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Abstract: The knowledge about nutrient dynamics in the soil is pivotal for sustainable agriculture.
A comprehensive research trial can retort unanswered questions. Dynamics of nutrients sourced
from organic amendment types (chicken manure, dairy manure, and MilorganiteTM) applied at
different rates (0, 168, 336, 672 kg total N/ha) were monitored within and below the rootzone of
collard greens cultivated on a sandy loam soil in Prairie View, TX, USA. Macro- and micronutrients
(e.g., TN: total nitrogen, P: phosphorous, K: potassium, Na: sodium, Ca: calcium, Mg: magnesium, B:
boron, Cu: copper, Fe: iron, and Zn: zinc) were analyzed from soil solution samples collected during
six sampling periods from within and below the rootzone. As hypothesized, the organic amendment
types and rates significantly (p < 0.05 and/or 0.01) affected nutrient dynamics within and below
the crop rootzone. Chicken manure released significantly more TN, P, K, Na, Ca, Mg, B, Cu, and Fe
than the other two amendments. The application of chicken manure and MilorganiteTM resulted in
higher below-the-rootzone leachate concentration of TN, Na, Mg, and Ca than in the leachates of
dairy manure. Dairy manure treatments had the lowest concentrations of TN, Ca, and Mg; whereas,
MilorganiteTM had the lowest concentrations of P, K, Na, B, and Cu in the collected leachates. The
higher level of P (i.e., 4% in MilorganiteTM as compared to 2 and 0.5% in chicken and dairy manures,
respectively, might have reduced the formation of Vesicular-Arbuscular (VA) mycorrhizae—a fungus
with the ability to dissolve the soil P, resulting in slow release of P from MilorganiteTM treatment
than from the other two treatments. Patterns of nutrient dynamics varied with rain and irrigation
events under the effects of the soil water and time lapse of the amendment applications’ rates and
types. All the macronutrients were present within the rootzone and leached below the rootzone,
except Na. The dynamic of nutrients was element-specific and was influenced by the amendments’
type and application rate.

Keywords: agricultural production; environmental safety; organic amendments; nutrient dynamics;
soil fertility

1. Introduction

Collard greens (Brassica oleracea var. acephala) are among the vegetables that make
a favorite dish at restaurants and attractive isles in food sections of major stores across
the southern USA, South America, and China. People prefer it as a part of healthy diets,
usually comprising fibrous leafy vegetables rich in vitamins and low in calories [1,2]. There
are intense demands for fresh and processed collard greens.
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Production of collard greens requires nutrient-rich soil. Efficient nutrient management
is essential for optimum crop yield; it accounts for nutrient dynamics below crops’ rootzone.
A lack of awareness of the dangers in-built in the mere use of fertilizer alone for enhancing
crop productivity deteriorates soil health and the environment [3]. For healthy soils and a
clean environment, the use of synthetic fertilizers can be reduced by using organic sources
of plant nutrients without compromising crop production [4].

Applying fertilizers to soils enhances their health and provides crops with nutrients
needed for their development and growth [5]. Organic agriculture uses organic manures
as the only source of plant nutrients. Poultry manure is a rich source of major macronutri-
ents [6]. It also contains high concentrations of micronutrients, including Cu and Zn [7],
apparently derived from growth promoters in poultry feed [8]. Dairy manure, poultry
manure, and Milorganite (a biosolid) are sources of necessary crop macro- and micronutri-
ents [9–12]. Cattle manure is a good source of nutrients, such as N, P, K, S, and Mg, coming
from livestock diets and other trace elements. Reported values of nutrients found in cattle
manure include 7.89 g kg−1 for P, 38.45 g kg−1 for K [13], and 2–8.1 g kg−1 for N [14].

Milorganite™ (MILwaukee ORGAnic NITtrogEn), introduced by the Milwaukee
Metropolitan Sewerage District (Milwaukee, WI), is a Class A biosolid [15] that meets
the US EPA standards for arsenic, cadmium, Cu, lead, mercury, molybdenum, nickel,
selenium, and Zn limits [16]. Having an N–P–K ratio of 6–2–0 and low solubility compared
to commercial fertilizers, MilorganiteTM is distributed without restriction and labeling their
origin or pollutant content [17]. It has been reported to be significantly more phytoavailable
than triple superphosphate (TSP) in Candler Florida soil [18] and for its property of least
cumulative P release than biological P removal (BPR) and other BPR-like biosolids [19].

The mobility of nutrients in the vadose zone is a function of the rate and time of
application of manure and/or biosolids applications. Excessive application of chicken
manure (CM) can result in nitrate (NO3-N) abundance in the crop rootzone. Once leached
below the rootzone, NO3-N is beyond plant uptake and eventually ends up in groundwater
aquifers [20]. Phosphorous is readily available for plant uptake in most soils. Most of the
added P tends to be attracted to soil particle charges resulting in its minimum leaching
down the soil profile.

