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Abstract: Using local resources and minimizing environmental impacts are two important com-
ponents of sustainable agriculture. Meat and bone meal (MBM), tankage, is a locally produced
organic fertilizer. This study was conducted to investigate the response of sweet corn (Zea mays L. var.
saccharata Stuart.) and soil water nitrate (NO3-N) concentration to MBM application at two locations,
Waimānalo and Poamoho, on the island of O’ahu. The objectives were to determine effects of six
application rates (0, 112, 224, 336, 448 and 672 kg N ha−1) and two application timings (preplant and
split application) on: (1) sweet corn growth, yield, and quality, and (2) soil water nitrate concentration
within and below the root zone. The split-plot was designed as four replicates randomly arranged in
a complete block. Plant growth of roots and shoots, yield, and relative leaf chlorophyll content of
sweet corn increased with increasing application rates of MBM in both locations. At Poamoho, yield
was 13.6% greater in preplant versus split application. Nitrate-nitrogen losses were reduced by 20%
at Waimānalo and 40% at Poamoho when MBM was applied in split applications. These findings
suggest that MBM is an effective nitrogen source for sweet corn and a split application of MBM may
reduce the potential for pollution.

Keywords: organic fertilizer; sustainable agriculture; nitrogen; tropical soils; Zea mays L. var. saccha-
rata; maize; tankage

1. Introduction

Utilizing locally-produced inputs to efficiently provide plant nutrition is important
for sustainable agriculture systems, especially in an isolated island such as Hawai’i [1].
Applying organic waste by-products as fertilizer also serves as a strategy to safely recycle
nutrients that would otherwise need to be disposed of [2,3]. Meat and bone meal (MBM),
or tankage, is the solid by-product of animal rendering. The combined annual production
of MBM in U.S. and Canada was 2.5 million metric tons in 2004 [4]. After the outbreak of
bovine spongiform encephalopathy, or mad cow disease, MBM was banned from animal
feed and alternative uses were emphasized. Non-feed uses of MBM include soil amend-
ment, biofuel [5], and feed supplement for fish, poultry, and non-ruminant animals [6].
Meat and bone meal has been an attractive choice as an organic fertilizer because of its
high (9–10%) nitrogen (N) content [7]. The nitrogen content of MBM is comparable to
other animal-based fertilizers such as blood and feather meal with N content ranging from
6–12% [8]. The low carbon to nitrogen ratio, ranging from 4:1 to 5:1 indicates MBM has
a relatively high N mineralization rate when compared with other organic amendments.
When MBM is applied, crops also benefit from other macronutrients and micronutrients
that enhance plant growth [9], increase microbial population and activity, and suppress
plant pathogens [10]. Furthermore, MBM is allowed under the National Organic Program
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(NOP) and is locally available in many regions of the world. The use of MBM to fertilize
organic crops can aid in agricultural intensification that helps meet increasing consumer
demand for local and organically-grown produce [11]. Previous studies have reported
MBM as an effective N source for wheat and rapeseed, cereals and oilseed rape [12,13],
and comparable to mineral fertilizer on barley and oat [14]. However, few studies have
investigated the effect of application timing of MBM within a cropping season.

Applying nutrients needed for crop growth while minimizing nutrient losses to
the environment is an essential part of sustainable nutrient management [15]. However,
synchronizing N supply with crop-N uptake is challenging when organic fertilizers are
used. Nitrogen in organic materials must first be mineralized to inorganic form, mainly
NO3, by soil bacteria. Mineralization is a complex process that depends on factors such as
feedstock, temperature, moisture levels, soil type, and pH [16]. Many organic amendments
have low N content resulting in slow mineralization of nitrogen and tying up of nitrogen
initially by the mineralizing microbes. However, this is not the case with materials such
as BMB and feather meal, that mineralize faster due to their high N content. In-season
N application from feather meal was shown to increase sweet corn yield [17]. For MBM
mineralization, Ahmad et al. [18] found the N release to be 20% in the first 14 days and up
to 75% within 90 days, in a leachate column with two Hawai’ian soils. Similarly, Chaves
et al. [19] reported 18% to 37% of the N was released in the first 14 days after soil application
in Spain.

