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fish in the crop rotation (Table 1), which resulted in high levels 
of AH-N (Table 3) as well as exchangeable NH4–N (Table 2). 
Non-responsive sites were relatively hard to find across the silt 
loam rice producing areas of Arkansas and limited the dataset 
for sites not requiring N fertilizer. To calibrate the N fertilizer 
needs to achieve 95% RGY with AH-N only the 24 responsive 
sites were included and predicted optimum N rates ranged from 
19 to 185 kg N ha−1 (Table 3). The site that required the highest 

N rate followed rice in the rotation (Tables 1 and 3) and it 
is well established that rice following rice requires a higher 
N rate to optimize yields than rice following soybean due 
to the high level of N immobilization during decompo-
sition of highly carbonaceous rice residues (Norman et 
al., 2003). The sites requiring the least amount of N were 
previously amended with biosolids and fallowed which 
allowed native N fertility to increase before rice cultiva-
tion. Although the present dataset includes only a single 
site that was non-responsive to N fertilization, four sites 
required <60 kg N ha−1 to achieve 95% RGY and there 
was a wide enough range of N response to facilitate the 
development of a fairly robust calibration curve.

Calibration of N fertilizer needs for rice produced 
on silt loam soils was achieved by regressing the N rate 
required to achieve 95% RGY versus the AH-N concen-
tration quantified by either the ISNT or DSD. The N rate 
required to achieve 95% RGY was significantly and nega-
tively correlated with AH-N concentration (Table 5) for 
both analytical methods (ISNT and DSD) and all depth 
increments analyzed (0–15, 15–30, 30–45, 45–60, 0–30, 
0–45, and 0–60 cm). The trends identified in correlation 
of rice response to increasing AH-N levels are reflected 
here and mimic the relationships seen for the analytical 
methods as well as the depth increments. Coefficients 
of determination increased with increasing cumulative 
depth and the highest r2 for the ISNT was 0.68 for the 

0- to 30-cm depth, but the 0- to 15-, 0- to 45-, and 0- to 60-
cm depths all had highly significant correlations with r2 values 
of 0.58, 0.66, and 0.57, respectively (Fig. 4 and Table 5). The 
highest r2 values for calibration of N rate for the ISNT analytical 
method occurred at the same soil depth as the highest values for 
all of the rice response parameters including TN uptake, check 
plot grain yield and the percentage of RGY. Although the sig-
nificant calibration of N rate with AH-N is promising, the r2 

values were not as high as values reported in the 
Mid-Atlantic USA for the calibration of corn 
and EONR, but these high values were achieved 
by separating soils into drainage classifications 
(Williams et al., 2007a). Soil drainage class may 
not influence the response of direct-seeded, de-
layed-flood rice. Researchers in New York have 
utilized organic matter as a correction factor 
to improve the predictive ability of the ISNT 
(Klapwyk and Ketterings, 2006), but this ap-
proach was not evaluated here.

To our knowledge there has been no other 
investigation of the ability of DSD to predict op-
timum N fertilizer rates. Much like the results re-
ported for correlation of rice response parameters 
with DSD, the calibration of N rate with AH-N 
quantified by DSD resulted in highly significant 
and negative correlations (Table 5). Coefficients 
of determination were numerically higher for 

Fig. 3. Correlation of percentage of relative grain yield (RGY) of the rice receiving 
no N versus alkaline hydrolyzable-N (AH-N) as determined by Direct Steam 
Distillation (DSD) for the four cumulative depths (A) 0 to 15 cm, (B) 0 to 30 cm, 
(C) 0 to 45 cm, and (D) 0 to 60 cm, respectively. All correlations were significant 
at the 0.001 level of probability.

Table 5. Regression models for the relationship between the N rate to achieve 
95% relative grain yield (95% RGY) with alkaline hydrolyzable-N (AH-N) quan-
tified by the Illinois Soil Nitrogen Test (ISNT) and direct steam distillation (DSD).

