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Farmer adoption of efficient inorganic
nitrogen fertilizer management practices in
South Dakota

J.D. Clark, J.D. Ulrich-Schad, P. Kovacs, A. Bly, and E. Avemegah

Abstract: Nitrogen (N) fertilizer use has led to reductions in air and water quality but is
essential for increasing crop production. Following the 4Rs of nutrient management (right:
source, rate, timing, and placement), specifically following university N rate guidelines, proper
urea fertilizer management, use of enhanced efficiency fertilizers, and splitting up inorganic
fertilizer-N applications can minimize potential negative environmental eftects. Data from
a 2019 probability sample survey of 465 South Dakota farmers were used to examine how
local and operational characteristics (geographic location, tillage practice, and farm size) are
related to the adoption of these four Rs of nutrient management practices. Factors included
in inorganic N rate decisions from most to least were use of preplant soil test N (74%), yield
potential (68%), previous crop credit (48%), manure credit (25%), and tillage type (16%). Of all
the factors used to make fertilizer-N rate decisions, only the use of previous crop and manure
credit factors were influenced by farm location and tillage method but not farm size. Of all
respondents, 30% used urease inhibitors to minimize ammonia (NH,) loss and 31% applied
urea before predicted precipitation. However, farms in drier, central South Dakota and no-till
farms used urease inhibitors and applied before predicted precipitation more often than farms
in wetter, eastern South Dakota and conventional- and reduced-tillage farms, who were
more likely to use tillage to incorporate urea. To minimize leaching and denitrification loss,
farms in eastern South Dakota where normal rainfall is greater used nitrification inhibitors
or slow-release fertilizers and split-N applications (48% and 53%, respectively), while fewer
farms in central South Dakota where normal rainfall is less used these technologies (34% and
36%, respectively). Larger farms more frequently used urease and nitrification inhibitors, and/
or slow-release fertilizer technologies to minimize N loss. These results indicate that local
and operational characteristics including geographic location, tillage, and farm size influence
on-farm decisions concerning the adoption of these 4R management practices and should be
considered when investigating and promoting 4R practices.
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The use of nitrogen (N) fertilizers has
led to greater crop yields; however, it is
one of the main sources of nonpoint N
pollution and needs to be minimized to
protect water and air quality (Vitousek et
al. 1997; Ribaudo et al. 2011). The main N
loss pathways from cropland come from fer-
tilizer runoff, ammonia (NH,) volatilization,
greenhouse gas emissions from denitrification,
and nitrate (NO,") leaching (Ribaudo et al.
2011). Programs such as the 4Rs of nutrient

management (right: source, rate, timing, and
placement) were created to inform farmers
of the best ways to manage fertilizers like
inorganic N to maximize crop production
and minimize N loss. Some of the 4R rec-
ommended practices for corn (Zea mays L.)
to avoid losses and maximize uptake of N
include applying fertilizer-IN at a rate that
accounts for all sources of N, incorporating
or placing N in the soil or using enhanced
efficiency fertilizers (e.g., urease and/or nitri-
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fication inhibitors and slow-release fertilizers),
and timing N application close to when the
crop needs it (Dinnes et al. 2002; Ribaudo et
al. 2011; Morris et al. 2018).

The above-mentioned 4R practices for
inorganic fertilizer-N can increase crop
production and minimize N loss. However,
surveys conducted in 2006 across the United
States showed that only 35% of fields fol-
lowed recommended 4R practices for
inorganic fertilizer-N (Ribaudo et al. 2011,
2012). Similarly, farmers in Illinois on aver-
age used two of six recommended practices
and were likely to only adopt one more in
the next three years (Upadhyay et al. 2003).
For South Dakota, it is currently unknown
how well farmers are following 4R recom-
mendations. It is important to understand if
and how well these 4R fertilizer-N manage-
ment practices are being utilized as it would
indicate whether our current approach to
educating farmers about the 4Rs related to
fertilizer-N is working well. It is also import-
ant to understand what factors farmers use
to make inorganic fertilizer-N management
decisions to improve educational resources
that can lead to increased adoption of 4R
practices for N management.This manuscript
will focus on the recommended 4R practices
for corn using inorganic fertilizer-N as it is
the most frequently used source of N for
crops in the United States (MacDonald et al.
2009; Ribaudo et al. 2011).

To this point, much research has focused on
perceptions and attitudes of farmers regarding
the adoption of recommended practices that
can lower potential negative environmental
effects (Upadhyay et al. 2003; Knowler and
Bradshaw 2007; Baumgart-Getz et al. 2012;
Stuart et al. 2014; Osmond et al. 2015; Weber
and McCann 2015; Ulrich-Schad et al. 2017,
Denny et al. 2019). In a recent review of this
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literature, Prokopy et al. (2019) determined
that few variables (i.e., perceptions, attitudes,
education, and equipment) by themselves
had a consistent impact on the use of rec-
ommended nutrient management practices.
However, the variables that most consistently
had a positive relationship with adopting rec-
ommended nutrient management practices
were stewardship motivated farmer, positive
attitude toward and awareness of the practice,
previous adoption of conservation practices,
seeking and using information, vulnerable
land, larger farm, greater income and educa-
tion, and expected yield increase.

A potential reason for the lack of consis-
tent impact of specific variables is that many
of these studies are regional and are not cap-
turing important differences that occur on
a smaller scale (i.e., soil type, tillage, drain-
age, climate, geography, etc.) (Weber and
McCann 2015). These smaller-scale differ-
ences are likely important for the adoption
of recommended 4R practices for inorganic
fertilizer-N as N loss avenues are influenced
by weather, soil texture, drainage, fertilizer
application methodology, and chemical form
of N (Hargrove 1988; Dinnes et al. 2002;
Chen et al. 2008; Fan et al. 2011; Fernandez
etal.2016; Drury et al. 2017; Silva et al. 2017,
Thies et al. 2020; Venterea et al. 2021). For
example, the use of nitrification inhibitors is
most effective in sandy soils, poorly drained
soils, or when NH, -based fertilizers are
applied in the fall (Clay et al. 1990; Norton
2008; Fernandez et al. 2016; Vetsch et al.
2019). Additionally, slow-release fertilizers
perform better under moist conditions and
coarse-textured soils (Fan et al. 2011; Grant
et al. 2012;Yang et al. 2017; Spackman 2018;
Ransom et al. 2020a).

