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Unpredictable Nature of Environment on Nitrogen Supply and Demand
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ABSTRACT

The second law of thermodynamics states that entropy or ran-
domness in a given system will increase with time. This is shown
in science, where more and more biological processes have been
found to be independent. Contemporary work has delineated
the independence of yicld potential (YPO) and nitrogen (N)
response in cereal crop production. Each year, residual N in the
soil following crop harvest is different. Yield levels change radi-
cally from year to year, a product of an ever-changing and unpre-
dictable/random environment. The contribution of residual soil
N for next years’ growing crop randomly influences N response
or the response index (RI). Consistent with the second law of
thermodynamics, where it is understood that entropy increases
with time and is irreversible, biological systems are expected to
become increasingly random with time. Consequently, a range
of different biological parameters will influence YP0O and RI in
an unrelated manner. The unpredictable nature that environ-
ment has on N demand, and the unpredictable nature that
environment has on final grain yield, dictate the need for inde-
pendent estimation of multiple random variables that will be
used in mid-season biological algorithms of the future.

Core ldeas
* Randomness in biological systems is increasing.

* Many biological processes are independent.

Yield levels change from one year to the next.
¢ Environments change over time and are random.

* Optimum fertilizer nitrogen rates change dramatically from year to year.

REGOR JOHANN Mendel (1822-1884), a Catholic
GAugustinian Priest, is considered to be the founder

of the modern science of genetics (Olby, 1997). He
discovered the basic principles of heredity through multiple
experiments with peas (Pisum sp) but suggested that this theory
applied to all living things. Mendel’s Law of Independent
Assortment established that traits were passed on independently
of other traits from parent to offspring (Bateson, 2007). During
meiosis, the pairs of homologous chromosomes are divided
in half to form haploid cells, and this separation, or assort-
ment, of homologous chromosomes is random (Scitable, 2018).
Randomness is the fundamental and overarching principle that
helps to explain how traits were independently passed from par-
ent to offspring. It is the presence of randomness in all biological
systems that this paper aims to highlight.

BIOLOGICAL INDEPENDENCE
IN AGRICULTURE

Early biology work coming from Hastings and Sweeney
(1957) noted that it was important to understand that tempera-
ture independence supported the concept that a diurnal thythm
could be related to a biological timing device or clock. This was
some of the first work to establish that similar biological pro-
cesses can be independent.

Raun et al. (2011), using 90 site-years of winter wheat data,
reported that yield potential (YPO0) and N response, or response
index (RI), were independent. Ensuing work by Arnall et al.
(2013), derived from 261 site-years of both maize and wheat data,
further documented the validity of this finding. This concept
was coupled with results from Dhital and Raun (2016) that
recognized highly variable optimum N rates and actual yield
increases due to N from year to year and location to location
in maize-growing regions of the United States. They further
showed highly variable yield levels in both the check (0-N) and
adequately fertilized plots. This comprehensive study included
data from Colorado, Iowa, Kentucky, Maryland, Missouri,
Nebraska, Texas, and Wisconsin and encompassed yield records
from research field trials totaling 213 site-years. Published results
included in this work spanned the years 1958 to 2010. Dhital and
Raun (2016) also showed that optimum N rates were not corre-
lated with either the high-N rate yield or the 0-N check plot yield.
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The yield level from one year to the next was documented to
be random and unpredictable, and the response to fertilizer N
year to year was also random (Dhital and Raun 2016; Lamb
etal., 1997). Another related study showed that temperature
sensitivity for soil respiration is likely independent of the mean
annual temperature of the soil, and this was observed over a
wide variety of ecosystems and average temperatures (Giardina
and Ryan, 2000).

La Roche etal. (1996) documented the importance of inde-
pendence in biological systems when reporting that, although
higher plants and prochlorophytes share common pigment com-
plements, their light-harvesting systems have evolved indepen-
dently. More relevant to this paper, Arnall et al. (2013) showed
that wheat and maize grain yield levels and the response to
fertilizer N were independent. Because both affect the demand
for fertilizer N, independent estimates of both were suggested to
calculate realistic in-season fertilizer N rates.

Nitrogen (N) fertilization has traditionally taken place before
planting or preplant in wheat and corn production systems
(Fageria and Baligar, 2005). Applying all N preplant has been
heavily scrutinized because it is one of the most ineflicient
methods of applying this source (Bushong et al., 2014; Raun et
al., 2002). Misuse of N fertilizer has been exacerbated in Iowa,
where the local Water Works facility that supplies water for the
city of Des Moines filed a lawsuit against surrounding farmers
for applying excess N that ended up in drinking water supplies
(Erbentraut, 2017). Babcock (1992) noted that the motivation
for increasing N fertilizer application is self-protection as farm-
ers find it profitable to reduce the probability that they might be
“caught short” of fertilizer.

