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Abstract: Organic vegetable producers in Georgia, USA, utilize a range of amendments to supply
nitrogen (N) for crop production. However, differences in soil type, fertilizers and environmental
conditions can result in variability in N mineralization rates among commonly utilized organic
fertilizers in the region. In this study, the effects of temperature on N mineralization from three
commercial organic fertilizers [feather meal (FM), pelleted poultry litter (PPL) and a mixed organic
fertilizer (MIX)] in two soil types from Georgia, USA (Cecil sandy clay loam and Tifton loamy sand)
were evaluated for 120 d. Net N mineralization (Net Nmin) varied with soil type, fertilizer and
temperature. After 120 d, Net Nmin from the FM fertilizer ranged between 41% and 77% of total
organic N applied, the MIX fertilizer ranged between 26% and 59% and the PPL fertilizer ranged
between 0% and 22% across all soil types and temperatures. Incubation at higher temperatures
(20 ◦C and 30 ◦C) impacted Net Nmin of FM fertilizer in the Tifton series soil. Temperature and
soil type had a relatively minor impact on the potentially mineralizable N of the PPL and MIX
fertilizers after 120 d of incubation; however, both factors impacted the rate of fertilizer release
shortly after application, which could impact the synchronicity of N availability and plant uptake.
Temperature-related differences in the mineralization of organic fertilizers may not be large enough
to influence a grower’s decisions regarding N fertilizer inputs for vegetable crop production in the
two soils. However, organic fertilizer source will likely play a significant role in N availability during
the cropping season.

Keywords: Cecil clay loam; feather meal; mineralization; pelleted poultry litter; Tifton loamy sand

1. Introduction

Continued growth in certified organic vegetable production in the USA [1] has led to
increased demand for alternatives to chemical fertilizers for plant nutritional needs. A range
of organic materials are commonly used in agricultural systems to supply plant-available
nitrogen (N), including cover crop residues, composts, manures and commercial organic
fertilizers derived from various animal or plant sources [2,3]. However, unlike readily
soluble synthetic fertilizers, the availability of nutrients from organic amendments and
fertilizers can be highly variable [4]. Organic fertilizers may include some readily available
inorganic N, ammonium (NH4) and nitrate (NO3), but the majority of N present is in the
organic form and must undergo N mineralization to supply plant-available nitrogen during
the growing season [5]. Failure to coordinate the timing of N release from organic fertilizers
with the nutritional demands of crops may result in N loss and reduced productivity. Thus,
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it is important to accurately predict N mineralization rates from organic fertilizers and
evaluate what factors may impact mineralization [6–8].

Organic fertilizers differ widely in physiochemical characteristics, and N mineraliza-
tion rates can vary depending on these physiochemical properties. Total particle size, total
N concentration, initial inorganic N levels and carbon to nitrogen (C:N) ratio can all affect
the N mineralization of organic fertilizers [5–10]. In vitro incubation and field-based studies
have shown that net N mineralization (Net Nmin) among different organic fertilizers can
vary between 20% to 93% of the total N applied [5,11–13]. However, the physiochemical
characteristics of the materials themselves do not explain all the variability observed in N
mineralization among fertilizers, and further information is needed to properly predict N
release after application [14,15].

Nitrogen release from organic fertilizers has also been shown to be impacted by
environmental conditions and the properties of the soils to which they are applied [14].
Microorganisms in the soil promote N mineralization through enzymatic reactions, which
are primarily controlled by temperature and water content [16–18]. In general, the rate
of mineralization in the soil increases with temperature up to a maximum and then de-
clines [11,19,20]. Therefore, the season in which crops are planted and weather fluctuations
during the season or across regions may impact the rate of N mineralization in the soil [17].
Several studies have evaluated the effects of temperature on N mineralization from soil
organic matter [17,18,21,22]. However, research on N mineralization from organic fertilizers
suggests that N transformations at different temperatures are likely to be dependent on
a complex interaction between soil microorganisms and the mineralizable substrates in
the amendment [11,23,24]. Factors such as the C:N ratio of the organic materials have
been reported to be closely linked to the N mineralization of a range of organic amend-
ments [3]. Temperature has also been shown to influence N availability, depending on
material composition [14]. Studies suggest that N mineralization of high-N-containing
organic materials are primarily influenced by temperature during the initial days after
incorporation, whereas low-N-containing materials are more susceptible to temperature
variations over an extended period [11,12,14,25].