The and operational
in South Dakota that may be a factor in
determining the use and effectiveness of
recommended 4R practices for inorganic
fertilizer-N include location of the farm
within South Dakota, utilized tillage prac-
tice, and farm size. The effect of location and
associated regional differences was demon-
strated in Indiana where farms in regions
with flatter topography were more likely to
adopt variable rate application technologies
(Ulrich-Schad et al. 2017).The notable geo-
graphical dividing factor in South Dakota is
the change in annual precipitation in an east
to west direction. Precipitation in the eastern
region (559 to 711 mm) is normally greater
than the central region (406 to 559 mm)

local variables
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(Fisichelli et al. 2016). This is important as
precipitation is a primary driver of N loss,
resulting in it being an important factor in
the effectiveness of enhanced efficiency fer-
tilizers (Clay et al. 1990; Norton 2008; Fan
et al. 2011; Grant et al. 2012; Fernandez et
al. 2016; Yang et al. 2017; Spackman 2018;
Vetsch et al. 2019; Ransom et al. 2020a).
Additionally, the drier, central region has
largely adopted no-till practices (79%) that
help conserve their more limited precipi-
tation, whereas the wetter, eastern region
primarily uses conventional- or reduced-till-
age (71%) (table 1). Movement from tillage to
no-till removes one method to incorporate
urea fertilizer (most used inorganic fertil-
izer-N source in the United States [USDA
ERS 2019]) and will likely result in no-till
farmers being more reliant on a preciptation
event of at lest 25 mm or use of a urease
inhibitor (delays the conversion of urea into
volatile NH gas) to minimize volatilization
losses (Bouwmeester et al. 1985; Clay et al.
1990; Upadhyay 2012; Goos 2013; Goos and
Guertal 2019; Rochette et al. 2013; Silva et
al. 2017).

We expect urease inhibitors to be used
more in the central versus eastern region
since precipitation is less and use of no-till
is greater. This lower precipitation and
higher adaptation of no-till practices will
likely lead farmers to use the urease inhib-
itor to lengthen the time urea fertilizer can
be near the soil surface without volatilizing
while precipitation is being waited for to
incorporate the fertilizer. Conversely, since
inhibitors and

nitrification slow-release

fertilizers often increase yield during high
precipitation years (Clay et al. 1990; Randall
and Vetsch 2005b; Chen et al. 2008; Drury et
al. 2017; Spackman 2018), we expect these
enhanced efficiency fertilizers to be more
often used in the higher precipitation eastern
region of South Dakota. Further, we hypoth-
esize no-till farmers will be more likely to
time urea application near precipitation
events and use a urease inhibitor to lengthen
the time urea can wait on the soil surface
for a precipitation event with less N vola-
tilization losses. Adoption of a conservation
tillage practice is an indicator of an increased
likelihood of adopting multiple conserva-
tion practices (Knowler and Bradshaw 2007,
Weber and McCann 2015; Ulrich-Schad et
al. 2017). Therefore, we expect that no- and
reduced-till farmers will be more likely to use
more factors in the university N rate recom-
mendation algorithm and more frequently
use nitrification inhibitors and slow-release
fertilizers or split-N applications.

Farm size, or the number of hectares
operated, has shown to affect the adoption of
conservation practices as larger farms often
have a greater ability to take on financial risk
(Khanna 2001; Roberts et al. 2004; Ulrich-
Schad et al. 2017). Larger farms also likely
have more highly skilled personnel to obtain
information regarding new practices, equip-
ment, and finances to invest in recommended
4R practices for inorganic fertilizer-N. Thus,
we predict that larger farms will more fre-
quently use enhanced efficiency fertilizers,
split N applications, and use more factors
in the university N rate recommendation

Table 1

and farms size category combination.

Percentage of farms and number of farms in parentheses within each location, tillage practice,

Location

Tillage practice

Variable category Central (%) East (%) No-till (%) Reduced (%) Conventional (%)
Tillage practice

No-till 79 (109) 29 (57) NA NA NA

Reduced 9 (13) 18 (34) NA NA NA

Conventional 12 (17) 53 (104) NA NA NA
Farm size (ha)

>809 42 (57) 17 (30) 39 (61) 18 (8) 11 (12)

405 to 809 36 (49) 31 (55) 35 (54) 35 (16) 33(35)

202 to 404 15 (21) 34 (61) 18 (29) 36 (16) 34 (37)

1to0 201 7(9) 18 (32) 8(12) 11 (5) 22 (24)

Note: NA = not applicable.
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algorithm. Therefore, our objective was to
document the adoption of recommended
4R practices for inorganic fertilizer-N in
South Dakota and evaluate the effect of
farm geographic location within the State of
South Dakota (i.e., to separate climatic dif-
ferences), tillage practice, and farm size on
the adoption rate. The recommended 4R
practices for inorganic fertilizer-N evaluated
were the use of university recommended
factors in making fertilizer-N rate decisions,
methods used to minimize N volatilization
losses from urea, use of nitrification inhib-
itors and slow-release fertilizers, and use of
split N applications.

Materials and Methods

Data Collection. Data presented here are
derived from a mail and online survey con-
ducted by researchers in the Sociology and
Rural Studies and Agronomy, Horticulture,
and Plant Science departments at South
Dakota State University. The survey was con-
ducted among corn producers, including
those with livestock, in central and eastern
South Dakota. The survey asked farmers
detailed questions regarding the information
sources used to make N management deci-
sions and the sources, rates,application timings,
and placement of inorganic fertilizer-N.
Questions regarding farmers’ demographics
and farm characteristics were also asked to
determine whether these factors played a role
in their N management practices.