The development of methods for improving N fertilization,
especially those that increase N use efficiency (NUE), remains
important. Considering that world NUE for cereal crop produc-
tion is estimated at 33%, Raun and Johnson (1999) delineated
several methods to improve this value, including sidedress or
topdress N applied in the middle of the growing season. When
winter wheat was grown in a forage-only production system,
NUE values approached 66% (Thomason et al., 2002). This was
due in part to harvesting all plant matter before the flowering
stage when plant N loss is expected (Kanampiu et al.,, 1997).

ENTROPY AND RANDOMNESS

Early work by Mann (1970) recognized randomness in fun-
damental biological processes and organic evolution. He further
suggested that randomness is inherent in the natural process.
Entropy is also a gauge of randomness or chaos within a closed
system. As usable energy is irretrievably lost, disorganization,
randomness, and chaos increase (All About Science, 2018).
This is aligned with the second law of thermodynamics, which
embeds knowledge that the total entropy of an isolated system
can never decrease over time, where entropy is the degree of
disorder or randomness in the system (Costa et al., 2002).

Early work by von Bertalanfty noted that “From the physical
point of view, the characteristic state of the living organism is
that of an open system” (von Bertalanffy, 1950). Furthermore,
the theory of open systems opens a new field in physics, and
this development is more remarkable because thermodynamics
seemed to be a consummate doctrine within classical phys-
ics. In biology, the nature of the open system is at the basis of

fundamental life phenomena, and this conception seems to
point the direction and pave the way for biology to become an
exact science (von Bertalanffy, 1950).

Longo and Montévil (2012) noted that randomness was an
essential component of biological variability and was associated
with the growth of the biological organization. Related work
by Brooks et al. (1989) reported that all conservative transfor-
mations in biological systems are coupled with the presence
of heat-generating transformations. They also reported that
inherent biological production, or genealogical processes, are
entropic. Heams (2014) reported that randomness is, in many
ways, an inherent feature of evolutionary biology and genetics.
This is reflected in work by Lee (2002), who noted that the inva-
sion success of many species depends on their ability to respond
to natural selection. Wang et al. (2016) summarized that the
second law of thermodynamics states that a system progresses
in the direction of increasing entropy, where a system includes
engineered devices as well as biological organisms, and that
entropy is a measure of randomness. He further noted that a sys-
tem naturally progresses from nonrandomness to randomness.

When referencing the second law of thermodynamics, von
Bertalanfty (1950) noted that, in natural processes, the total
entropy always increases, and the process is irreversible. This
increase in entropy accounts for the irreversibility of natural pro-
cesses. Udgaonkar (2001) observed that the second law of ther-
modynamics does not distinguish between living and nonliving
things, further observing that the concepts of thermodynamics
constitute the unifying principles of physics, chemistry, and biol-
ogy. He further noted that those processes that lead to random-
ness and disorder would appear to be out of place in the world
of biology. Udgaonkar (2001) also reported that the second law
of thermodynamics implies that the principle of total entropy,
as a measure of disorder, must steadily increase. This acknowl-
edgment, which included biology, further ties the second law of
thermodynamics to plant and crop production systems. Heams
(2014) commented on the need for a reappraisal of the status of
randomness in life sciences, which would have important conse-
quences for research strategies in theoretical and applied biology.

For this manuscript, the second law of thermodynamics helps
to explain why ostensibly similar biological components (RI and
YPO0) were independent (Arnall et al., 2013; Raun et al., 2011).
This law delineates that everything is becoming increasingly
random with time. In the context of this paper, it is understood
that a range of different variables/factors/biological components
will each influence YPO and RI differently.

Considering Mendel’s Law of Independent Assortment
(traits passed on independently) and the second law of thermo-
dynamics, the overarching impact/influence of randomness on
all biological properties leads to understanding that any one of
these biological variables should not be related.

For example, excess N fertilizer can decrease grain yields but
in the process leaves excess N in the soil or residual N that can
positively or negatively affect yield in ensuing years (Wang et
al., 2011). This concept, explained as “synchrony” of N supply,
documents why overapplication of N can adversely affect yield
and the immediate environment yet lead to increased residual
N (Fageria and Baligar, 2005). This same phenomenon was
indirectly described by Wang et al. (2011), where subsequent
year residual N was aided by current season overapplication that
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decreased in-season wheat grain yields. Stanford (1973) also
highlighted the perils of overapplication of N and that it leads
to reduced NUE.

Schepers and Holland (2012) stated that a yield component is
not necessary for the development of an in-season recommenda-
tion algorithm. Nonetheless, their data showed dramatic differ-
ences in yield level from year to year and that these differences
would ultimately affect final N demand. Actual N rate has been
tied to yield level in numerous papers showing a positive cor-
relation between crop N demand and grain yield (Fageria, 2014;
Schepers et al., 1992).

Work by Lamb et al. (1997) showed dramatic differences in
yield level and the range in yields over time. Furthermore, grain
yields were not spatially consistent from year to year. More note-
worthy was the finding that specific areas in the field of study that
had higher yields or lower yields were not consistent over time.