In addition to environmental conditions, soil physical and/or chemical properties can
alter the N mineralization of organic materials due to changes in the soil microbiota and the
enzymatic reactions that drive the N release [10,14,26]. Further, soil type can significantly
affect N mineralization [27–29]. In general, fine-textured soils with high clay contents
have been reported to have lower N mineralization rates than coarse-textured, sandy soils,
which is likely due to factors such as physical isolation of organic matter by clay particles or
entrapment in small pores, where a substrate may be inaccessible to microorganisms [28,30].
Cassity-Duffey et al. [7] determined that, after 100 d of incubation, soil texture had an impact
on the rate of N release but had minimal effects on total mineralizable N for two organic
fertilizers, a feather meal (FM) and a pelleted fertilizer blend. Similarly, Lazicki et al. [14]
found that soil texture and management history did not consistently affect total Net Nmin
from 22 different organic materials but may have influenced the rate of N release. Recently,
de Jesus et al. [31] reported that location (soil type and weather conditions) impacted plant
N accumulation for onions (Allium cepa L.) grown with a mixed organic (MIX) and pelletized
poultry litter (PPL) fertilizers. In addition to N uptake by plants, residual soil inorganic N
was greater at harvest when using a MIX fertilizer compared to a PPL product. Increased
N uptake and soil accumulation were also linked to increased yields for onions grown with
a MIX fertilizer in some locations and years. These results suggest that N mineralization
may differ between organic fertilizer source, soil type and weather conditions, ultimately
impacting the yield of the crop grown [31]. Further, mineralization of organic fertilizers at
soil temperatures encountered during the production of onion during winter months in the
Southeastern USA (<10 ◦C) have not been previously studied.

Understanding the factors affecting total mineralization and the rate of N release from
organic fertilizers is important to determine the rate and timing of application [32]. Models
have been proposed to simulate the N release from organic soil amendments in the field,
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but data are lacking specific to commonly used commercial organic fertilizers [11,23,33–35].
Although different kinetics may be utilized to predict N availability, first-order kinetics are
often used to predict the N mineralization potential (N0) from organic amendments, where
the rate at which N mineralizes is assumed to be proportional to the amount of soil N
available for mineralization [26,36]. An accurate estimate of N mineralization from organic
fertilizers and the impact of temperature on the rate of mineralization would be a useful
tool for organic vegetable growers. Thus, the objectives of this study were to determine
the effects of four incubation temperatures and two soil textures on three commercially
available organic fertilizers used for vegetable production in Georgia, USA through a 120 d
laboratory incubation.

2. Materials and Methods
2.1. Soil and Organic Fertilizers

The soils used in this study were representative of two common agricultural soils in
Georgia, USA. Soils were collected from US Department of Agriculture (USDA) certified
organic land at the University of Georgia (UGA) Durham Horticulture Farm in Watkinsville,
GA, USA (33◦53′4.812′′ N, 83◦25′9.9876′′ W) and at the UGA Horticulture Farm in Tifton,
GA, USA (31◦28′8.112′′ N, 83◦32′54.348′′ W). The soil of the Watkinsville, GA, USA location
is a Cecil sandy clay loam series (0% to 2% slope), while the Tifton, GA, USA location was a
Tifton loamy sand series (2% to 5% slope) [37]. Approximately 20 kg of soil was collected
from each location (0–15 cm depth) and passed through a 4-mm sieve. Soil samples were
stored in 5-gallon buckets and kept aerated at room temperature prior to initiation of
the incubation.

The maximum water holding capacity (WHC) of the soils was estimated through
saturation and draining over a sand bath for 48 h [38,39], and was 0.25 g H2O·g−1 soil
and 0.30 g H2O·g−1 soil for the Tifton and Cecil soils, respectively. Soils were analyzed
for total N, total C, phosphorous (P), potassium (K), magnesium (Mg) and calcium (Ca)
concentrations, pH and cation exchange capacity (CEC) at a commercial laboratory (Waters
Agricultural Laboratories, Camilla, GA, USA) (Table 1).

Table 1. Chemical characteristics, including total nitrogen (N) and carbon (C), phosphorous (P),
potassium (K), magnesium (Mg) and calcium (Ca) of the Cecil sandy clay loam (Cecil) and Tifton
loamy sand (Tifton) used in this study. Units expressed per unit dry soil.

Soil
Total N Total C P K Mg Ca pHw 1 CEC i

(%) (mg·kg−1) (mEq·100 g−1)

Cecil 0.31 1.79 33.5 116.5 63.5 677 5.5 7.0
Tifton 0.21 1.1 39.5 38.0 30.5 320 5.4 4.3

