and sN treatments including
the rates. As discussed above, these treatments affected the lint yield when the data were
pooled across the years (Table 5). This response seems to mirror the leaf K response to the
treatments. The correlation of leaf K with the lint yield supports this observation (Figure 4).
The lint yield increased with the increasing leaf K concentration in each of the 3 years,
although this relationship was strongest in 2017 and weakest in 2019. The weak relationship
in 2019 likely suggests that the effect of K nutrition fades over time, likely showing that K
was gradually removed from the soil with harvested seedcotton.

3000 P
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Figure 4. Relationship between lint yield and leaf K in 2017 to 2019 of cotton grown in a field that
had received synthetic N (sNr) or poultry litter applied by surface broadcast (LBCr) or subsurface
banding (LSSr) at different rates in 2014 and 2015. The entire field received recommended synthetic
N fertilization every year in 2017 to 2019.

The reduction in leaf Mn levels due to PL fertilization relative to sN fertilization may
also be considered desirable as Mn toxicity is a concern in low-pH soils. However, this soil
was only slightly acidic, and the leaf Mn levels measured in the sN-fertilized treatments
(Table 5) would not be considered toxic levels. Thus, improving the K nutrition of the
cotton plant is the primary reason PL fertilization increased lint yield, although reduced
leaf Mn may have contributed to a degree.

4. Conclusions

The results of this study showed that components of poultry litter persisted in the
soil for as long as 4 years and benefited corn grain in the first year and cotton lint yield
in the last 3 years. Residuals from PL increased the corn grain yield by an average of
40% and the cotton lint yield by an average of 29%, relative to residuals from synthetic N.
Potassium was the key PL component that persisted in the soil and benefited lint yield, and
N was one of the key components that benefited corn yield. Applying PL by subsurface
banding vs. surface broadcast had greater a benefit on corn yield 1 year after stopping
PL application. This advantage persisted in the cotton crop 2 to 4 years after the last PL
application, but this advantage diminished in the later years. The results overall show PL
components, regardless of the application method, persist in the soil for up to 4 years and



Agronomy 2024, 14, 582 13 of 14

affect corn or cotton production. This study identified K as the key PL component that
persisted in the soil and benefited cotton yield 4 years after the last application, showing
that fertilizing cotton with poultry litter reduces or eliminates the need to apply K fertilizers
long after stopping poultry litter applications.
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