Furthermore, P is cycled from roots to aboveground parts of the plant and is rede-
posited in crop residues on the soil surface. Therefore, most agricultural fields need lower
quantities of P than N that may be supplied with slow-releasing soil amendments. Ap-
plying manure or biosolids to meet plant N requirements often results in the excessive
application of P [16]. Excessive P accumulation is not harmful to crops but could lead to
several environmental problems, especially in poor P-sorbing soils [19]. Once applied to
agricultural fields, P has a tendency of attachment with soil particles [21]. Potassium, as a
macronutrient, is a fundamental element for plant growth, which markedly affects biomass
accumulation and biomass partitioning [22]. Showing an elusive behavior, K exchange
in heterogeneous systems has been reported to be in equilibrium rather than a dynamic
nature [23]. Other macro- and micronutrients have been reported to have miscellaneous
trends in their dynamics depending upon their source of origin and the type of soils they
were considered in [16,24,25] resulting in good crop growth but at some times soil and
environmental degradations.

Organic agriculture supports environmental stewardship. Commercial-scale recy-
cling of agricultural and municipal wastes into organic soil amendments facilitates safe
disposal of waste, improves soil health, and reduces environmental degradation [26].
Tanha [27] conducted a field experiment to examine the changes in pedostructure-based
soil characterization under different soil management methods involving three organic
treatments (chicken, dairy manure, and Milorganite) applied at three different rates and
found that the dairy manure had improved soil aggregate structure better than chicken
manure and Milorganite. Organic amendment types and rates influence the rhizosphere
and phyllosphere microbiota profiles of collard greens [28]. Kebrom et al. [29] evaluated
phytotoxicity of chicken manure, Milorganite, and dairy manure to collard greens and
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identified phytotoxic effects of chicken manure and Milorganite, but not dairy manure, to
collard greens. Particularly, nickel in chicken manure and Milorganite aqueous extracts
was 28-fold and 21-fold, respectively, higher than previously reported toxic levels to wheat
seedlings. Kebrom et al. [26] identified phytotoxic levels of copper and nickel in commercial
organic soil amendments recycled from poultry farms and municipal wastes and found
that commercial chicken manure and Milorganite (recycled from municipal waste) were
more phytotoxic than poultry manure. Application of exogenous N fertilizers (poultry
or chicken manure and/or biosolids such as Milorganite) provides agronomic benefits
but carries environmental liabilities [30]. For example, higher cumulative CO2 emissions
for the soils amended with chicken manure and Milorganite but the lowest for the soils
amended with dairy manure were reported by Ray et al. [31]. Organic agriculture faces
challenges of balancing the use of organic manures either in the form of dry manure or in
the shape of manure slurry to fulfill crop nutrient requirements on efficient basis.

Application of exogenous organic matter, sourced from natural fertilizers including
dry organic manures and/or slurry, to soil enriches it with micro- and macro-elements
necessary for the growth and yield of crops [32]. However, managing benefits and liabilities
of N-based fertilizers in conventional and organic cropping systems (managed by the
application of only organic manures or organic manures mixed with synthetic fertilizers)
might be improved with better knowledge of nutrient dynamics, the generation of intrinsic
N, and maintenance of soil organic matter [31]. The knowledge about nutrient dynamics in
the soil is pivotal for sustainable agriculture and a safe environment.

Effective nutrient management can address issues of sustainable agriculture and
environmental stewardship as water, soil, and nutrient management are highly intercon-
nected [33]. Thus, the best agricultural management practices help developing solutions to
the broader challenges that restrict farm profitability [34]. Effective nutrient management
facilitates farmer learning about nutrient dynamics within and below rootzone as well as
augments the learning from the soil and nutrient monitoring [35]. Innovative agricultural
management practices have been discussed in detail elsewhere [36,37]. Good agricultural
management practices include practices to manage soil, water, and nutrients for ideal soil
health and productivity.

Organic soil amendments provide crops with their nutrient needs and maintain soil
health by modifying their physical, chemical, and biological properties [29,38]. Small-scale
vegetable and fruit crop growers are transitioning from conventional farming to environ-
mentally friendly and more profitable semi-organic or organic farming [39]; therefore,
they are shifting from using conventional inorganic fertilizers to organic fertilizers and
soil amendments prepared from municipal, industrial, and farm wastes [40]. Agronomic
management through better use of inputs benefits farmers both by enhancing productivity
and profitability [41].

An extensive literature review did not reveal any detailed study on the effect of
organic amendment types and rates on dynamics of macro- and micronutrients within
and below the rootzone of collard greens under southeast Texas edaphic conditions. It
was hypothesized the dynamics of macro- and micronutrients within and below the
crop rootzone would vary with organic amendment types and rates. There is a need to
quantify the effects of different organic amendment types and application rates on nutrient
availability and fate within and below the rootzone during such conditions. Therefore,
this study’s objective was to quantify the effect of organic amendment types and rates on
dynamics of macro- and micronutrients within and below the rootzone of collard greens
under southeast Texas edaphic conditions.