1 Water pH = pHw measured using a 1:1 water:soil mixture, i Cation Exchange Capacity = CEC.

Three commercial fertilizers, a feather meal (FM) (13N-0P-0K; Mason City By-Products,
Mason City, IA, USA), a pelleted poultry litter (PPL) (5N-1.8P-2.5K; Harmony Organic
Fertilizer; Environmental Products LLC, Roanoke, VA, USA) and a mixed organic fertilizer
(MIX) (10N-0.88P-6.6K; All Season Organic Fertilizer; Nature Safe, Irving, TX, USA) com-
posed of feather-meat-bone-blood meal were sourced from a commercial supply company
(7 Springs Farm Supply, Check, VA, USA). The total N and C of the organic fertilizers were
determined by combustion according to the AOAC 993.13 method, while NO3 and NH4
were determined by distillation using AOC 2.068 and AOC 2.065 methods, respectively, at
a commercial laboratory (Waters Agricultural Laboratories, Camilla, GA, USA) (Table 2).
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Table 2. Characteristics, including total nitrogen (N), nitrate N (NO3-N), ammonium N (NH4-N),
total carbon (C) and carbon to nitrogen (C:N) ratio of feather meal (FM), pelleted poultry litter (PPL)
and mixed source (MIX) organic fertilizers used.

Material
Inorganic N NO3-N NH4-N Total N Total C

C:N Ratio
%

FM 1.18 0.85 0.33 13.61 48.17 3.54
PPL 1.04 0.90 0.14 4.36 27.74 6.36
MIX 0.49 0.35 0.14 9.44 34.35 3.64

2.2. Laboratory Incubation Study

To determine the rate of mineralization from the three organic fertilizers, a soil incu-
bation study was performed for 120 d. Soil was wetted to 50% of estimated maximum
WHC (0.12 g H2O·g−1 soil and 0.16 g H2O·g−1 soil for the Tifton and Cecil series soils,
respectively) and allowed to pre-incubate under aerobic conditions for 48 h to mitigate the
initial flux mineralization that typically occurs during soil rewetting [40]. Organic fertilizers
were applied to soils at a rate to supply 100 mg N·kg−1 soil, based on the fertilizer labels,
and Net Nmin was later determined using the N values determined for each fertilizer by
combustion (Table 2). The organic fertilizers were added to 300 g dry equivalent soil in
resealable polyethylene bags (1 Quart Ziploc Freezer Bag, SC Johnson, Racine, WI, USA)
and mixed thoroughly. There were 96 individual bags representing each fertilizer treatment
(three fertilizers and non-treated control), two soil types and four incubation temperatures
with each combination replicated three times and arranged in a split plot randomized
complete block design, with incubation temperature being the main plot and fertilizer
and soil type the subplots. Bags were incubated at 4, 10, 20 and 30 ◦C for 120 d. These
temperatures are reflective of the range of soil temperatures commonly encountered during
year-round field production of vegetables in the Southeastern USA. The bags were aerated,
and water content maintained gravimetrically every 2 to 3 d. To determine the rate of
release of inorganic N, 5 g subsamples of soil were taken at 0, 2, 4, 7, 14, 35, 56, 85 and
120 d. Subsamples were extracted with 40 mL 1 M KCl, shaken for 30 min and passed
through filter paper (Whatman 42, Maidstone, Kent, UK). Prior to subsampling, soils were
thoroughly mixed to ensure that fertilizers were homogenously distributed. Inorganic N
was determined colorimetrically using the soil KCl extract method [41,42].

2.3. Mineralization Kinetics and Statistics

Cumulative Net N mineralized was calculated for the control soils (unamended), where:

Control Net Nmin = Inorganic Nt=x − Inorganic N Controlt=0 (1)

Cumulative Net N mineralized (Net Nmin) from the materials was calculated, where:

Net Nmin = Inorganic Nt=x − Inorganic N Controlt=x − Inorganic N of Materialt=0 (2)

where Net Nmin from the fertilizers (mg inorganic N·kg−¹ dry material) was calculated as
a function of the inorganic N at measured each time (t) point, the initial ammonium and
nitrate present at time 0, and the N mineralization measured from the control soil (control
Net Nmin). Net Nmin was calculated as a percentage of total organic N applied from each
fertilizer. The Net Nmin values for each time of incubation were analyzed using the ANOVA
method by least-squares fit using JMP Pro 16.0 (SAS Institute Inc., Cary, NC, USA). Soil
type, fertilizer treatment and temperature were treated as fixed effects, and replication was
treated as a random effect. When statistically significant differences existed according to
ANOVA (p < 0.05), mean separation was performed with Tukey’s test at α = 0.05.
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To determine the N mineralization kinetics the Net Nmin (mg inorganic N·kg−¹ dry
fertilizer) was fit to first-order kinetics using a non-linear model:

Net Nmin = N0

[
1 − e−kt

]
(3)

where N0 is the potentially mineralizable pool of N predicted from the model, k is the rate
coefficient of net N mineralization (mg inorganic N·kg−1·d−1) and t is time (days) [5,36].
The iterations for N0 and k calculations and curve fitting of equations were carried out
using a non-linear method with the G-Newton iteration using JMP Pro 16.0 (SAS Institute
Inc., Cary, NC, USA). The performance of the fit of Net Nmin modeled versus measured
data was evaluated using the root mean squared error (RMSE), ratio of the RMSE to the
standard deviation of measured data (RSR), Nash–Sutcliffe efficiency (NSE) and Percent
bias (PBias). The RMSE is a commonly used error index statistics that quantifies the average
magnitude of errors between predicted values and observed values [43–45]. A lower RMSE
indicates a better model fit:

RMSE =

√
∑n

i=1(Oi − Pi)
2

n
(4)

The RSR is another way to assess the goodness of fit. The RSR standardizes RMSE by
considering standard deviation of the observed data [43].