The survey was sent to 3,000 South
Dakota producers in 2019. Farmer con-
tact information was purchased from Farm
Market ID (Westmont, Illinois), a company
that provides contact information for agri-
cultural producers in the United States.
Farmers were selected randomly using strat-
ified proportionate sampling (according to
the number of operations in the district)
from six USDA crop reporting districts in
the central and eastern part of South Dakota
where most of the corn is grown (figure 1).

Producers were contacted three times
using a modified tailored design approach
as described in Dillman et al. (2014). Briefly,
the first contact was an advance letter includ-
ing a US$2 bill incentive informing them
about the purpose of the survey and how the
information gathered will benefit them by
providing research and educational programs
that will meet their needs, optimize pro-
duction, and protect the environment. The
advance letter also contained a link so that

NOV/DEC 2022—VOL. 77, NO. 6

Figure 1

County map of South Dakota highlighting the six cropping districts where farmers took part in the

2019 survey.

producers who wanted to take the survey
immediately online could do so. The sec-
ond contact was a mail survey that included
a stamped return envelope for those who
did not respond to the advance letter. The
last contact was another mail survey with a
stamped return envelope for those who did
not respond to the first and second contact
attempts to give them a final opportunity to
take the survey. Emails were also sent three
times with the survey link to respondents
who had email addresses in the sample (n
= 1,362), reminding them to complete the
survey if they had not done so. The pro-
cess of multiple contacts and incentives has
proven to increase the response rate in sur-
vey research (Dillman et al. 2014), including
those conducted with agricultural producers
(Avemegah et al. 2020). The overall response
rate for the survey was 18% with 465 produc-
ers completing the survey (online = 176 and
mail = 289). Our sample represents 249,237
planted hectares and US$314,080,011 in
gross farm income (GFI) in the eastern half
of the state of South Dakota.

Using the supplementary data provided by
Farm Market ID for our entire sample, we
conducted nonresponse bias tests compar-
ing respondents to nonrespondents on both
planted hectares and GFI in 2017 using inde-
pendent samples f-tests. Planted hectares for
respondents ranged from 2 to 6,220, with an
average of 556 ha. Planted hectares for non-
respondents ranged from 5 to 26,519, with an
average of 553 ha. The GFI for respondents
ranged from US$150,183 to US$6,956,941,
with an average of US$701,071.The GFI for
nonrespondents ranged from US$150,249
to US$20,496,506, with an average of
US$702,600. The t-tests for both indicated

no significant difference in hectares planted
or GFI for respondents and nonrespondents.
Given we used probability sample methods
to randomly select operations in the State of
South Dakota and subsequently determined
there were no significant differences between
respondents and nonrespondents on some
key operational variables, we are confident
that our sample is a good representation of
corn producers in the eastern half of South
Dakota in 2019.

Independent Variables. Local and oper-
ational variables of interest included three
main categories: geographic location of farm
within South Dakota, tillage practice, and
farm size (table 1). The percentage of farms
within each category is in table 1. The farm
geographic location variable divides the sur-
vey area where most of the corn production
occurs into central and eastern regions based
on USDA crop reporting districts (USDA
NASS 2021). The central region contains
farms located in the North-Central, Central,
and South-Central crop reporting districts
and the eastern region contains farms located
in the Northeast, East Central, and Southeast
crop reporting districts (figure 1). These two
categories were created based on normal
annual precipitation amounts being greater
or less than 559 mm (Fisichelli et al. 2016).
Additionally, farms were divided into one of
three tillage categories (no-till, reduced-till,
and conventional-tillage) and one of four
size categories (1 to 201, 202 to 404, 405 to
809, and >809 ha).

Dependent Variables. Producers
asked about (1) the types of information
they use to make N rate decisions, (2) fer-
tilizer-N sources and rates, including specific
urea application management practices, (3)

were
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usage of nitrification inhibitors and slow-re-
lease fertilizers, and (4) N application timing
strategies. Respondents were asked to indi-
cate (yes = 1;no = 0) if they typically use a
variety of types of information to determine
fertilizer-IN rates, including those in the cat-
egories of university recommended factors
(five items), fertilizer-N rate recommenda-
tion help (three items), and other potential
variables (seven items). To determine N fer-
tilization sources and rates, respondents were
asked to indicate (yes = 1; no = 0) which
N products (six types as well as the option
to write in two other types if it was not
provided; excluding starter fertilizer) they
typically apply and at which time of the year
(fall, spring, early season, or mid-season) to
produce corn. Farmers who applied urea
fertilizer were also asked about the man-
agement practices they typically use (yes =
1; no = 0) with each urea application tim-
ing (e.g., incorporation timing [less than 24
hours, later than 24 hours but less than a
week, and later than a week], application of
urease inhibitor, and application before rain).
Respondents were also asked if they used
(yes = 1;no = 0) any additives or enhanced
efficiency N fertilizers in the past three years,
including (1) urease inhibitors (e.g., NBPT
products: Anvol, Agrotain, etc.), (2) nitrifi-
cation inhibitors (e.g., nitrapyin and DCD
products: N-Serve, Instinct, NZone etc.), (3)
both urease and nitrification inhibitors (e.g,
SuperU, Agrotain Plus SC, etc.), (4) use/used
an inhibitor, but unsure what category it falls
under, and (5) use/used a slow-release fer-
tilizer (polymer coated urea or sulfur coated
urea). Finally, to measure N application tim-
ing strategies, respondents were asked to
write in the approximate N rate (excluding
starter fertilizer) they applied at various tim-
ings (e.g., fall, spring preplant, early season, or
mid/late season) and the application method
they used (e.g., broadcast: incorporated,
broadcast: not-incorporated, banding: with
strip-till, banding: under the row, subsurface
banding: next to row, subsurface banding:
mid row; surface banding: mid row; top dress:
foliar feed, and with irrigation). If respon-
dent indicated they used multiple application
timings, they were coded as split, and if they
indicated they used only one timing, they
were coded as single.