2. Materials and Methods
2.1. Experimental Field

This experiment was conducted at the University Research Farm of the College of
Agriculture and Human Sciences, Prairie View A&M University, Prairie View, Texas,
USA. This area’s annual rainfall varies from 460 to 1914 mm, with an average annual
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rainfall of 1126 mm based on monthly rainfall data from 1980 to 2018 (PRISM data:
http://www.prism.oregonstate.edu/, accessed on 12 January 2020). The soil at the field is
classified as Wockley fine sandy loam. The taxonomic class of the Wockley Series based on
US Soil Taxonomy is fine-loamy, siliceous, semiactive, hyperthermic Plinthaquic Paleudalfs.
Selected characteristics of this soil are shown in Table 1.

Table 1. Selected characteristics of Wockley fine sandy loam soil at the experimental field.

Depth
(cm)

Soil Horizon and
Texture

% Ksat
(cm/hr)

pH
Sand Silt Clay

0–18 A—Fine sandy loam 61–70 26–32 4.0–7.0

0.97

5.1–6.0
18–56 E—Fine sandy loam 51–62 29–40 6.0–9.0 5.6–6.5
56–147 Btc—Sandy clay loam 45–52 17–31 22–37 5.1–6.5

147–203 Btcv—Sandy clay loam 38–46 19–23 31–46 5.6–6.5

2.2. Organic Amendments, Experimental Design, and Agronomic Practices

Four application rates of chicken manure, dairy manure, and Milorganite™ biosolid
were applied on 36 raised bed plots (300 cm × 150 cm). The application rates were based on
the recommended nitrogen rate per hectare (N/ha). They included: (i) 0 (no-amendment
control), (ii) 168 (low N rate), (iii) 336 (medium N rate), and 672 kg total N/ha (high N
rate). The chemical properties of organic amendments are summarized in Table 2.

Table 2. Properties of organic amendments showing the composition of nutrients, pH, and electrical conductivity.

% ppm

OA * N P K Ca Mg B Cu Fe Zn Na As Cd Cr Pb Hg pH EC **

CM 3 2 3 10,632 3900 279 117 259 424 5558 1.9 0 4 0.9 1.9 7.8 5.8
DM 0.5 0.5 0.5 9833 357 69 7 164 74 451 1.7 0.1 2 1.3 7.8 8.2 3.4
MG 5 4 0 6140 2171 102 45 2154 220 851 2.9 0.2 18 15.2 0 6.1 3.8

* OA = Organic Amendment, CM = Chiken Manure, DM = Dairy Manure, MG = Milorganite, ** Electrical Conductivity (EC) unit mS
cm−1, Nitrogen (N), Phosphate (P), Potash (K), Calcium (Ca), Magnesium (Mg), Boron (B), Copper (Cu), Iron (Fe), Zinc (Zn), Sodium (Na),
Arsenic (As), Cadmium (Cd), Chromium (Cr), Lead (Pb), Mercury (Hg).

The layout of a 3 × 4 factorial experimental design, with three organic amendment
types (chicken manure, dairy manure, and MilorganiteTM) and four rates (0, 168, 336, and
672 kg N/ha) arranged in a randomized complete block design with three replications is
shown in Figure 1. The organic amendments applied to each plot were mixed into the top
15 cm of the soil using hoes and rakes. Plots were seeded with collard greens in October
2017. A three-line-drip irrigation system was installed at each bed. All experimental plots
were uniformly hand-weeded throughout the growing season.

Figure 1. The layout of the experimental field showing twelve amendment combinations (including chicken manure, dairy
manure, and MilorganiteTM × application rate 0, 168, 336, and 672 kg of total nitrogen per hectare) replicated thrice in
thirty-six experimental plots in a factorial design.

http://www.prism.oregonstate.edu/
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2.3. Data Collection and Analysis

Soil suction cups were installed before sowing at 15 and 45 cm depths to collect soil
solution samples within and below the crop rootzone. Soil solutions were collected six
times during the growing season from each plot and analyzed for macro- (TN, P, K, Na, Ca,
and Mg) and micronutrients (B, Cu, Fe, and Zn). It is considered that the TN concentration
reported in the Results section may contain both organic N and the mineralized content
of the N; however, the mineral contents of N (NH3-N or NH4-N) were not separately
determined and are not discussed as such. Daily weather data were collected using a
weather station that was installed at the site. Irrigation was scheduled based on soil oisture
availability and considering the rainfall and crop growth stages. Daily rainfall, irrigation,
and soil solution sampling dates are shown in Figure 2.

Figure 2. Daily rainfall, supplemental irrigation, and six sampling events during the growing season.

All water samples were filtered with 45 µm filters (Millex-HA, Merck Millipore Ltd.,
Darmstadt, Germany), and analyzed in triplicates for TN, P, K, Na, Ca, Mg, B, Cu, Fe, and
Zn using inductively coupled plasma-optical emission spectrometry (ICP-OES).