The NSE assesses the deviation between model predictions and observed values
relative to the scattering of the observed data [43]. It ranges from negative infinity to 1,
where an NSE of 1 indicates a perfect fit:

NSE = 1 −
[

∑n
i=1(Oi − Pi)

2

∑n
i=1

(
Oi − O

)2

]
(5)

The PBias quantifies the systematic error or bias in a model’s predictions by calculating
the average difference between predicted and observed values. If the model underestimates,
on average, the PBias is positive; conversely, if the model overestimates, on the average,
the PBias is negative:

PBIAS =

[
∑n

i=1(Oi − Pi)
2 × (100)

∑n
i=1(O i)

]
(6)

3. Results and Discussion
3.1. Laboratory Incubation

There was a linear correlation between incubation time and Net Nmin in control
(unamended) soils (Figure 1). Net Nmin in the soil alone was significantly higher in the
Cecil series soil compared to the Tifton series soil, which is likely to be related to the higher
total C and total N content in the Cecil series compared to the Tifton soil (Table 1). In
both soils, the Net Nmin was significantly higher when incubated at 30 ◦C, while minimal
differences were observed in Net Nmin at 4 and 10 ◦C.

For the organic fertilizers, there was a trend of consistent significant differences for
Net Nmin among treatment combinations beginning at 35 d of incubation. Therefore, data
from selected time points during the incubation (2, 4, 14, 35 and 120 d) for both Tifton
and Cecil soils are presented. Complete results for Net Nmin are available (Supplemental
Tables S1 and S2). There were significant interactions between soil series, organic fertilizer
and incubation temperature on Net Nmin at several time points over the 120 d incubation
(Tables 3 and 4). In the Cecil series soil, Net Nmin differences between combinations of
fertilizer and temperature were evident within the first 4 d of incubation (Table 3). In the
Cecil soil, FM had a greater Net Nmin compared to PPL and MIX when incubated at 20 and
30 ◦C from 4 to 35 d of incubation (Table 3). In contrast, minimal effects of temperatures
were observed with PPL and MIX fertilizers in the first 35 d of incubation, with the exception
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of the PPL fertilizer at 14 d. In the Cecil soil, results suggest that high temperatures may
have impacted the Net Nmin immediately after application for the FM but less for the other
fertilizers. Faster rates of mineralization soon after application might have favored the
occurrence of alternative processes, such as ammonia (NH3) volatilization [46,47]. At 120 d
of incubation in the Cecil soil series, incubation temperature did not affect Net Nmin of
FM or PPL. However, the Net Nmin of MIX fertilizer was greater at 20 ◦C than the other
incubation temperatures at 120 d. These findings align with previous results reported
by [14], which suggests that temperature has a larger impact during the first few days
after incorporation of organic fertilizers, but the effects of temperature N mineralization
decrease after a long period. Further, higher temperatures for some materials may also
favor loss mechanisms such as NH3 volatilization [46].
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Table 3. Net N mineralized (Net Nmin
i) from the feather meal (FM) and pelleted poultry litter (PPL),

mixed source (MIX) fertilizers incubated at 4, 10, 20 and 30 ◦C for 120 d in a Cecil sandy clay loam soil.
Differences in sampling time are noted by uppercase letters, while differences among temperatures
are noted by lowercase letters.

Time of
Incubation

(Days)
Fertilizer

Temperature

4 ◦C 10 ◦C 20 ◦C 30 ◦C

Net Nmin (mg Inorganic N·kg−¹ Dry Material) 1

2
FM 0.56 A a 2 3.72 A a 3.66 A a 0.00 A a
PPL 0.00 A a 0.00 A a 4.20 A a 1.77 A a
MIX 0.00 A a 4.61 A a 2.00 A a 0.00 A a

4
FM 12.31 AB ab 6.17 A b 22.02 A ab 34.09 A a
PPL 16.91 A a 1.31 A a 10.17 B a 5.45 B a
MIX 6.01 B ab 2.08 A b 3.08 C b 9.71 AB a

14
FM 31.84 A c 41.66 A b 53.71 A a 45.22 A ab
PPL 15.70 A a 11.97 B a 11.06 C a 0.06 C b
MIX 18.87 A a -- 26.69 B a 16.88 B a