Relationship
Soil sample 

depth

ISNT DSD 

Regression 
model†

n¶ r2 Regression 
model†

n¶ r2

cm

95% RGY 0–15 237– 1.00x 24 0.58*** 214–  0.77x 24 0.56 ***

15–30 202– 1.21x 24 0.45*** 264– 1.64x 24 0.52**

30–45 165–  0.76x 23 0.32** 200– 1.03x 23 0.43**

45–60 152–  0.57x 23 0.28* 167–  0.65x 23 0.28**

0–30 259– 1.45x 23 0.68*** 265– 1.34x 23 0.69***

0–45 256– 1.57x 23 0.66*** 337– 2.10x 23 0.89***

0–60 219– 1.23x 23 0.57*** 269– 1.56x 23 0.73***
*Statistical signi�cance at p < 0.05 level.
**Statistical signi�cance at p < 0.01 level.
*** Statistical signi�cance at p < 0.001 level.
† x, Alkaline hydrolyzable-N (mg N kg soil�1 ); y, N fertilizer rate to achieve 95% relative 
grain yield (95%RGY) (kg N ha�1 ).
¶ n, number of sites.
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DSD than ISNT and were similar in trend to the corre-
lation of DSD with rice response parameters (Table 4). 
Coefficients of determination increased with increasing 
cumulative depth to 45 cm, but then dropped slightly at the 
0- to 60-cm depth increment (Table 5; Fig. 5). The high-
est r2 value for the calibration of N rate occurred with 
the 0- to 45-cm depth increment of AH-N and explained 
89% of the variability in the RGY. The DSD’s ability to 
predict the N rate required to achieve 95% RGY was 
highest with the 0 to 45 cm of AH-N and coincided with 
the highest r2 values for both check plot yield and per-
centage of RGY. When compared with the ISNT, the r2 
values for N rate calibration were similar for all depths 
except the 0- to 45- and 0- to 60-cm depths, but were not 
compared statistically. The predictive ability of the DSD 
calibration curve was about 20% higher than the ISNT 
for the 0- to 45- and 0- to 60-cm depths. As previously 
indicated the sample to sample variability of the DSD is 
considerably lower than the ISNT due to the nature of 
the methodology and may have contributed to the high 
r2 values seen for N rate calibration to achieve 95% RGY. 
Differences in the types of organic N compounds being 
quantified by the ISNT and DSD (Roberts et al., 2009a) 
methods may also contribute to the differences observed 
in the ability of these two methods to predict N fertilizer 
needs for direct-seeded, delayed-flood rice.

DISCUSSION
The relationships between AH-N quantified by 

the ISNT and DSD are specific for rice grown on silt 
loam soils in Arkansas and suggest that these two meth-
ods have the ability to predict rice responses such as 
TN uptake, check plot grain yield and the percentage 
of RGY. Calibration curves were developed that identi-
fied the ability of AH-N to predict the N rate required 
to achieve 95% RGY with the highest coefficients of 
determination occurring at the 0- to 30-cm depth for 
the ISNT (r2 = 0.68) and the 0- to 45-cm depth for 
the DSD method (r2 = 0.89). These results are similar 
to the findings for ISNT presented by other research-
ers for the calibration of N rate for corn (Klapwyk and 
Ketterings, 2006; Williams et al., 2007a). Previous work 
with the ISNT has resulted in a split decision on the 
method’s predictive ability for N rate recommendations 
with several studies concluding that the ISNT was not 
an acceptable indicator for potentially mineralizable-N 
(Barker et al., 2006a; Laboski et al., 2008; Osterhaus et 
al., 2008; Spargo et al., 2009). Many of the negative find-
ings associated with the ISNT have come from studies 
where no attempt was made to account for confounding 
factors that influence soil N availability or crop N re-
quirement. As discussed by Mulvaney et al. (2006), such 
factors include soil moisture and temperature, differing 
climatic and soil conditions over broad geographical ar-

Fig. 4. Calibration curve for the N rate to achieve 95% relative grain yield (RGY) 
utilizing alkaline hydrolyzable-N (AH-N) as determined by the Illinois Soil 
Nitrogen Test (ISNT) for the four cumulative depths (A) 0 to 15 cm, (B) 0 to 30 cm 
(C) 0 to 45 cm, and (D) 0 to 60 cm, respectively. All correlations were significant 
at the 0.001 level of probability.