The study hypothesis was tested by calculating analysis of variance (ANOVA) for the
selected within- and below-rootzone macro- and micronutrients, under the effects of type
and rate of soil amendments, using Statistix software package (Analytical Software 2003,
Tallahassee, FL). Macro- and micronutrients were dependent variables, and the rate and
type of soil amendments were covariance factors. Tukey’s mean separation (least significant
difference) test was used to separate the effect of type and rate of soil amendments on
macro- and micronutrients when statistically significant effects and/or interactions were
found between the factors.

3. Results and Discussions

As hypothesized, the dynamics of most of the macro- and micronutrients studied
significantly varied within and below the rootzone of collard greens differently under the
effects of organic amendment types (chicken manure, dairy manure, and MilorganiteTM)
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and application rates (0, 168, 336, 672 kg total N/ha). The categorized results are presented
and discussed below.

3.1. Macronutrients within the Rootzone

Organic amendment types and rates had significant (p < 0.05) and highly significant (p
< 0.01) effects on dynamics of macronutrients at varying times within and below the root-
zone of collard greens (Table 3). Significant interactions of types and rates of amendments
were also recorded for TN and P in the rootzone and K below the rootzone. Asymmetrical
variations in macronutrient concentrations may be related to the variation of mineralization
rates as a result of the edaphic conditions and due to poor distribution of rainfall events
during the growing season (Figure 2). Increased soil moisture resulted in the release of
nutrients from applied amendments to the soil and their presence in soil water samples
collected in the suction cups [42]. The release of nutrients depended on the amount of soil
moisture and time lapse after the amendments were mixed into the soil. Data presented in
Table 3 show that most of the nutrient releases occurred during the second, third, fourth,
and fifth collection periods. Concentrations of nutrients during the second sampling period
were likely influenced by supplemental irrigation. The concentrations during the third
and fifth sampling periods were due to rainfall received, and during the fourth sampling
period, it was probably due to the time lapse between the last irrigation intakes and sample
collection time. These results concur with the findings of Basso and Ritchie [43] and [44],
who reported that soil moisture is one of the main factors that affect manure decomposition
and mineralization.

Table 3. Analysis of variance (ANOVA) results for the concentration of macronutrients (TN: total nitrogen, P: phosphorous,
K: potassium, Ca: calcium, and Mg: magnesium) in samples collected from and below the rootzone six times during the
growing season. The bold symbols reflect the mean of these nutrients as highly significantly (p < 0.01) and the regular
symbols reflect the mean of these nutrients as significantly (p < 0.05) different as well as higher than the respective mean
values of these nutrients detected in the control treatments under the effects of amendment types, rates, or their interactions.

Within-Rootzone Collection Time Below-Rootzone Collection Time

SOV df 1 2 3 4 5 6 1 2 3 4 5 6

Block 2 Mg

Type 2 K P, K, Na TN, P, TN, P, K,
Na, Mg, Ca K TN, P, Ca,

Mg TN TN, Ca

Rate 3 K P, K, Na,
Ca, Mg

TN, P, K,
Ca, Mg

TN, P, Na,
Ca, Mg

TN, P, Na,
Ca, Mg

TN, Na,
Ca, Mg P P TN, P, Ca,

Mg Ca, Mg Ca, Mg

Type × Rate 6 P P TN, P TN K
Error 19
Total 32

SOV, sources of variation; df, degree of freedom.

The effect of types of organic amendments on the release of macronutrients is shown
in Figure 3. Chicken manure and MilorganiteTM released significantly more TN than
did dairy manure during the fourth and fifth sampling periods. The differences were
more than double during the fourth sampling period and more than triple during the
fifth sampling period. This was probably due to the difference in the higher original
N content in chicken manure and MilorganiteTM than in dairy manure (Table 2). These
results are in concurrence with the findings of Eghball et al. [45]. They reported that
the mineralization of organic N was low for composted manure (~18%) and high for
swine and/or chicken manure (~55%). Eghball [46] related lower N availability from
composted manures to the loss of easily convertible N compounds during composting and
the presence of stable N compounds. Results from the 16-day incubation trials of Aulakh
et al. [47] show that cattle manure’s mineralization N, presumed N, poultry (chicken)
manure N, and green manure N were 12, 20, 29, and 44%, respectively. Varying N release
was likely due to the differences in the rate of mineralization of various manures. However,
P release from MilorganiteTM remained slower than the other two manures despite its
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significantly higher original content in MilorganiteTM. This confirms its designation as a
slow P-releasing product and its low potential of contaminating neighboring surface water
bodies. Phosphorus is a surface water pollutant carried by eroded sediment particles into
surface waters (https://www.milorganite.com/using-milorganite/safety, accessed on 12
January 2020). Alleoni et al. [48] reported that there was 14% less bioavailable P in the
runoff samples from MilorganiteTM treatment than triple superphosphate.