The C:N ratio is a good predictor of N mineralization and leaching risk [20]. Split
application of high N fertilizer is encouraged to improve synchronization of N availability
with crop demands [21]. Totsi et al. [22] found split application of blood meal on wheat
increased yield and reduced N runoff to the watershed. Meat and bone meal is a good
candidate for split application in organic systems because of its rapid N mineralization
potential [23]. However, reports of the effect of split application of MBM on crop growth
and soil solution NO3-N concentrations have not been found.

Sweet corn (Zea mays L. var. saccharata Sturt.) is an agriculturally important crop
worldwide and is planted year-round in the tropics [24]. Recommended fertilization rates
for sweet corn range from 168–224 kg N ha−1 [25,26]. Specific objectives of this study were
to examine the effect of MBM application rates (0, 112, 224, 336, 448 and 672 kg N ha−1)
and application timing (preplant and split) on (1) sweet corn growth, yield, and quality,
and (2) nitrate concentration within and below the root zone. The study was conducted in
two locations with different soil types common in agriculture in Hawai’i.

2. Materials and Methods
2.1. Study Area

This experiment was conducted at two research stations of the University of Hawai’i:
Waimānalo and Poamoho Agriculture Research Stations on the island of O’ahu. At
Waimānalo (21◦19’57” N; 157◦42’49” W), the study was conducted from 6 June to 31 August
2015. The Waimānalo station is located at 23 m elevation with a 20-year mean annual tem-
perature of 22 ◦C and annual rainfall of 1397 mm. The soil was a Waialua series (very fine,
mixed, superactive, isohyperthermic Pachic Haplustolls). At Poamoho (21◦32’38” N;
158◦05’17” W), the study was conducted from 20 April to 12 July 2016. The time of the
planting was different due to a delay in field preparation at Waimānalo. However, plant-
ing date was not a major problem since corn can be grown year-round in Hawai’i. The
elevation at Poamoho station is 140 m with a 20-year mean annual temperature of 22 ◦C
and annual rainfall of 889 mm. The soil was a Wahiawa soil series (very fine, kaolinitic,
isohyperthermic Rhodic Haplustox). Daily total rainfall and daily average air temperatures
were collected from weather stations at each of the sites.

2.2. Experimental Design

The two experiments were arranged in a split-plot randomized complete block design.
Main plot treatments of application timing included preplant (applied 100% before planting)
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and split (applied 50% before planting and 50% one month after planting). Nitrogen (N)
application rates of 0, 112, 224, 336, 448, and 672 kg ha−1 were randomly distributed
in experimental units 3 × 3 m (9 m2) in size. The experimental design differed slightly
between location. Poamoho had 6 application rates and 2 timings and fully replicated
4 times with main plot size 3 × 18 m (54 m2) with a total of 48 subplots. At Poamoho, the
additional N rate of 672 kg ha−1 was included to reach a yield plateau that was not fully
defined at Waimānalo. Waimānalo was the experimental site of the first year and had 5 N
application rates (0, 112, 224, 336 and 448 kg ha−1) and 2 application timings. The 0 and
112 kg N ha−1 rate treatments were replicated only twice due to limited space, and rates
of 224, 336 and 448 kg ha−1 were replicated 4 times. Main plot size was 3 × 15 m (45 m2)
with a total of 32 subplots.

2.3. Fertilizer Application Rate and Timing

Meat and bone meal (MBM) was obtained from Baker Commodities Inc. (Kapolei
Industrial Park, HI), contained an average of 9.7% N, 3.27% P, and 0.84% K [18]. Initial
soil (Table 1) and MBM samples (Table 2) for each location were submitted to the Agri-
cultural Diagnostic Service Center (ADSC) at the University of Hawai’i at Manoa for
nutrient analysis.

Table 1. Soil analyses from field trials at two locations in O’ahu, Hawai’i.

P z K Ca Mg Mn Fe Cu Zn N C

Location pH mg g−1 mg dm−3 %
Waimānalo 6.6 306 393 4510 1465 384 191 11 11 0.14 2.1
Poamoho 5.4 288 623 887 179 695 41 28 26 0.07 1.2

z The Modified Truog procedure was used for extractable P.

Table 2. Nutrient analyses from meat and bone meal fertilizer z used in field trials.