Data Analysis. For some variables, we sim-
ply provide a univariate descriptive analysis
(e.g., frequencies and percentages) of survey
data to provide basic information about fer-
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tilizer-N use among respondents. To examine
bivariate relationships between variables,
given that all our variables of interest were
measured categorically, we used chi-square
tests of independence to examine whether
there were significant differences in our fer-
tilizer-N use variables of interest (dependent
variables described above) according to the
farm geographic location, tillage practice, and
farm size (independent variables described
above). These tests were conducted in Stata
to determine significant associations (P <
0.05) between variables of interest. For exam-
ple, we used chi-square tests of independence
to determine whether there was a significant
difference between producers in central and
eastern South Dakota with regards to using
yield goal as a factor in making fertilizer-N
rate decisions. When the effects of indepen-
dent variables on dependent variables were
significant (P < 0.05) and there were greater
than two levels of that factor, additional chi-
square tests were conducted to determine
differences among them.

Results and Discussion

Information Used to Make Nitrogen Rate
Decisions. To best account for all sources
of N when determining a N fertilizer rate,
each state in the United States has developed
N fertilizer guidelines (recommendations)
based on research conducted in their area
(Morris et al. 2018). In South Dakota,
researchers at South Dakota State University
developed an algorithm that uses the factors
of yield potential, preplant soil test N to a
depth of 60 cm, previous crop credit, manure
application credit, and tillage type (Clark et
al. 2019), which was validated by Kim et al.
(2013). Among all respondents, yield poten-
tial and preplant soil test N factors were used
the most frequently to determine fertiliz-
er-N rates (68% and 74%, respectively) while
the other N rate factors were used <48% of
the time (table 2). The use of soil test N is
important as recent research in South Dakota
and other parts of the United States suggests
it can reduce fertilizer-N needs by an aver-
age of 63 kg N ha™' without reducing yield
(Williamson 2011; Kim et al. 2013; Clark et
al. 2020, 2021; Ransom et al. 2021). This fer-
tilizer rate reduction would lead to an average
cost savings of US$54 ha™' (using an average
fertilizer-N cost of US$1.19 kg™' N [USDA
ERS 2019]). Therefore, it is important to
continue working with farmers and those
they consult with when making fertiliz-

er-N rate decisions to help them understand
the potentially improved accuracy and cost
savings when preplant soil test N is used to
adjust fertilizer-N recommendations.
Following the use of yield potential and
soil test N to determine fertilizer-N rate rec-
ommendations were the use of previous crop
credit (48%), manure credit (25%), and tillage
type (16%) (table 2). One reason these num-
bers may be low is that only the farmers that
grew legumes as the previous crop (or two
years before in the case of a previous peren-
nial legume), applied manure, or used no-till
considered themselves as using these factors
because only when using these factors results
in a change in the N rate recommended by
the university N rate algorithm. Whereas for
farmers who did not grow legumes, apply
manure, or use no-till, these N credit/debit
factors were zero; because their fertilizer
recommendation rate did not change, they
may not have considered themselves as using
these factors. In a subset analysis, we evalu-
ated the percentage of farmers who grew
legumes, applied manure, or used no-till and
used the associated credit or debit in their N
rate calculation. Of those who grew legumes,
55% used the previous crop credit, 47% of
manure applicators used the manure credit,
and 20% of no-tillers used the no-till adjust-
ment. These results increase the overall use of
manure credit substantially but only a small
amount for the legume and tillage adjust-
ments. These results indicate even with the
increased use of these factors (previous crop,
manure, and tillage) shown with the subset
analysis, their use was still poor. Therefore,
the use of the previous crop, manure, and
tillage factors and their ability to improve
the accuracy of fertilizer-N recommenda-
tions and reduce fertilizer costs needs to be
emphasized in educational programming.
Location and tillage were related to the
use of some factors used to make fertilizer-IN
rate decisions, but farm size was not (table 2).
Only the use of previous crop and manure
credit factors varied by location and only
previous crop credit by tillage. Farmers in
eastern relative to central South Dakota used
both the previous crop and manure credits
approximately 10% more often to make fer-
tilizer-N rate decisions. The main climate and
management practice differences in eastern
and central South Dakota (precipitation and
tillage type) did not seem likely to affect the
use of previous crop or manure credit. One
other potential reason for the difference may
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Table 2
Percentage of survey respondents who use the following management factors and tools to make fertilizer-nitrogen (N) rate decisions, overall and by
location, tillage system, and farm size.
Location Tillage Farm size (ha)
Overall No-till Reduced Conventional >809 405to0 202to 1to
Variables (%) Central (%) East (%) (%) (%) (%) (%) 809 (%) 404 (%) 201 (%)
University recommended factors
Yield goal 68 64 72 78 78 7 77 76 73 78
Soil test 74 70 76 85 86 80 84 81 82 81
Previous crop credit 48 43b* 53a 56ab 71la 48b 61 53 46 56
Manure credit 25 20b 30a 27 39 29 26 30 29 30
Tillage system 16 13 18 20 23 14 20 16 18 22
Other potential variables
Use of cover crop 15 15 14 20 16 11 20 14 13 17
Presidedress soil nitrate test 8 4b 12a 8 14 10 12 8 7 7
In-season tissue test 14 12 16 14 18 18 22 16 13 10
Crop canopy sensor 1 1 1 1 2 2 0 1 0 5
Visual deficiency symptoms 17 14 19 17 27 19 24 20 16 15
Basal stalk nitrate test 3 1 4 3 4 2 1 6 2 2
Fertilizer and/or grain prices 29 24 33 35 35 34 36 37 29 37
Fertilizer-N rate recommendation help
Commercial prediction tool 6 4 8 7 12 4 7 7 8 5
Independent consultant 27 26 29 30 33 26 22 21 32 37
Co-op recommendation 35 30 38 41 41 50 35 45 48 51
Percentage of farms in each category
47 53 49 14 37 27 34 23 13
*Percentages with different letters within each row of each variable category (i.e., location, tillage, and farm size) are statistically different (P < 0.05). If
no letters are present, there are no significant differences.

be the greater number of farmers in eastern
compared to central South Dakota that grew
legumes (73% versus 59%) or applied manure
(55% versus 43%) who would be more likely
to consider themselves as using these credits
as discussed earlier.