Figure 3. Effect of type of amendments (chicken manure, dairy manure, and MilorganiteTM) on macronutrients’ (total
nitrogen, phosphorous, potassium, sodium, calcium, and magnesium) dynamics in the crop rootzone. Tukey’s mean
separation results are shown by homogeneous group letters; that is, the mean values with letters A, a, or A are significantly
different (and large) from those represented by respective (upper/lower case or underlined italic) letters other than A, a,
or A and not different from those represented with same respective letter or its combination with any other letter(s), for
example, AB and ab.

Literature, e.g., [49,50] has reported that high levels of P (e.g., 4% in MilorganiteTM as
compared to 2 and 0.5% in chicken and dairy manures, respectively, as shown in Table 2)
can reduce the formation of Vesicular-Arbuscular (VA) mycorrhizae. VA mycorrhiza is a
fungus with the ability to dissolve the P found in abundance in the soil. VA mycorrhizae

https://www.milorganite.com/using-milorganite/safety
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have limited inhibition in the MilorganiteTM amended soils [51]. Therefore, the lack of
VA mycorrhizae may be attributed to a slower release of available P in MilorganiteTM

treatment. The lower availability of P ions in MilorganiteTM may have been accentuated
by the atypically dry growing season (especially during December and January), thus
slowing the release and assimilation of P even further similar to the findings of Arnold and
Kapustka [51].

There were similar trends in the dynamics of K (first, second, and fifth collection
periods), P (second, fourth, and fifth collection periods), and Na (second and fifth collection
periods) when chicken manure was quicker in releasing these macronutrients and had
higher concentrations of these macronutrients than those of MilorganiteTM (Figure 3).
Calcium and Mg were only detected in the leachates of the rootzone during the fifth
sampling period. Their higher concentrations released from chicken manure followed a
similar trend as those of K and Na. The higher concentrations of K, Ca, Na, and Mg releases
may be attributed to their higher presence in chicken manure than in MilorganiteTM. The
release of Ca and Mg from dairy manure was not significantly different from those of the
chicken manure and MilorganiteTM treatments. MilorganiteTM had higher Mg content
than dairy manure, and thus, there were higher Mg releases from Milorganite than from
dairy manure, although it was not statistically significant (Table 3, Figure 3). The trends
of TN, Ca, and Mg were similar whenever they were detected within the crop rootzone
by showing higher concentrations from the release of chicken manure and MilorganiteTM

than dairy manure (Figure 3).

3.2. Macronutrients below the Rootzone

The impact of the organic amendment types and rates on the macronutrients below
the rootzone was more pronounced than within the rootzone. In addition, there were
significant effects of the organic amendment types and rates during the fourth to sixth
sampling periods (Table 4). Amendment types had a highly significant (p < 0.01) effect
on TN during the fourth to sixth sampling periods; moreover, amendment rates had a
significant effect on TN during the fourth sampling period and a significant interaction
between types and rates during the fifth sampling period. This reflects TN’s tendency
to leach, mostly in the form of nitrate (NO3-N). Nitrate produced from N mineralization
is leached below the rootzone potentially to the groundwater if applied excessively to
the agricultural fields through fertilizers [52]. Excessive or over-application of fertilizers
might have resulted in significantly higher concentrations of TN in leachates collected
from treatments of chicken manure and MilorganiteTM than in dairy manure treatments
(Figure 4).

Table 4. Analysis of variance (ANOVA) results for the concentration of micronutrients (B: boron, Cu: copper, Fe: iron, and
Zn: zinc) in samples collected from and below rootzone six times during the growing season. The bold symbols reflect
the mean of these nutrients as highly significantly (p < 0.01) and the regular symbols reflect the mean of these nutrients as
significantly (p < 0.05) different as well as higher than the respective mean values of these nutrients detected in the control
treatments under the effects of amendment types, rates, or their interactions.

Within-Rootzone Collection Time Below-Rootzone Collection Time

SOV DF 1 2 3 4 5 6 1 2 3 4 5 6

Block 2
Type 2 B B, Cu, Fe B, Cu B, Cu B B Cu Fe
Rate 3 B, Cu B Zn Zn Zn

Type × Rate 6 B, Fe B, Cu B Fe
Error 19
Total 32

SOV, sources of variation; df, degree of freedom.
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Figure 4. Effect of type of amendments (chicken manure, dairy manure, and MilorganiteTM) on macronutrients’ dynamics
(total nitrogen, phosphorous, potassium, calcium, and magnesium) below crop rootzone. Tukey mean separation results are
shown by homogeneous group letters; that is, the mean values with letters A, a, or A are significantly different (and large)
from those represented by respective (upper/lower case or underlined italic) letters other than A, a, or A and not different
from those represented with same respective letter or its combination with any other letter(s), for example, AB and ab.