N P K Ca Mg Fe Mn Zn Cu B C

Location % ug g−1 %
Waimānalo 8.9 2.8 0.67 5.5 0.15 992 12 79 3.0 12 46.7
Poamoho 10.0 2.7 0.83 5.0 0.16 1526 17 87 3.0 5.0 47.1

z Meat and bone meal fertilizer obtained from Baker Commodities in Kapolei, HI, USA.

Field sites were tilled and treatments of MBM were incorporated manually to a depth
of 10 cm one week before planting. Preplant fertilization occurred 100%, right before
planting and split application of fertilizer occurred 50% preplant followed by applying the
remaining 50% one month later. Sweet corn ‘UH Supersweet #10′ was direct-seeded along
drip irrigation lines with 19 cm between plants and 75 cm between rows, approximately
62,500 plants ha−1. Corn seeds were sown using a handheld jabber planter on 6 June 2015
and 20 April 2016 for Waimānalo and Poamoho, respectively. The two seeds per hole were
thinned to one plant per hole one week after germination. Corn was harvested manually
on 31 August 2015 and 12 July 2016 for Waimānalo and Poamoho, respectively. Pests and
weeds were controlled at each site as needed. At Poamoho, lime (Microna Agricultural
Lime, Crop Protection Services, Kunia, HI, USA) was applied at a rate of 1 Mg ha−1 to
adjust pH from 5.4 to 6.4 according to the liming curve for this soil type [27]. For the split
application, MBM fertilizer was applied on the soil surface 7 cm from corn plants and
incorporated manually in the top 5–10 cm depth without damaging the roots.

2.4. Suction Cup Lysimeter Installation and Soil Solution Collection

Two suction cup lysimeters (Soil Moisture Corp, Santa Barbara, CA, USA) were
installed between the center rows of each plot for weekly collection of soil pore water
during the study period. Holes were drilled at two depths, with 60 cm between the
two lysimeters, using an auger: within the root zone (30 cm) and below the root zone
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(60 cm). Hydrologic contact between the soil and lysimeter was achieved by making a
slurry (1:2 soil:water) to fill the space between the bottom of the hole and the ceramic cup
at the base of the lysimeter. A manual vacuum pump was used to create a pressure of
80 kPa and the neoprene tubing was clamped to maintain suction. Suction cup lysimeters
were emptied weekly and a 50 mL sample from each was saved for analysis. After each
collection, the lysimeters were rinsed with deionized water, emptied, a vacuum was created
(80 kPa) and the tubing again clamped.

2.5. Soil Solution Analyses

The soil solution samples were collected weekly from lysimeters for 8 consecutive
weeks during the study period. After collection, samples were cooled for transport, stored
at 4 ◦C to prevent N transformation before analysis, and then analyzed within 36 h of sam-
ple collection [28]. Vernier ion-selective electrodes (Vernier Software, Beaverton, OR, USA)
were used to measure nitrate (NO3-N) and ammonium (NH4-N) ions. Electrodes were
soaked for at least 30 min before each use and calibrated to high (100 mg L−1) and low
(1 mg L−1) standard solutions. Samples were brought up to ambient temperature (25 ◦C)
before analyses. Data from the electrodes were collected using LabQuest® interface (Vernier
Software, Beaverton, OR, USA) used as a standalone device. All sensors were rinsed with
deionized water between samples and blotted dry before reading the next sample.

2.6. Plant Growth, Yield, and Quality Measurements

Plant growth, yield, and quality parameters were collected from the two center rows of
the four rows of corn per plot. Relative leaf chlorophyll content was measured weekly for
8 consecutive weeks during the study periods using a Minolta-502 SPAD meter (Spectrum
Technologies, Plainfield, IL, USA). One reading was taken from the top collared leaf of
each of 3 plants per plot, and the average was recorded. This corresponded with the time
for growers to make decisions about side dress fertilization [29]. Leaf chlorophyll content
measurements were converted to an N sufficiency index (S.I.) to express in relative terms
to evaluate sufficiency of leaf N in corn as compared to a well-fertilized reference using the
Equation (1) [30]:

Nitrogen S.I. % =
average reading

average reference
× 100% (1)