Previous crop credit was utilized more in
N rate decisions among no- and reduced-till
farmers (56% and 71%, respectively) com-
pared to conventional-till farmers (48%).
This finding supports our hypothesis that
farmers who adopt no- or reduced-till prac-
tices are more likely to consider more factors
when making fertilizer-N rate decisions.
This finding is also supported by others who
determined that the adoption of one con-
servation practice (e.g., no- or reduced-till)
is a good indicator of adopting multiple
conservation practices (Weber and McCann
2015; Ulrich-Schad et al. 2017). These results
indicate that geographic location and till-
age system can be related to recommended
4R practices for inorganic fertilizer-N and
should be studied more to increase under-
standing regarding how and why these
factors affect adoption.

NOV/DEC 2022—VOL. 77, NO. 6

Potential ways to further improve the use
of all university recommended factors when
determining fertilizer-N recommendations
can be through the creation of educational
programming, demonstrating “why” and
“how” to use these factors. Government
agencies could also require the use of all the
factors in the university N rate recommen-
dations algorithm for farmers to participate
in their various programs that help farmers
adopt sustainable management practices.
Further demonstration of how these factors
influence fertilizer-N  recommendations,
including present-day case studies, may
improve producer implementation of the
factors when making N rate decisions.

Other plant and soil tests asked about, but
not currently used in university recommen-
dations for South Dakota, included visual
nutrient deficiency symptoms, in-season tis-
sue tests, Cop canopy sensors, in-season soil
NO,-N tests, and the use of cover crops
(table 2). However, only some farmers used
these testing options (<17% overall). Similar
results were also found in a Michigan study
where in-season N testing and canopy sen-

sors were used to determine fertilizer-IN
rates <12% of the time (Stuart et al. 2014).
This low adoption rate may be due to labor,
time, money, and equipment required to
use in-season soil and plant tests. For exam-
ple, crop canopy sensors require additional
equipment and the use of algorithms to
make fertilizer recommendations. Further,
the algorithms used are routinely modified
by industry and academic researchers to
improve their accuracy. Most farmers would
likely be more willing to adopt such technol-
ogies as research improves their consistency
in providing an accurate fertilizer rate esti-
mate (Bean et al. 2018; Ransom et al. 2020b).
In addition, these in-season testing methods
can only be used to refine N recommen-
dations when farmers move most of their
N application from near planting to in the
growing season after in-season tests occur.
Currently, only 45% of South Dakota farm-
ers split up their N application that would
allow them to use these in-season tests to
refine their fertilizer-N rate (table 3). This
percentage of farmers applying N in-sea-
son is likely lower than in other states in the
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eastern Corn Belt where greater amounts of
precipitation are observed during the early
part of the growing season.

Fertilizer and grain prices were a factor
used by only 29% of farmers when decid-
ing on a fertilizer-N rate (table 2). One way
to improve the use of grain and fertilizer
prices would be to incorporate these costs
into N rate recommendations. An example
of this is the Maximum Return to N recom-
mendation system developed by Iowa State
University (Sawyer et al. 2006) and adopted
by many states in the US Midwest.

Another emerging field in N recommen-
dation systems are the development and use
of models including HybridMaize (Yang et
al. 2004), Encirca (DuPont Pioneer Johnston,
Iowa), Climate FieldView (The Climate
Corp.,St.Louis,Missouri),and Adapt-N (Yara
International ASA Oslo, Norway). However,
the use of these commercially available sys-
tems is limited in South Dakota with only
6% of growers using a commercially available
fertilizer-N rate recommendation tool (table
2). Most growers who turn to people out-
side their farm for help in making fertilizer
rate decisions turn to their co-op (35%) or
an independent crop consultant (27%). Thus,

working with individual farmers along with
fertilizer dealers and crop consultants, who
normally work with many farmers, regard-
ing fertilizer recommendations would likely
enable educational programming to reach
more farmers faster. This type of process
could result in individual farmers adopting
emerging technologies more quickly to help
in their fertilizer-N rate decisions.

Urea Application Management Practices.
The most used inorganic fertilizer-N source
in South Dakota is urea at 65% with all other
sources being used <24% of the time (e.g.,
urea ammonium nitrate [UAN] that contains
28% N [24%], UAN that contains 32% N
[6%], and anhydrous NH, [5%]). Urea fertil-
izer is most frequently applied in the spring
before planting (57%). At this spring applica-
tion, timing, farm location, tillage, and farm
size were related to urea fertilizer manage-
ment practices (P < 0.05).