Results of the statistical analysis presented in Table 3 show that there was a significant
effect of amendment types on the dynamics of P, K, Mg, and Ca below the crop rootzone
(p < 0.05). However, there was a highly significant effect of rate of amendment application
on the below-rootzone concentrations of P, Ca, and Mg (p < 0.01). The application of chicken
manure and MilorganiteTM resulted in higher below-the-rootzone leachate concentration
of TN, Mg, and Ca than in the leachates of dairy manure (Figure 4). This may be due
to three-fold higher N mineralization rates of chicken manure (55%) compared to that of
composted manure (18%) as reported by Eghball et al. [45]. Furthermore, they stated that P
availability from all animal manure production sources is as high as >70%; since most of
the manure P is inorganic, it becomes plant-available right after manure application to soil.
Further to it, they stated that K availability from animal manure is nearly 100%; therefore,
animal manure can be used similar to K fertilizer. Leytem et al. [53] evaluated the cycling of
P and N through cropping systems in an intensive dairy production region of Magic Valley
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located in the southcentral Idaho (USA) and concluded that there are benefits to applying
livestock manures as they can provide large amounts of N and P as well as a variety of
additional macro- and micronutrients [54] to growing crops probably because the animal
manures are rich in nutrients than other organic manures [55]. The movement of nutrients
is also related to soil physicochemical properties that are impacted by manure types. Sandy
soils and soils with high sand content, such as the soil of this experiment, (Table 1) have
lower cation exchange and low water holding capacity than fine-texture soils, resulting in
low water and nutrient retentions and resulting in nutrients’ leaching below the rootzone
of crops grown on these soils. Blanco-Canqui et al. [56] reported significant improvements
in the soil properties of the top 30 cm layers of sandy loam soils in Nebraska in response to
long-term (71 years) manure applications as compared to soils amended with inorganic
fertilization. They found that across N levels, manure application reduced soil bulk density
by 6%, increased soil water holding capacity by about 17%, resulting in about 16% more
plant available water than manure-free plots. Soil organic carbon concentration increased
by two-fold while negatively correlating with soil compatibility (r > −0.77) and positively
with water retention (r > 0.72). Higher release of K from dairy manure than the other major
macronutrients was also confirmed by Motavalli et al. [57], who studied the first-year
nutrient availability from incorporated dairy manure under corn and reported that K was
highly available (24–153%) to the plants followed by P (12 to 89%) and N (12 to 63%).
Hepperly et al. [58] reported increases in crop productivity and soil fertility in response
to applying raw cattle manure or composted manure for a longer term than synthetic
fertilizers. They argued that since synthetic fertilizers have higher energy requirements,
they pose nitrate leaching potential and cannot improve N and C soil nutrient levels of soil
over a more extended period.

3.3. Micronutrients within the Rootzone

Boron concentration varied significantly or highly significantly in response to the effect
of amendment type during all six sampling periods (Table 4). However, the amendment
application rate had significant effects on B concentrations during the second and third
sampling periods only, whereas the interaction of amendment types and rates significantly
affected B dynamics during the first three sampling periods. The other three micronutrients
(Cu, Fe, and Zn) showed different responses to amendment types, rates, and their interac-
tion during the various sampling periods. Copper showed varying dynamics during the
second to fourth periods; however, Fe concentration varied during the first two sampling
periods, and Zn concentration varied during fourth to sixth periods only.

Most of the B, Cu, and Fe releases were during the initial sampling period for treat-
ments of all three organic amendments (Figure 5). Chicken manure had significant and
higher releases than the other two amendments; during the respective six sampling periods,
it released 17, 101, 31, 322, 297, and 147% and 27, 119, 43, 536, 568, and 151% more B than
dairy manure and MilorganiteTM, respectively. The release of Cu from chicken manure was
substantially enormous compared to its release from the other two amendments. Release
of Fe from chicken manure was 270 and 720% more than those from dairy manure and
MilorganiteTM, respectively.
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Figure 5. Effect of type of amendments (chicken manure, dairy manure, and MilorganiteTM) on dynamics of micronutrients
(boron, copper, and iron) in crop rootzone (left column) and below rootzone (right column). Tukey’s mean separation results
are shown by homogeneous group letters; that is, the mean values with letters A, a, or A are significantly different (and
large) from those represented by respective (upper/lower case or underlined italic) letters other than A, a, or A and not
different from those represented with same respective letter or its combination with any other letter(s), for example, AB
and ab.

3.4. Micronutrients below the Rootzone

Copper and Fe were the only micronutrients that leached below the rootzone during
the first and fourth sampling periods, respectively, under the significant effect of amend-
ment types (Table 4). There was also a significant interaction between types and rates
of amendments for Fe below the rootzone. The mean concentration of Cu released from
the nutrient-rich chicken manure was significantly different and 44.4% higher from the
mean value of Cu released from dairy manure and 108% higher from that released by
MilorganiteTM. In contrast, Fe released from dairy manure was significantly different
and 476 and 1438% higher in dairy manure than in chicken manure and MilorganiteTM,
respectively. Overall, there was no considerable leaching of micronutrients below the
rootzone of collard greens from all types and rates of organic amendments compared to
macronutrients (Tables 3 and 4).