In both locations, S.I. was calculated by dividing average readings from each plot
by the average reference using averages of plots with the N rate of 448 kg ha−1. The
S.I. corresponding N status was then interpreted according to the guidelines of Varvel
et al. [31]. Plant growth data included post-harvest measurements of leaf area and fresh
and dry weights of shoot and root biomass. Leaf area and below-ground root biomass
were taken from a sub-sample of 3 randomly selected plants per plot. A drain spade
shovel (15 × 40 cm) was used to collect the roots of 3 randomly selected plants per plot
and soil was removed with a water spray. Above-ground shoot biomass was taken from a
sub-sample of 5 randomly selected plants cut 10 cm above ground level. Shoot and root
biomass fresh weights were recorded, then oven-dried at 70 ◦C for 72 h, and dry weights
recorded. Yield data included total fresh weight (husk on, untrimmed) of marketable ears
per plot, corn ear fresh weights and dry weights, and soluble solids content (SSC). Ear
fresh weights were recorded from a sub-sample of 3 representative ears per plot then dried
at 70 ◦C for 72 h and dry weights recorded. An additional sub-sample of 3 ears per plot
was selected to estimate kernel SSC. Kernels were cut from a 5 cm cross-section in the
center of the cob and the composite sample was squeezed with a garlic press onto a digital
refractometer (Model 96811, Hanna Instruments, Woonsocket, RI, USA).

2.7. Statistical Analysis

Data analysis was performed with split-plot analysis of variance (ANOVA) using SAS
Version 9.4 (SAS Institute Inc., Cary, NC, USA, 2013). Soil water NO3-N and leaf chlorophyll
measurements were subjected to repeated measure analysis using PROC MIXED procedure.
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All variables were checked for normality using PROC UNIVARIATE and transformed
accordingly if needed. Only true means were presented. When treatment effects were
significant, means were separated by Waller–Duncan k-ratio (k = 100) t-test. Statistical
significance (α) was set a priori at 5% (0.05). Regression analysis between rates of MBM
application and corn growth, yield, and soil water NO3-N parameters were conducted
using JMP® Version 13.1 (SAS Institute, Inc., Cary, NC, USA, 2013).

3. Results
3.1. Air Temperature and Precipitation

The mean precipitation during the study period at Waimānalo was 3.7 mm d−1,
ranging from 0 to 87 mm d−1 with several heavy rainfall events related to a tropical storm
occurring during the last 14 days of the study (Figure 1A). This was six times the amount
of rainfall as compared to multiyear averages. The temperature ranged from 21 ◦C to 28 ◦C
with a mean temperature of 25.9 ◦C during the study period at Waimānalo; this is 0.87 ◦C
warmer than the multiyear average temperature during these months. Poamoho received
less precipitation than Waimānalo with a mean of 2 mm d−1 and a range of 0 to 38 mm d−1

during the study period (Figure 1B). At Poamoho, the mean daily temperature ranged
from 21 ◦C to 26 ◦C and the mean temperature was 24 ◦C during the study period. The
temperature at Poamoho was generally similar to multiyear averages and precipitation
was about double the multiyear average due to two heavy rainfall events at the end of
May 2016.
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Figure 1. Daily mean precipitation over the study period at (A) Waimānalo and (B) Poamoho Research Stations in
O’ahu, Hawai’i.

3.2. Growth, Yield, and Quality

At Waimānalo, MBM rates had a highly significant effect (p ≤ 0.01) on sweet corn
yield, shoot dry weights, root dry weights, and leaf area (Table 3). Shoot and root biomass
increased with increasing MBM rate. Although the highest yield of marketable sweet
corn (213 g plant−1) was achieved with the application rates of 448 kg N ha−1, yields
from the MBM rates of 224 to 448 kg N ha−1 were not significantly different from each
other. Corn ear fresh weights regressed with MBM rate quadratically (p = 0.0141, R2 = 0.25;
Figure 2A). Shoot dry weights, root dry weights, and leaf area regressed with MBM
similarly. Application timing had no effect on any of the parameters measured. Kernel
quality based on SCC averaged 13.3% (±1.15) and was not different among the treatments.
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Table 3. Mean (SE) growth and yield components of sweet corn grown in field trials receiving meat and bone meal at two locations in Oahu, Hawaii.