Appropriate management of urea fertilizer is
important to avoid N losses from volatilization
that occur when urea is converted by enzymes
to NH, gas (Francis et al. 2008; Kissel et al.
2008; Fernandez et al. 2016;Vetsch et al. 2019;
Thies et al. 2020). Ammonia volatilization can
be reduced by incorporating urea into the soil

through tillage or injection, applying it prior to
a precipitation event of at least 25 mm, or use
of a urease inhibitor (Bouwmeester et al. 1985;
Clay et al. 1990; Upadhyay 2012; Rochette et
al. 2013; Silva et al. 2017). To minimize NH,
volatilization loss from urea, farmers in cen-
tral South Dakota were most likely to apply
urea with a urease inhibitor (39%) or time the
application before precipitation (39%) and least
likely to use tillage (£12%) (table 2).This result
is likely because no-till practices are most used
in central South Dakota (79%) that removes
their ability to incorporate urea with tillage
(table 1). Conversely, farmers in eastern South
Dakota relied primarily on tillage within 24
hours (47%) compared to using a urease inhib-
itor (24%) or timing the urea application prior
to a precipitation event (24%). In eastern South
Dakota, conventional- and reduced-tillage
practices are most used (71%). Eastern South
Dakota also normally has greater annual pre-
cipitation. This greater annual precipitation
may influence farmers to use tillage more often
to help dry their fields and prepare them for
planting. Tillage also gives them an added tool
to minimize NH, volatilization losses by incor-
porating the urea fertilizer at the same time
they prepare their fields for planting. Evidence

Table
Percent?ge of survey respondents who use various urea fertilizer application practices in spring, enhanced efficiency fertilizers (nitrification inhibi-
tors and slow-release fertilizers), and single- or split-nitrogen (N) application timing, overall and by location, tillage system, and farm size.
Urea management N application
Incorporation timing Other practice timing strategy
>24 h but > a week Apply before Use of urease Use of nitrification inhibitor Single Split
Variables <24 h (%) <aweek(%) (%) None (%) rain (%) inhibitor (%) and slow-release fertilizer (%) (%) (%)
Overall 34 11 3 28 31 30 43 55 45
Location
Central 12b* 5b Ob 50b 42a 39a 34a 53aa 37b
East 47a 16a 6a 15a 24b 24b 48b 47b 63a
Tillage
No-till 10b 7b 2 49a 45a 43a 53 65 35
Reduced 48a 28a 12 24b 24ab 28ab 43 50 50
Conventional 67a 12ab 2 Oc 16b 16b 39 48 52
Farm size (ha)
>809 23 4 2 44a 38 33 49 49 51
405t0809 31 17 2 3lab 33 45 40 67 33
202t0 404 38 22 8 16b 38 24 42 44 56
1to 201 52 10 5 14b 19 19 46 73 27
Notes: N = nitrogen; h = hours.
*Percentages with different letters within each column are statistically different (P < 0.05). If no letters are present, there are no significant differences.
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of this theory is provided as no-till farms (more
abundant in central South Dakota) were the
most likely to use a urease inhibitor (43%)
and work to time application before a precip-
itation event (45%) and not incorporate urea
with tillage (49%). In contrast, fewer farms that
used conventional- or reduced-tillage (more
abundant in eastern South Dakota) used a ure-
ase inhibitor (16% and 28%, respectively) or
applied before a precipitation event (16% and
24%, respectively).

Farm size was also a factor in whether
urea fertilizer was incorporated to minimize
N volatilization losses. Larger farms pri-
marily relied upon using a urease inhibitor
(33% to 45%) or trying to time the appli-
cation prior to a precipitation event (33%
to 38%), and lastly using tillage to incor-
porate the urea fertilizer (23%) (table 3).
These results likely occurred because larger
farms (>405 ha) mostly used no-till practices
(74%) that did not allow them to use till-
age to incorporate urea fertilizer and avoid
N volatilization losses (table 1). Conversely,
smaller farms (<405 ha) primarily relied on
tillage to incorporate urea fertilizer (38% to
52%) to minimize N volatilization losses and
infrequently used a urease inhibitor (19% to
24%) or tried to time urea application before
a precipitation event (19% to 38%) (table
3). These results likely occurred because
smaller farms were more likely to till their
fields (47% to 56%; table 1). Use of tillage
and incorporating fertilizer enabled them
to minimize N volatilization losses without
needing to invest in a more expensive fer-
tilizer containing a urease inhibitor or time
fertilizer application before a precipitation
event. These results also provide further evi-
dence that larger farms are more likely to
adopt conservation tillage practices (Prokopy
et al. 2019), including no-till where tillage is
no longer an option to incorporate urea to
avoid volatilization losses.

Another potential reason larger farms
more frequently use a urease inhibitor or rely
on precipitation to incorporate urea may be
due to the time, energy, and labor savings.
Fertilizer can be broadcast on the soil sur-
face faster and requires less equipment power
(and use of energy) compared to banding
urea (or UAN solution) or broadcasting it on
the surface and then using tillage to incor-
porate the fertilizer. These savings for larger
(>405 ha) compared to smaller farms (<405
ha) are more likely to be sufficient to pay for
the added price of purchasing fertilizers with
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a urease inhibitor. Whereas it may be more
cost-effective for smaller farms to incorpo-
rate urea fertilizers with tillage compared
to relying on precipitation or urease inhib-
itors to minimize NH, volatilization losses.
Further, smaller farms may not have their
own application equipment to time fertilizer
application or what fertilizer sources (e.g.,
urease inhibitor) are applied and must rely
on the co-ops’ equipment, timing, and urease
inhibitor availability.

These results ultimately support our
hypothesis that larger farms due to their
often-greater finances and ability to spread
the financial risk over larger geographi-
cal areas (lessening the chance that all areas
would produce low yields) would be more
likely to adopt newer technologies such as
urease inhibitors. These results also support
our hypothesis that local and operational
factors including geographic location and its
associated weather patterns, tillage, and farm
size influence farmers’ decisions on what 4R
practices to adopt and should be considered
when investigating and promoting 4R prac-
tices for N management.