3.5. Effect of Rate of Amendment Applications

Table 5 contains ANOVA results for the concentration of macronutrients in soil water
samples collected from and below rootzone for six sampling periods during the growing
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season as affected by the four application rates including control (C), high (HR), medium
(MR), and low (LR). Tukey’s mean separation results show that the treatments of HR
had a significantly greater and almost double concentration of all macronutrients in the
rootzone. The macronutrient concentrations in the rootzone for the treatment of LR had a
non-significant difference from values of the treatment of MR. Non-significant differences
between the concentrations of MR and LR reflect the abundance of macronutrients available
for plant needs and their potential leaching below the rootzone in case of excessive water
resulting from rain or irrigation. Such situations in the field can be avoided through
controlled water application to agricultural fields. Although the farmers cannot control
rain, proper irrigation scheduling can prevent the leaching of unused plant nutrients in
case of continuous drought periods. Changing patterns of rain caused by climate change
would bring possible drought, necessitating irrigation of crops for parts of the world that
are rain-fed and do not currently need supplemental irrigation [59].

Table 5. Analysis of variance (ANOVA) results for the concentration of macronutrients (ppm) in samples collected from
and below rootzone six times during the growing season as affected by application rates (C: control, HR: high rates, MR:
medium rates, and LR: low rates). Tukey’s mean separation results are shown by homogeneous group letters, that is, a
mean value with letter A or a is significantly different (and large) from those represented by letters other than A or a and
not different from those represented with the same respective letter or its combination with any other letter(s), for example,
AB and ab.

Application
Rates

Within-Rootzone Collection Time Below-Rootzone Collection Time

1 2 3 4 5 6 1 2 3 4 5 6

C Total
nitrogen - - 104 B 56.8 B 29.9 A 14.2 B - - - 122 B - -

HR - - 196 A 157 AB 104 A 61.5 A - - - 175 A - -
MR - - 172 AB 174 A 103 A 46.0 AB - - - 154 AB - -
LR - - 107 AB 73.1 AB 41.0 AB 14.8 B - - - 118 B - -
C Phosphorous - 0.06 B 0.05 B 0.09 B 0.05 B - 0.31 B 0.04 B 0.11 B - -

HR - 0.26 A 0.19 A 0.35 A 0.30 A - 0.80 A 0.15 A 0.33 A - -
MR - 0.13 B 0.08 B 0.22 AB 0.15 AB - 0.52 AB 0.06 AB 0.19 AB - -
LR - 0.09 B 0.05 B 0.15 AB 0.09 B - 0.19 B 0.05 AB 0.11 B - -
C Potassium 57.5 B 6.49 B 7.90 B - - - - - - - - 1.44 AB

HR 144 A 56.7 A 34.7 A - - - - - - - - 1.58 AB

MR 120 A 23.6 AB 22.0 AB - - - - - - - - 0.96 B

LR 56.1 B 2.88 B 10.2 AB - - - - - - - - 3.39 A

C Sodium - 45.3 B - 39.2 B 33.3 C 33.7 B - - - - - -
HR - 123 A - 116 A 115 A 128 A - - - - - -
MR - 98.0 AB - 113 A 107 AB 104 AB - - - - - -
LR - 53.5 AB - 62.5 AB 51.4 BC 50.4 B - - - - - NS
C Calcium - 92.4 B 119 B 56.2 B 38.6 C 29.7 C - - - 122 B 71.6 B 101 B