Yield (g plant−1) Ear FW (g plant−1) Ear DW (g plant−1) Shoot DW (g plant−1) Root DW (g plant−1) Leaf Area (cm−3)

Waimanalo
N Rate (kg ha−1)

0 156.49 (29.74) b z 198.88 (14.11) 43.50 (4.21) 50.38 (3.12) c 7.58 (0.48) c 239.25 (11.84) d

112 162.81 (10.81) b 190.38 (8.69) 44.33 (3.18) 75.88 (2.86) b 13.67 (0.42) bc 272.25 (15.64) cd

224 185.10 (8.64) ab 205.50 (7.97) 45.38 (2.35) 80.25 (4.44) b 13.13 (1.15) bc 260.88 (9.33) bc

336 208.06 (6.68) a 217.75 (7.06) 50.54 (2.65) 88.50 (4.08) a 16.88 (1.93) ab 295.75 (8.13) ab

448 213.88 (8.42) a 227.13 (8.02) 52.38 (2.54) 95.13 (3.76) a 20.75 (1.97) a 309.38 (4.70) a

Timing
Preplant 179.25 (9.18) 207.65 (7.01) 47.00 (2.18) 80.10 (6.28) 15.30 (1.55) 277.65 (8.92)

Split 191.29 (8.27) 208.20 (5.13) 47.30 (1.66) 75.95 (7.66) 13.50 (1.23) 273.35 (7.60)
Rates p = 0.0046 p = 0.0559 p = 0.1202 p < 0.0001 p = 0.002 p = 0.0004

Timing NS NS NS NS NS NS
Rates × timing NS NS NS NS NS NS

Poamoho
N Rate (kg ha−1)

0 183.23 (24.52) c 231.50 (7.99) c 66.25 (4.25) c 101.88 (7.56) c 13.38 (1.93) b 298.64 (10.02) d

112 212.80 (31.91) bc 237.88 (13.13) c 71.38 (5.03) bc 107.04 (8.80) bc 17.13 (1.76) b 306.68 (11.07) cd

224 224.99 (19.65) abc 270.25 (8.31) b 84.88 (4.71) ab 132.50 (7.13) abc 24.25 (2.15) a 333.57 (12.72) bc

336 261.31 (15.41) ab 301.41 (13.93) a 90.75 (5.91) a 135.52 (12.52) abc 26.88 (3.80) a 329.78 (12.33) bc

448 258.26 (19.26) ab 310.13 (15.11) a 95.63 (6.86) a 141.38 (12.88) ab 24.38 (2.37) a 357.97 (14.56) ab

672 288.08 (11.66) a 319.50 (5.47) a 99.25 (2.61) a 147.01 (14.06) a 27.88 (2.74) a 366.41 (11.64) a

Timing
Preplant 255.52 (12.59) a 278.13 (9.50) 84.38 (3.99) 134.75 (12.09) 25.50 (1.87) 337.64 (8.93)

Split 220.71 (14.12) b 278.79 (9.46) 85.00 (3.54) 120.33 (9.57) 19.13 (1.44) 326.70 (7.73)
Rates p = 0.015 p < 0.0001 p = 0.0006 p = 0.0247 p = 0.0002 p = 0.0003

Timing p = 0.0479 NS NS p = 0.1113 p = 0.1703 NS
Rates × timing NS NS NS NS NS NS

Abbreviations: N = nitrogen, FW = fresh weight, DW = dry weight. Bold text indicates a statistically significant difference with a p ≤ 0.05. z Mean separation by Waller-Duncan k-ratio (k = 100) t test at p ≤ 0.05.
Means in a column followed with the same letter are not significantly different.
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Figure 2. Regression analysis between meat and bone meal (MBM) application N rates and fresh weights, and of sweet corn
ears at (A) Waimānalo and (B) Poamoho Research Stations.

At Poamoho, MBM rates had a highly significant effect on sweet corn yield, ear fresh
and dry weights, root dry weights, leaf area (p ≤ 0.01), and shoot dry weights (p ≤ 0.05;
Table 3). The highest sweet corn yield (288 g plant−1) was achieved with the highest MBM
application rate (672 kg N ha−1) and was significantly different from the yield from the
unfertilized and 112 kg N ha−1 rate. Unlike Waimānalo, application timing of MBM had a
significant effect (p ≤ 0.05) on yield, where corn yield declined from 255 to 220 g plant−1

for preplant compared to split application. Corn ear fresh weights regressed with MBM
rates quadratically (p < 0.001, R2 = 0.54; Figure 2B). Kernel quality based on SCC averaged
12.7% (±1.16) and did not differ among the treatments.