35
FM 62.00 A b 58.90 A b 65.43 A ab 72.04 A a
PPL 23.61 C a 20.72 B a 13.47 C a 11.53 C a
MIX 32.67 B a 29.42 B a 30.20 B a 32.36 B a

120
FM 65.22 A a 60.53 A a 73.70 A a 72.14 A a
PPL 17.15 C a 22.46 C a 18.48 B a 14.98 C a
MIX 41.29 B ab 36.24 B b 58.85 A a 40.67 B ab

1 Net Nmin = Inorganic Nd=x − Inorganic N Controlt=x − Inorganic N of Materialt=0. 2 Different uppercase
letters represent significant differences between fertilizers at each sampling time, and different lowercase letters
represents significant differences among temperatures for each fertilizer and incubation time according to Tukey’s
honest significant difference test (p < 0.05).

Feather meal is derived from hydrolyzed, dried and ground poultry feathers. During
mineralization of FM, long chains of keratin molecules are cleaved into smaller and more
accessible components, which may enhance N release after relatively short incubation
times [48,49]. Conversely, PPL and MIX have previously been shown to have slower
mineralization rates than FM when incubated at 30 ◦C [5]. The PPL fertilizer had relatively
low mineralization of the organic N (18 mg inorganic N·kg−¹ dry material), which might
be due to factors like the presence of bedding materials, moisture content and processing,
which may affect the pool of mineralizable nitrogen [47]. The processing of the PPL can
involve drying, grinding and compressing the material into uniform pellets, which can
affect the availability and release of N [47,50,51]. It is important to note that the PPL
fertilizer contained an initial 1.09% inorganic N (ammonium and nitrate) (Table 2), which
was a relatively higher percentage of total N present compared to both FM and MIX sources.
This inorganic N would be readily available for crop production and contribute to plant-
available N in a field situation allowing for production of crops using PPL, despite having
a relatively low rate of N mineralization. Several studies have reported the successful
production of organic crops using PPL with a similar nutrient composition in the region
where this study was conducted [31,52,53]. Total available N from the PPL fertilizer was
notably greater than the organic mineralized N, suggesting that initial inorganic N from
PPL may contribute to the total available N for plant uptake.

The effect of temperature on Net Nmin of different fertilizers in the Tifton series soil
was variable at different time points (Table 4). The FM fertilizer after 4 d of incubation had
a significantly greater Net Nmin at 20 and 30 ◦C (15 and 19 mg inorganic N kg−1 material,
respectively) than at 4 and 10 ◦C (2 and 0 mg inorganic N kg−1 material, respectively). A
similar trend in mineralization was observed with FM in the Cecil soil as well (Table 3). By
35 d of incubation Net Nmin of FM had increased at lower temperatures. Temperature had
a lesser impact on the Net Nmin of MIX throughout the incubation period, with the greatest
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Net Nmin occurring at 20 ◦C after 120 d. The Net Nmin of PPL at higher temperatures in the
Tifton soil was low, with a complete absence of Net Nmin at 30 ◦C starting from 14 d until
120 d, suggesting that higher temperatures favored the occurrence of other N processes in
the PPL fertilizer instead of mineralization.

Table 4. Net N mineralized (Net Nmin
i) from the feather meal (FM), mixed source (MIX) and pelleted

poultry litter (PPL) fertilizers incubated at 4, 10, 20 and 30 ◦C for 120 d in a Tifton loamy sand soil.
Differences in sampling time are noted by uppercase letters, while differences among temperatures
are noted by lowercase letters.

Time of
Incubation

(Days)
Fertilizer

Temperature

4 ◦C 10 ◦C 20 ◦C 30 ◦C

Net Nmin (mg Inorganic N·kg−¹ Dry Material) 1

2
FM 3.15 A a 2 3.51 A a 3.38 A a 4.15 B a
PPL 2.77 A ab 0.00 A b 4.94 A ab 11.26 A a
MIX 0.24 A b 3.31 A ab 0.00 A b 4.02 B a

4
FM 1.86 A bc 0.00 B c 14.46 A ab 18.60 A a
PPL 2.24 A b 9.65 A ab 13.26 A a 8.57 A ab
MIX 1.15 A a 1.10 B a 0.91 B a 4.39 A a

14
FM 28.06 A a 28.68 A a 44.01 A a 33.82 A a
PPL 15.21 AB a 7.95 B ab 6.97 B ab 0.00 B b
MIX 6.04 B a 9.20 B a 21.71 AB a 17.88 AB a

35
FM 50.74 A ab 56.51 A a 48.93 A ab 43.39 A b
PPL 11.04 C a 15.33 C a 3.08 B b 0.00 B b
MIX 20.31 B a 28.73 B a 30.62 A a 35.51 A a

120
FM 61.91 A a 64.55 A a 50.09 A b 42.13 A b
PPL 13.22 C a 9.74 C a 10.76 B a 0.00 B a
MIX 28.43 B b 31.55 B b 49.49 A a 26.24 A b

1 Net Nmin = Inorganic Nd=x − Inorganic N Controlt=x − Inorganic N of Materialt=0. 2 Different uppercase
letters represent significant differences within fertilizer type at each sampling point, and different lowercase letters
represent significant differences among temperatures for each fertilizer and incubation time according to Tukey’s
honest significant difference test (p < 0.05).