Use of Nitrification Inhibitors and Slow-
Release Fertilizers. Nitrification inhibitors
and slow-release fertilizers can be used to
minimize N loss by reducing the chance
of N being lost to leaching or denitrifica-
tion processes and increasing the chance
the crop will take up the N (Fan et al. 2011;
Halvorson et al. 2014; Ferniandez et al. 2015;
Yang et al. 2017). Nitrification inhibitors are
used to inhibit the conversion of ammonium
(NH,") to NO," that is highly susceptible
to loss via leaching and denitrification (e.g.,
nitrous oxide gas) (Laboski 2006; Trenkel
2010; Drury et al. 2017; Goos and Guertal
2019). Slow-release fertilizers are coated or
encapsulated fertilizers that release nutrients
slowly over time based on temperature and
moisture (Trenkel 2010; Adams et al. 2013;
Ransom et al. 2020a). The use of nitrifica-
tion inhibitors and slow-release fertilizers
were related to location (P < 0.05) but not
tillage or farm size (P > 0.05). However,
there were important trends to consider with
the effect of tillage and farm size. The nitri-
fication inhibitors and slow-release fertilizers
were 14% more likely to be used by farms
in eastern compared to central South Dakota
(48% versus 34%) (table 3).This is the oppo-
site trend compared to looking at the use
of urease inhibitors and is likely due to the

annual precipitation differences in eastern
versus central South Dakota.

In the higher precipitation areas in east-
ern South Dakota, there is a greater chance
of receiving needed precipitation to incor-
porate urea fertilizer after application before
extensive NH,, volatilization loss occurs, low-
ering the need for urease inhibitors. However,
the greater precipitation also increases the
chance of N loss through leaching and
denitrification, which can be lessened using
nitrification inhibitors and slow-release fer-
tilizers that keep N in the more stable NH,*
form (Laboski 2006; Trenkel 2010; Drury
et al. 2017; Goos and Guertal 2019). These
results are supported by research where nitri-
fication inhibitors and slow-release fertilizers
were more effective at minimizing N loss
and increasing crop yield in wetter condi-
tions (Fan et al. 2011; Grant et al. 2012;Yang
et al. 2017; Spackman 2018; Ransom et al.
2020a). Conversely, farmers in the lower pre-
cipitation areas in central South Dakota are
less concerned about leaching and denitri-
fication losses and more concerned with N
loss from volatilization.

Although statistically not significant (P >
0.05), farmers who used no-till compared to
conventional-till were approximately 14%
more likely to use nitrification inhibitors
and slow-release fertilizers (53% versus 39%)
(table 3). Farmers who used conservation
versus conventional-till were also more likely
to use nitrification inhibitors and slow-re-
lease fertilizers in a national US study (Weber
and McCann 2015). Farmers who switch
from conventional- to no-till or reduced-till
are required to think about changing their
entire cropping management system and not
only skipping tillage passes. Therefore, it takes
a willingness to change and adjust the entire
operation to effectively manage a new crop-
ping system (Upadhyay et al. 2003; Denny
et al. 2019). This willingness to change and
try new technologies is also likely the atti-
tude needed for these no-till compared to
conventional-till farmers to more frequently
adopt nitrification inhibitors and slow-re-
lease fertilizers that can help minimize N
loss. It appears farms >810 ha tend to use
nitrification inhibitors and slow-release fer-
tilizers more frequently than smaller farms
(table 3); however, these differences were not
statistically significant. As discussed earlier
this is likely due to larger farms more fre-
quently having the capital available to invest
in higher cost fertilizer technologies, nitrifi-
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cation inhibitors, and slow-release fertilizers,
to ensure they can apply fertilizers efficiently
on their entire operation. Therefore, this
may be the reason that on average larger
farms were more likely to use nitrification
inhibitors and slow-release fertilizers to
help minimize N loss. Overall, these results
indicate that when conducting research and
creating educational programs related to
the adoption of nitrification inhibitors and
slow-release fertilizers that local climate, till-
age practices, and adoption costs need to be
considered and addressed.

Splitting Up  Nitrogen Applications.
Delaying and aligning N application to crop
needs is another possible tool to lower N
loss. In the US Midwest, early season (April
through June) precipitation events when crop
N uptake is low often leads to the greatest N
losses through leaching and denitrification
(Randall and Vetsch 2005a; Abendroth et al.
2011; Fernandez et al. 2016; Struffert et al.
2016). However, after the V6 development
stage (Abendroth et al. 2011), corn grows
rapidly and takes up large amounts of nutri-
ents and water, reducing the potential for
N loss (Randall et al. 2003; Ma et al. 2003;
Fernandez et al. 2016; Struffert et al. 2016).
Thus, applying approximately 20% of the
total N fertilizer needed near planting and
the rest closer to when rapid nutrient uptake
begins can potentially reduce N losses.

The use of split applications by South
Dakota farmers was close to even overall
with 55% and 45% using single- and split-N
applications, respectively (table 3). Farm
location was related (P < 0.05) to the use
of single- and split-N applications, whereas
tillage and farm size were not (P > 0.05).
Single-N applications were used more on
farms in central (53%) compared to east-
ern South Dakota (47%). Whereas split-IN
applications were used more in eastern
(63%) compared to central South Dakota
(37%). The more frequent use of single-
compared to split-IN applications in central
South Dakota and the opposite occurring in
eastern South Dakota was likely due to the
differences in annual precipitation. As previ-
ously stated, central South Dakota receives
less annual precipitation than eastern South
Dakota. This is important as recent research
throughout the US Midwest has shown that
reliable precipitation around the timing of
a split application is strongly related to the
split-N management strategy increasing crop
yields over single-N applications (Kovacs et
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al. 2015; Spackman et al. 2019; Clark et al.
2020). The lower likelihood in central South
Dakota of receiving precipitation to incor-
porate fertilizer-N and make them available
to the crop during the growing season is
likely the reason single- compared to split-N
applications were used more frequently.
Whereas the greater annual precipitation in
eastern South Dakota increases the chance of
receiving needed precipitation at the time of
split applications to make fertilizer available
to plants and is likely the reason split- com-
pared to single-IN applications were more
frequently used in eastern South Dakota.