3.3. Relative Chlorophyll Content

At both study locations, relative leaf chlorophyll content was different among MBM
application rates by week (p ≤ 0.01), with no difference between application timing. At
Poamoho, a significant interaction of week × rate × timing (p ≤ 0.01) was observed. The
SPAD readings ranged from 25.3–65.3 over the growing season (data not shown). At
Waimānalo, the mean Sufficiency Index (S.I.) over 7 weeks of SPAD readings showed
fertilization rates of 336 and 448 kg N ha−1 which were considered sufficient as they were
above 95% when compared to the 448 kg N ha−1 reference plots. Conversely, the MBM
rates of 224 and 112 kg N ha−1, and unfertilized plots’ S.I. levels were at 93, 89, and 85%
of S.I., respectively. When S.I. is below 95%, it is recommended to apply N to achieve
maximum agronomic yields. At Poamoho over 8 weeks, the rate of 336 kg N ha−1 was
considered sufficient at 96% while rates of 224 and 112 kg N ha−1, and unfertilized plots
indicated a S.I. of 89, 84, and 79%, respectively, when compared to the 448 kg N ha−1

reference plots.

3.4. Nitrate Concentrations

At Waimānalo, soil water NO3-N content within the root zone was significantly
different by weeks. Significant interactions of rate × timing and week × rate × timing
were observed (p≤ 0.05). During the study period, most of the NO3-N availability followed
the application rate trend from high to low MBM application rate treatments. Nitrate-
N concentrations within the root zone (30 cm depth) were highest during weeks 2 to 4
(Figure 3A). Split application of MBM reduced NO3-N load within the root zone during
the first 1–4 weeks after application compared to preplant application. The effect of a high
rainfall event in week 8 resulted in increased N availability, where the MBM fertilized plots
were different from the control treatment. For NO3-N below the root zone at Waimānalo,
significant effects of rates and week, as well as the interactions between rate × timing and
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week × rate × timing were observed (p ≤ 0.05). Nitrate-N concentrations below the root
zone (60 cm depth) were highest in weeks 2 to 5 and levels dropped towards the end of the
study (Figure 3B). In weeks 6 and 7, mean values of NO3-N were significantly higher in
treatments of preplant application timing and application rates of 336 and 448 kg N ha−1 as
compared to the control, 112, and 224 kg N ha−1 plots. Overall, split application of MBM
reduced potential NO3-N losses by 20% at Waimānalo.
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Figure 3. The concentration of NO3-N (A) within the root zone (30 cm) and (B) below the root zone (60 cm) at Waimānalo
during the study period for the application N rates of meat and bone meal.

At Poamoho, soil water NO3-N concentrations within the root zone were affected
by MBM application timing (p ≤ 0.05) and week (p ≤ 0.01), and significant interaction
between rate × timing (p ≤ 0.01) was also observed. In general, NO3-N levels were higher
at Poamoho than at Waimānalo and were highest in the first 5 weeks of the study. The trend
of NO3-N availability followed the application rates of MBM from high to low. In week 4,
NO3-N levels within the root zone were significantly higher in preplant as compared to
MBM applied in split. Similarly, NO3-N levels below the root zone were significantly higher
in preplant as compared to split application. The effect varied by week where NO3-N
levels below the root zone were different when MBM was applied in split as compared to
preplant in weeks 2, 3, 5, and 6. Nitrate-N losses were reduced by 40% at Poamoho when
MBM was applied in split applications (Figure 4).
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4. Discussion