Our results suggest that there was potential N loss from fertilizers during incubation,
resulting from NH3 volatilization or N immobilization, which may be favored by high
temperatures [47]. Losses during early incubation periods from FM in the Cecil soil may
be the result of a pattern of quick immobilization followed by gradual mineralization,
reflecting the dynamic nature of microbial activity in response to availability of labile
carbon compounds in the substrate [14,46,54]. It is also possible that NH3 volatilization
occurred in the PPL at 30 ◦C, resulting in a lack of measurable N mineralization. However,
temperature is just one of several factors that influence NH3 volatilization [46,55,56]. Soil
properties such as moisture, pH, CEC and organic matter content also play a role [47,57]. In
this context, NH3 volatilization may be more likely to occur in the Tifton soil rather than the
Cecil soil to due to its relatively higher pH, low organic matter and high sand content [58].

3.2. Mineralization Kinetics

A first-order model was fitted to the measured Net Nmin during the 120 d incubation
for each soil, fertilizer and temperature treatment (Table 5, Figure 2). This model allowed
the determination of the rate of mineralization (k) and the predicted pool of mineralizable
N (N0) as a function of the temperature and the fertilizer applied. Goodness of fit of the
first-order model were determined for each temperature, soil and fertilizer interaction and
included RMSE, RSR, NSE and PBias.
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Table 5. First order fit characteristics, root mean squared error (RMSE), ratio of the root mean square
error to the standard deviation of measured data (RSR), Nash–Sutcliffe efficiency (NSE) and Percent
bias (PBias) for net mineralized nitrogen (Net Nmin) for feather meal (FM), pelleted poultry litter
(PPL) and mixed source (MIX) organic fertilizers incubated in Cecil sandy clay loam (Cecil) and Tifton
loamy sand (Tifton) soils at several temperatures.

Soil Fertilizer
Temperature Net Nmin at 120 d N0

3 First Order Rate
Coef. k 4 RMSE RSR NSE PBIAS

◦C % 1 mg Inorganic
N·kg−1 Dry Soil 2 d−1

Cecil

FM

4 68.22 65.22 64.54 0.04 4.64 0.26 0.93 1.42
10 63.31 60.53 62.75 0.07 4.39 0.26 0.93 −5.52
20 77.08 73.70 65.12 0.10 13.46 0.72 0.49 −15.47
30 75.45 72.14 79.89 0.08 11.10 0.50 0.75 −4.83

PPL

4 25.83 17.15 17.17 0.26 5.14 0.85 0.28 −11.74
10 33.83 22.46 19.21 0.09 4.46 0.73 0.46 −24.97
20 27.83 18.48 8.38 0.84 4.15 0.97 0.06 35.48
30 22.55 14.98 15.04 0.03 8.21 0.82 0.33 −1.55

MIX

4 46.14 41.29 38.01 0.04 4.59 0.36 0.87 −8.84
10 40.49 36.24 37.41 0.03 4.70 0.41 0.83 −12.30
20 65.76 58.85 55.57 0.03 6.14 0.35 0.88 −0.70
30 45.44 40.67 46.31 0.04 6.23 0.39 0.85 −6.91

Tifton

FM

4 64.75 61.91 64.54 0.04 5.56 0.22 0.95 −2.98
10 67.52 64.55 62.55 0.04 5.21 0.25 0.94 −6.00
20 52.39 50.09 48.03 0.11 5.55 0.33 0.89 −2.06
30 44.07 42.13 41.85 0.10 7.14 0.51 0.74 −3.77

PPL

4 19.91 13.22 12.28 0.29 5.60 0.87 0.25 −2.32
10 14.66 9.74 10.56 0.22 4.13 0.80 0.36 −5.90
20 16.21 10.76 8.38 0.84 8.95 1.00 0.01 −0.27
30 0 0 - - - - - -

MIX

4 31.76 28.43 32.72 0.02 3.25 0.26 0.93 −5.42
10 35.26 31.55 30.61 0.03 4.82 0.38 0.86 −4.79
20 55.29 49.49 48.93 0.03 7.85 0.41 0.83 −1.90
30 29.32 26.24 30.15 0.09 8.39 0.64 0.59 −1.23

1 Net mineralized N after 120 d of incubation as a percentage of organic N in the fertilizer applied. 2 Net measured
mineralized N after 120 d of incubation. 3 N0 is the amount of net mineralized N predicted from a first order
kinetics model. 4 k is the rate coefficient of the first order model.