HR - 222 A 250 A 157 A 134 A 113 A - - - 175 A 185 A 189 A

MR - 199 AB 220 A 140 AB 116 AB 94.5 AB - - - 154 AB 104 B 135 B

LR - 118 AB 146 A 75.7 AB 57.6 BC 45.8 BC - - - 118 B 71.6 B 103 B

C Magnesium - 23.0 B 30.3 B 14.3 B 8.90 B 7.35 C - - - 23.9 B 15.3 B 10.2 B

HR - 61.0 A 71.4 A 50.3 A 38.4 A 36.0 A - - - 48.4 A 46.6 A 24.4 A

MR - 55.9 AB 66.2 AB 38.9 AB 30.7 AB 28.6 AB - - - 33.5 AB 24.1 AB 15.5 AB

LR - 28.9 B 39.2 B 20.6 AB 15.3 AB 11.7 BC - - - 24.1 B 15.5 B 13.4 AB

Movement of all macronutrients below the rootzone was witnessed, except for Na,
during different sampling periods (Table 5). These results concur with the findings of
Zotarelli et al. [60] who monitored N accumulation and fertilizer use efficiency in tomato
grown on a Florida sandy soil, as affected by N rate and irrigation scheduling. They
found that N higher application rates did not increase the fruit and/or shoot biomass
of tomato but substantially increased NO3-N leaching and recommended that proper
irrigation scheduling would minimize nutrient leaching from agricultural fields in sandy
soils. Leaching of nutrients below the rootzone of various crops has also been related
to the amount of water in the crop rootzone by other studies [61]. Boron, Cu, and Zn
had similar effects of amendment application rates on their dynamics in the rootzone
(Table 6). However, the amendment application rates did not have any significant effect on
the dynamics of micronutrients below the rootzone of collard greens.
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Table 6. Analysis of variance (ANOVA) results for the concentration of micronutrients (ppm) in samples collected from and
below rootzone for six times during the growing season as affected by application rates (C: control, HR: high rates, MR:
medium rates, and LR: low rates). Tukey’s mean separation results are shown by homogeneous group letters, that is, a
mean value with letter A or a is significantly different (and large) from those represented by letters other than A or a and
not different from those represented with the same respective letter or its combination with any other letter(s), for example,
AB and ab.

Application
Rates

Within-Rootzone Collection Time Below-Rootzone Collection Time

1 2 3 4 5 6 1 2 3 4 5 6

C Boron - 0.07 B 0.07 B - - - - - - - - -
HR - 0.18 A 0.11 A - - - - - - - - -
MR - 0.09 B 0.09 B - - - - - - - - -
LR - 0.08 B 0.08 AB - - - - - - - - -
C Copper - 0 B - - - - - - - - - -

HR - 0.03 A - - - - - - - - - -
MR - 0.01 AB - - - - - - - - - -
LR - 0.0003 B - - - - - - - - - -
C Iron - - - - - - - - - - - -

HR - - - - - - - - - - - -
MR - - - - - - - - - - - -
LR - - - - - - - - - - - -
C Zinc - - - 0.03 B 0.01 A 0.02 B - - - - - -

HR - - - 0.11 A 0.12 A 0.08 A - - - - - -
MR - - - 0.10 AB 0.07 A 0.05 AB - - - - - -
LR - - - 0.03 B 0.01 A 0.02 B - - - - - -

Along with the benefits of organic sources of fertilizers, the risk of buildup of heavy
metals with the long-term use of soil organic amendments should not be ignored. Besides
useful plant macro- and micronutrients, the organic amendments contain heavy metals,
such as chromium, arsenic, selenium, nickel, and salts [62]. Therefore, organic soil amend-
ments might add unwanted elements such as toxic heavy metals or salts, which might
inhibit crop growth and reduce yield [29]. Chicken manure and Milorganite TM have been
reported to have toxic micronutrients and heavy metals, including Cu, Zn, Ni, As, and
Cr [63–65] potentially added to the diet of chicken manure to protect chickens from disease
and improve productivity [66,67]. The long-term use and/or high rates of application of
such organic soil amendments may result in a buildup of leachable heavy metals in soils to
a toxic level, potentially inhibiting crop growth and reducing yield [29,68].

4. Conclusions

This study was conducted to understand the complex dynamics of nutrients sourced
from different types and rates of soil amendment applications in the collard greens grown
on sandy loam soil in Prairie View, TX, USA. There were significant and highly significant
effects of amendment types and their application rates on the dynamics of the studied
macro- and micronutrients within and below the rootzone. Most of the macronutrients,
except Na, remained within the rootzone with some movement below the rootzone. How-
ever, the releases of these nutrients varied with amendment types; this might be due to
differences in manures’ mineralization rates. Chicken manure had significantly higher B,
Cu, and Fe releases than the other amendments as evident from the higher concentrations
of its micronutrients within the rootzone of this treatment. These concentrations were
significantly higher than those in the rootzone of dairy manure and Milorganite TM treat-
ments. Chicken manure released more TN (presumably the combination of organic N and
mineralized contents of N), P, K, Na, Ca, Mg, B, Cu, and Fe than the other two amendments.
However, dairy manure treatments had the lowest concentrations of TN (supposedly com-
prising the organized and mineralized contents of N), Ca, and Mg; meanwhile, Milorganite
TM had the lowest presence of P, K, Na, B, and Cu in their leachates.
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Higher organic amendment application rates can substantially increase nutrient leach-
ing, especially under excess rainfall and irrigation events, which further increase nutrient
leaching from agricultural fields, especially sandy and sandy loam soils of the experimental
field used for this study. The dynamics of nutrients depend on their nature, source, and the
amendments application rates necessitating the need to monitor each nutrient’s level in the
plant material and the environment. An applied outcome of studying nutrient dynamics in
the rhizosphere and below the rootzone of a crop is the ability to incorporate concepts of the
best nutrient management for progressive plant growth and environmental stewardship.
Selection of the best nutrient source among organic manures and the biosolids that ensure
a nutrient-rich rhizosphere through the controlled release of nutrient contents from the
applied soil amendments is key to profitable farming and environment-friendly sustainable
agriculture.
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