This study evaluated the response of MBM application rates (0, 112, 224, 336, 448,
and 672 kg N ha−1) and fertilization timing (preplant, split) on sweet corn growth, yield,
and quality, and soil water NO3-N concentrations within and below the root zone in two
locations in O’ahu, Hawai’i. Overall, yield was comparable to other tropical sweet corn
hybrids [24]. At Waimānalo, yields from rate of 224 kg N ha−1 were not different from
N rates of 336 or 448 kg ha−1, suggesting that 224 kg N ha−1 was sufficient to meet crop
uptake needs. Measurements of leaf chlorophyll content at both locations revealed that
the corn plants subjected to rates of 224 kg N ha−1 and below did not reach their full yield
potential as compared to the well-fertilized rates. This validated the previous work on
MBM mineralization that showed ~75% of N was released within 90 days [18,19] where
75% of the amount of N applied from MBM will be mineralized and available for plant
uptake. Application rates lower than 224 kg N ha−1 did not supply the sweet corn with
sufficient N for optimum growth and yield. Plant growth may have been limited at lower
fertilization rates due to low concentrations of NO3-N observed in the root zone during
periods of peak plant growth.

In concurrence with Chen [14], we found increased yield with increasing rate of MBM.
However, others have reported yield increases with increasing rate of MBM, but no further
yield increase beyond MBM rates of 117 kg N ha−1 on cereal crops in Poland [13] and
120 kg N ha−1 with jicama in Hawai’i [32]. Maresma et al. [33] reported yield increase
when more than 240 kg N ha−1 was applied to maize grown with various organic and
synthetic fertilizers. High rates of fertilization have been used in sweet corn crops to
achieve high yield and corn, as in many types of grass, they have been known to be able to
consume large amounts of nitrogen [34].

Lazicki et al. [35] reported that organic fertilizers with high N and low C have rapid
mineralization rate and were good candidates to side dress N. In our attempt to use MBM
for side dress N, we found split application reduced the potential for NO3-N leaching
while it did not have much of an effect on yield. At Waimānalo, the N rates of 224 kg ha−1

preplant and 336 kg ha−1 split provided the target range of NO3-N (20 to 30 mg L−1) to
the rhizosphere of the corn plants during the growing season, although higher rates of N
have been known to increase corn yield closer to maximum yield. At both locations, N
rate of 448 kg ha−1 and above provided beyond the SPAD sufficiency range for NO3-N in
the root zone subsequently had considerable leaching as evidenced by the high NO3-N
concentrations below the root zone. Considering costs and environmental impacts of
MBM, we suggest that the application rate of 224 kg N ha−1 is sufficient at preplant, while
higher rates of 336 kg N ha−1, when applied in split, can provide fertility for increased
yields without increasing the leaching risks to the environment. Recent research has shown
that addition of biochar can reduce N leaching [36]. Neem and karanga were also found
to be natural nitrogen inhibitors that can modify the mineralization rate of MBM [37].
Further research of these additives to MBM could allow all fertilizer application at preplant
and reduce the labor needed to apply the second dose as a split while protecting the
environment.

The increase in yield at Poamoho may be attributed to the climate of higher elevation
including cooler temperatures and increased solar radiation, which may have allowed
more time for grain fill, ~2 ◦C as compared to Waimānalo. The weather was warmer than
the multiyear averages at Waimānalo and that may have promoted quicker physiological
development that resulted in a shorter period of grain fill. Similar to the results of Ahmad
et al. [38], we found that soil water NO3-N concentrations were higher in Poamoho than in
Waimānalo for depths of 30 and 60 cm. The increased leaching at Poamoho could be due
to the differences in soil physical and mineral properties between the two locations [39].
Nitrate-nitrogen losses were reduced by 20% at Waimānalo and 40% at Poamoho when
MBM was applied in split applications compared to a single preplant application.

Although N is often the most limiting nutrient in farming systems, other essential
nutrients also need to be available in adequate quantities to realize crop yield potential.
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Meat and bone meal contains very little K+ (<1%) and farming systems may benefit from
supplemental fertilization with invasive algae to provide K+ and replace imported inputs
further [40]. Liquid fertilization using MBM is another promising alternative to reduce the
labor inputs associated with incorporation of side dress fertilizer [18]. In-season nutrient
monitoring is very important in organic production systems where N release can be variable
as affected by soil temperature, moisture, and microbial activity [41].

In conclusion, this research contributes to the development of crop-specific best
management practices to predict the rate and timing of MBM application as an organic
fertilizer. These findings suggest that MBM was an effective source of N for sweet corn
production in the tropics and a split application of MBM may reduce potential groundwater
pollution.
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