The goodness of fit for the first-order kinetic model varied with different treatment
combinations. The model demonstrated good efficiency in predicting the N mineralization
of the FM and MIX fertilizers under most temperature and soil conditions, with NSE values
ranging from 0.74 to 0.95 and RSR values between 0.22 and 0.51. There was an exception
for model fit of the MIX fertilizer in Cecil soil at 20 ◦C, where the NSE value dropped
below 0.50 and RSR exceeded 0.70, suggesting a weaker correlation between observed and
predicted values (Table 5; Figure 2). In this specific fit, there was a tendency for the model
to overestimate N mineralization, resulting in a negative PBias of −15.47. In contrast, the
model efficiency for predicting the N mineralization of MIX was satisfactory and consistent
across different soil and temperature combinations, with NSE values ranging from 0.59 to
0.93 and RSR values between 0.26 and 0.64.

The model’s performance was unsatisfactory for predicting the N mineralization
of PPL fertilizer. In all first-order kinetic fits, RSR values exceeded 0.70, which may be
attributed to the considerable variability in Net Nmin observed among the samples of this
material during the 120 d incubation (Tables 4 and 5). This variability negatively affected
the correlation between observed and predicted values, which also resulted in NSE values
between 0.06 and 0.46. Furthermore, the PBIAS of the models for the mineralization of PPL
ranged from a positive value of 35.48 to negative values as low as −11.74, which indicates
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a tendency of both under- and overestimation of the model. The high initial inorganic N
present in the PPL combined with low mineralization from the organic N pool (Figure 2,
Table 5) also likely contributed to the poor fit of the first-order mineralization model.
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Figure 2. Nitrogen mineralization from the feather meal (FM) (A,B), mixed source (MIX) (C,D) and
pelleted poultry litter (PPL) (E,F) fertilizers incubated at 4, 10, 20 and 30 ◦C for 120 d in Cecil and
Tifton series soils. Regression lines show predicted first order regressions for N mineralization (N0)
and symbols show actual mineralized N (Net Nmin) (error bars indicate standard deviation).

The interactions between soil and temperature are necessary for understanding the
rate of N mineralization of different organic fertilizers. In a previous study, Lazicki et al. [14]
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observed variability for potential plant-available N among 22 different organic materials tri-
aled under warm and moist conditions (23 ◦C and 60% water holding capacity), with some
undergoing N immobilization while others released up to 90% of applied N. The authors
suggested, while the Net Nmin was well correlated with the C:N ratio of each material, the
soil texture and management history of the soils influenced the timing of N release [14].
Different soil attributes, such as pH, texture, organic matter and cation exchange capacity
(CEC), create distinct physical and chemical environments for microorganisms, which may
influence when and how quickly microorganisms decompose organic N compounds [14].
Furthermore, the degree of which the temperature can influence microbial growth and,
consequently, the N mineralization rate is likely to vary across different environmental
systems [17].

3.2.1. FM Fertilizer Mineralization Kinetics

The N0 at 120 d for FM ranged from 62.75 to 79.89 mg inorganic N·kg−1 fertilizer
applied in the Cecil soil (Table 5), and from 41.85 to 64.54 mg inorganic N·kg−1 fertilizer
applied in the Tifton soil (Table 5). Similar N0 values have been previously reported for
FM [5,14,15]. In the present study, N mineralization of FM over the 120 d incubation in
the Cecil soil showed two distinct phases, starting with a rapid release during the first
14 d of incubation, followed by a slow-release phase and a plateau at approximately 80 d
(Figure 2A). In the Tifton soil, a similar pattern of rapid release occurred during the early
stages of incubation followed by a steady and slow release at the temperatures of 4 and
10 ◦C. At 20 and 30 ◦C, the rapid phase was followed by a plateau at approximately 35 d
(Figure 2B). The rapid mineralization observed from FM fertilizer in the 14 d of incubation
(Figure 2B) corresponds to previous reports [5,12], and may be attributed to the presence of
readily available N-containing compounds, such as urea, and simple organic forms of N
that can be easily broken down by soil enzymes, even at lower temperatures. In contrast,
the slower N mineralization after 14 d indicates the predominance of microbial degradation
of complex organic N forms [12]. A model proposed by Geisseler et al. [15] predicted that
61% of total N from FM would be in the mineral form after 100 d of incubation, with half of
that being in the mineral form after only 5 d of incorporation.