Fig. 5. Calibration curve for the N rate to achieve 95% relative grain yield (RGY) 
utilizing alkaline hydrolyzable-N (AH-N) as determined by direct steam distillation 
(DSD) for the four cumulative depths (A) 0 to 15 cm, (B) 0 to 30 cm, (C) 0 to 45 
cm, and (D) 0 to 60 cm, respectively. All correlations were significant at the 0.001 
level of probability.
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eas, plant population, residue management, subsoil fertility and 
soil acidity.

Explanations as to why AH-N quantified by DSD in this 
study achieved such a high coefficient of determination and de-
scribed the variability in the N rate data for rice include, but are 
not limited to: (i) direct-seeded, delayed-flood rice production 
boasts one of the highest and predictable N fertilizer use efficien-
cies in the world, (ii) N mineralization rate in direct-seeded, de-
layed-flood rice production is relatively constant under flooded 
conditions, (iii) correlation and calibration that considered the 
entire rooting depth of the crop, and (iv) greater precision and 
perhaps more accuracy than the ISNT in measured AH-N.

The consistency of the production system is a key concern 
when attempting to correlate and calibrate a N soil test that 
estimates the amount of N supplied by the soil. Direct-seeded, 
delayed-flood rice production has reported high rates of N fertil-
izer efficiency, 65 to 75% for the aboveground biomass (Wilson 
et al., 1989; Norman et al., 1992; Guindo et al., 1994; Wilson et 
al., 1994; Bufogle et al., 1997), but more important than the rate 
of efficiency is the consistency. High variability in the N fertilizer 
use efficiency across sites can lower the ability of a soil test to cor-
relate with crop response, but the predictive ability of a soil test 
is greatly improved when the N fertilizer efficiency is consistent 
across sites.

Properly managed direct-seeded, delayed-flood rice pro-
duction systems significantly limit the potential for N fertilizer 
losses, due to the use of ammonium based fertilizers and timely 
flooding to prevent nitrification/denitrification (Norman et 
al., 2003). Mineralization of soil N can influence the ability of 
a soil N test to correlate with crop response and is influenced 
by temperature, moisture, and aeration. In direct-seed, delayed-
flood rice the establishment and management of a permanent 
flood helps to moderate temperature and maintain relatively 
consistent moisture and oxygen levels, thereby generating a con-
sistent N mineralization rate.

Proper soil sampling depth and analytical method are cru-
cial in the success of any soil test. Published literature suggest-
ed rice roots may grow to a 60-cm depth in Arkansas and this 
knowledge was used to develop the initial soil sampling protocol 
used to evaluate levels of AH-N for rice production. Traditional 
soil sampling depths for rice (0–10 cm for P and K) would have 
resulted in significantly lower r2 values and limited the predictive 
ability and applicability of AH-N for direct-seeded, delayed flood 
rice production for rice grown on silt loam soils in Arkansas. Lastly, 
sample to sample variability of the DSD is considerably lower than 
that of the ISNT and possibly the fractions quantified by the DSD 
are better indicators of potentially mineralizable N than the ISNT.

SUMMARY
The results presented here are promising and suggest that 

AH-N can be correlated and calibrated for crop response. Several 
key factors were identified that must be considered when evalu-
ating a soil-based N test that quantifies potentially mineralizable-
N. As previously stated use of AH-N in guiding fertilizer N rate 

decisions has the potential to increase the long-term sustainabil-
ity of crop production while lowering the potential environmen-
tal impacts of excess N fertilization. However, proper steps must 
be taken to ensure that the methodology is evaluated within the 
proper confines (soil sampling depth, soil sample timing etc.) to 
promote its predictive ability and likelihood of success.
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