More research is needed evaluating sin-
gle- and split-N applications in the various
precipitation zones in South Dakota and
using different placement methods (e.g.,
surface broadcast versus injected side-dress)
before educational training and demonstra-
tions can be created. This additional research
would then be used to help farmers in
both central and eastern South Dakota to
determine whether single or split applying
fertilizer-N would improve crop yield and
minimize potential negative environmen-
tal eftects. Farmers also need to have access
or ownership of appropriate equipment
that can apply fertilizer in a standing crop
(e.g., fertilizer applicator with narrow tires
that will not damage the crops). This kind
of equipment is not always available every-
where and farmers may be concerned about
the compaction caused by the equipment.
Another concern with in-season N appli-
cations may be the short amount of time
to execute in-season fertilizer application,
which many times aligns with early season
weed control. Overall, these results indicate
that geographic location (i.e., precipitation
patterns) and not tillage or farm size should
be accounted for when conducting research
or promoting the use of split-N applications
to minimize N loss.

Summary and Conclusions

Geographical location (east-west) and local
operational characteristics mattered when
farmers were making decisions related to the
recommended 4R practices for inorganic
fertilizer-N. Geographic location within
South Dakota, tillage, and farm size were
associated with the use of different fertiliz-
er-N management decisions. Farmers using
no- and reduced-tillage practices compared
to conservation tillage practices more fre-
quently used previous crop credit and farms

in eastern compared to central South Dakota
used previous crop and manure credits more
frequently. The use of all other variables in
the N rate recommendation algorithm were
not influenced by farm location, tillage, or
farm size. Overall, yield potential and pre-
plant soil test N factors were the most used
to determine fertilizer-N rates (>68%) while
the other university N rate factors were used
<48% of the time. The use of all factors in
the university N rate recommendation algo-
rithm is important for determining the most
accurate fertilizer-N rate. Future educational
and research projects can work to improve
the use of these various factors through the
creation of educational programming that
shows why and how each factor influences
N rate recommendations and their accuracy.

Farm geographic location was related to
urea fertilizer management practices, use
of nitrification inhibitors, slow-release fer-
tilizers, and use of split-IN applications. To
minimize NH, loss from urea fertilizer, farm-
ers in central South Dakota (lower annual
precipitation) were more likely to use a urease
inhibitor and apply it before a predicted pre-
cipitation event, whereas farmers in eastern
South Dakota (higher annual precipitation)
were more likely to use tillage to incorpo-
rate urea fertilizer. To minimize N loss from
leaching and denitrification, farms in eastern
South Dakota used nitrification inhibitors
and slow-release fertilizers and split up their
fertilizer-N applications, while fewer farms
in central South Dakota used these tech-
nologies. The use of different management
practices to minimize N loss between central
and eastern South Dakota was likely due to
the precipitation differences as the effective-
ness of urease and nitrification inhibitors and
splitting up N applications is influenced by
precipitation amounts (Norton 2008; Fan et
al. 2011; Grant et al. 2012; Kovacs et al. 2015;
Yang et al. 2017; Spackman 2018; Ransom
et al. 2020a). These results give evidence
that geographic location and precipitation
amounts need to be considered when pro-
moting the use of different 4R management
practices for inorganic fertilizer-N. Future
research into N management practices needs
to include field areas in various precipita-
tion areas to provide better information to
farmers regarding their effectiveness for their
farm location.

Tillage type was related to the use of all
4R inorganic N management practices
except the use of split-N applications. This
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was especially true for urea management as
one of the most used methods to lessen NH,
volatilization loss from urea is to incorporate
it with tillage. However, with the increased
use of no-till, incorporating urea with till-
age to minimize NH, loss is no longer an
option. This likely explains why farmers who
use no-till were most likely to use a urease
inhibitor and time urea application before
a predicted precipitation event to minimize
NH, loss, whereas farmers that used tillage
were most likely to incorporate urea with
tillage. Further, farmers who used no- or
reduced-tillage practices were also more likely
to use nitrification inhibitors and slow-release
fertilizers to minimize N loss from denitrifi-
cation and leaching. This result supports the
theory that farmers who use one conserva-
tion practice are more likely to use others
(Weber and McCann 2015; Ulrich-Schad et
al. 2017). Overall, these results show that the
tillage system directly affects N management
decisions and should be accounted for when
promoting 4R N management practices and
completing future research related to ways to
increase fertilizer-N use by crops and mini-
mize N loss.

Farm size was related to the use of
urea management practices and nitrifica-
tion inhibitors and slow-release fertilizers.
Larger farms most frequently used urease
and nitrification inhibitors, and/or slow-re-
lease fertilizer technologies to minimize N
loss. This greater use was likely due to their
greater ability to absorb financial risk and
economies of scale (Khanna 2001; Roberts
et al. 2004; Ulrich-Schad et al. 2017). Thus,
larger farms are more likely to have the
financial ability to pay for higher cost fertil-
izers. These results also show that adoption
costs of 4R inorganic N management prac-
tices is an important factor to consider when
evaluating and promoting the adoption of
4R inorganic N management practices.

These results support the hypothesis that
the adoption of 4R fertilizer-N management
practices is affected by factors that occur on a
smaller scale such as farm location and its pre-
cipitation amounts, tillage practice, and farm
size (Weber and McCann 2015). Future stud-
ies should incorporate smaller-scale local and
operational characteristics when determin-
ing the variables that affect the adoption of
4R inorganic N management practices. The
inclusion of these variables will likely increase
the consistency of variables found related to
the adoption of 4R fertilizer-N manage-
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ment practices. As these local and operational
factors are better understood, nutrient man-
agement professionals can incorporate them
into their educational and research programs
that can provide the needed help to increase
the use of 4R fertilizer-N management prac-
tices that can ultimately increase the use of
fertilizer-N by crops and minimize N loss to
the environment.
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