For FM, in the Cecil series soil models, the k and N0 values were not significantly
different among temperatures, with constant k values ranging between 0.04 and 0.10 and
N0 values between 62.75 and 79.89 mg inorganic N·kg−1 fertilizer applied (Table 5). In
contrast, in the Tifton soil, N0 was greater at the lower temperatures (4 ◦C and 10 ◦C),
suggesting that temperature might affect N mineralization of FM in the Tifton soil to a
greater degree compared with Cecil soil. This agrees with results reported by Dessurealt-
Rompré et al. [16], who indicated that N mineralization rates in sandy loam soils were
affected by temperature changes to a greater degree than predominately clay soils. Further,
k and N0 values were not significantly different between soils, with the only exception
with the highest temperature of 30 ◦C, suggesting that overall differences for the rate of
mineralization and potentially mineralizable N of FM in different mineral soils may be
minimal at lower temperatures.

3.2.2. PPL Fertilizer Mineralization Kinetics

The N0 for the PPL fertilizer after 120 d was less than 20 mg inorganic N·kg−1 fertilizer
applied, regardless of soil type or temperature (Figure 2E,F). The model fit for both soils
and temperature combinations showed most of the N release was during the first few days
of incubation, followed by a plateau after the second week. On average, 10% of total N
applied is predicted to be available from PPL after 7 d of incubation. Previous studies
predicting N release from PPL reported higher values, with potential available N ranging
between 25% to 50% of applied N [5,47], with most of the N released during the initial 7 d
of incubation.

Model fits of the PPL product had a wide variability of k rates, with values ranging
between 0.03 and 0.84 among treatments of soil and temperatures (Table 5). Further, N0
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values ranged between 8.38 and 19.21 and no significant differences were observed among
treatments of soils and temperatures. This agrees with other studies evaluating the N
mineralization of organic fertilizers, which suggest that the temperature affects k rate
more than the N0 [14,59]. Thus, changes in the N mineralization of PPL in response to
environmental conditions are likely to be minimal.

3.2.3. MIX Fertilizer Mineralization Kinetics

The N0 for the MIX fertilizer in the Cecil and Tifton soils after 120 d ranged between
37.41 and 55.57 mg inorganic N·kg−1 fertilizer applied and 30.15 and 48.93 mg inorganic
N·kg−1 fertilizer applied, respectively (Table 5; Figure 2C,D). The N release throughout the
120 d incubation steadily increased, but at a lower rate after 35 d, except when incubated
at 30 ◦C in the Tifton series soil, in which a plateau phase was observed starting at 35 d
(Figure 2D). In a previous study, Cassity-Duffey et al. [7] investigated the N mineralization
of organic fertilizers across four distinct soils over a 100 d incubation period. Their results
suggested that most of N mineralized from a pelletized MIX fertilizer, composed of animal-
based proteins, occurred within the initial 2 weeks of incubation, with approximately 53%
to 58% of the initially applied N mineralized after 14 d.

The first order model fits for MIX fertilizer had rate k values between 0.02 and 0.09,
while N0 values ranged between 30.61 and 55.57 in both soils (Table 5). Further, k and N0
values for the MIX product were not significantly different between soil types or incubation
temperatures, suggesting that we may expect minimal differences for the N release of MIX
fertilizer between the two soils. Cassity-Duffey et al. [7] also reported that there were no
significant effects of soil texture between Cecil and Tifton series soils on the Net Nmin of a
MIX-type fertilizer. Interestingly, their research suggested that pH levels may have a more
influential role than soil clay content in determining the potential N mineralization [7].

4. Conclusions

This study investigated N mineralization from three organic fertilizers in two soil
types and soil temperatures that would be encountered during field vegetable production
throughout the year in Georgia, USA. The Net Nmin varied with soil, fertilizer type and
temperature, indicating that accurately predicting N mineralization from organic fertilizers
may be specific for individual farms and fertilizer sources. In general, a first-order kinetic
model demonstrated good efficiency in predicting the N mineralization of FM and MIX
fertilizers but was inefficient for predicting N mineralization of PPL. Temperature and
soil type had a relatively minor impact on the potentially mineralizable N of the MIX
and PPL fertilizers at 120 d. However, incubation at higher temperatures (20 ◦C and
30 ◦C) impacted the Net Nmin of FM fertilizer in the Tifton series soil. Temperature-related
differences may not be substantial enough to influence grower decisions regarding N
fertilizer inputs for vegetable crop production in the two soils. However, organic fertilizer
source will likely play a significant role in N availability during the cropping season.
Further research is needed to determine how temperature may impact NH3 volatilization
and other loss mechanisms, as these processes may play a role in plant-available N at high
soil temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https:
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sandy clay loam soil. Table S2: Net N mineralization in a Tifton loamy sand soil.
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