Global estimates of phosphorus (P) (Dhillon et al., 2017),
potassium (K) (Dhillon et al., 2019), and sulfur (S) (Aula et al.,
2019) use efficiencies in cereal crops have been found to be highly
variable from one year to the next. Phosphorus use efficiency in
cereal crops was found to be 16% on average over a 53-yr period
(range, 12-21%) (Dhillon et al., 2017). Similarly, over a 55-yr
period, potassium use efficiency averaged 19% (range, 15-26%)
(Dhillon et al., 2019). Likewise, sulfur use efficiency averaged
18% (range, 14-22%) (Aula et al., 2019). In summary, these cita-
tions reflect the randomness and unpredictable nature of yields
across the globe and associated use efficiencies.

IMPORTANCE OF RANDOMNESS

The terms “stochastic process” and “random process” are used
interchangeably. Randomness is the lack of pattern or predict-
ability. Saunders and Ho (1976) noted that a striking feature
of evolution is that it tends to produce organisms that are more
and more complex and as such more and more random.

Systems do not necessarily tend toward chaos but to a situa-
tion that is inherently unstable and unpredictable. At any given
moment, random variations occur, with Varying consequences
and varying degrees of predictability (Spielman et al., 2009).

Tumusiime et al. (2011) reported that yield potential and N
response vary randomly from one year to the next. Similarly,
when Mills et al. (2017) attempted to predict the year-to-year
variation in response to applied N using environmental vari-
ables like rainfall, predictability was low. Supporting work by
Huang et al. (2016) documented highly variable atmospheric N
deposition from year to year, which influenced N demand for
the ensuing year.

Jokela and Randall (1997) showed that fertilizer-derived N
from the soil ranged from 25 to 56%, with a large proportion at
the high N rate in inorganic forms. Residual uptake of fertilizer-
derived N by grain ranged from 1 to 10% of the initial N rate,
and this rate changed dramatically by year. Prior work by Jokela
and Randall (1989) reported that residual NO;—N in the soil
profile (1.5 m) of the 0-N check plot (no N applied) varied sig-
nificantly over time and was unpredictable (range, 67-215 kg N
as NO;-N from 1982 to 1984). This same result was observed
in plots receiving added fertilizer N.

Similar work by Olson et al. (1976) showed that residual min-
eral N influenced both wheat and corn grain protein levels and
that these levels were noticeably different by environment. Raun

etal. (2017) noted an unpredictable environmental influence on
grain yields and suggested predicting mid-season yield potential
using optical sensors to improve in-season cereal fertilizer N
recommendations over that of yield goals.

An alternative N fertilizer recommendation method that
remains popular includes maximum return to N (Sawyer et al.,
2006). This procedure estimates economically optimum N rates
using historical crop response adjusted for current grain and
fertilizer prices.

The importance of randomness in biological systems was
discussed by Jalan (2015), who further delineated this concept
using examples coming from biological sciences. Kallenberg
(2002) noted that random measures occur everywhere in our
discipline and play a fundamental role in practically every area
of stochastic or random processes. Work by Thrupp (2000)
highlighted the importance of increased agrobiodiversity for
sustaining food security. This work further noted that conflict-
ing agricultural politics that promote monocultural industrial
farming/uniform technology should be eliminated.

VARIABILITY IN RESIDUAL NITROGEN

Work by Onken et al. (1985) documented that residual soil N
fluctuated unpredictably from year to year. This very same result
was reported by Jokela and Randall (1989), who reported that
residual N was affected by random environmental effects.

Work by Bundy and Malone (1988) demonstrated that soil
profile NO;-N influenced maize response to applied N. They
further noted that annual adjustment of N recommendations
for profile NO;-N should be made especially when substantial
overwinter carryover of profile NO;-N occurs. Important to
this work was that profile NO;-N was highly variable over
years and locations sampled (Bundy and Malone, 1988). Onken
etal. (1985) conveyed that, to maximize fertilizer use efficiency
at a given yield level, it would be necessary to minimize residual
s0il NO3;~N. Some of these processes are random and largely
governed by changes in the environment in addition to manage-
ment practices (Di and Cameron, 2016).

Spiertz and De Vos (1983) noted that topdress N should
be based on residual soil N and the environment-specific N
requirement. They further showed that both the environment
and residual soil N vary considerably by environment. Alarming
work from China by Liu et al. (2013) noted that the impact
of atmospheric N deposition on their ecosystems includes
increased plant foliar N concentrations and increased crop N
uptake from long-term unfertilized croplands. They further
discussed a continuing challenge to reduce emissions of reac-
tive atmospheric N and the associated N deposition, which has
negative effects on human health and the environment.

ENVIRONMENT

Over 8 yr (1991-1998), Herron et al. (1968) reported that
total rainfall at North Platte, NE, ranged from 477 to 723
mm, with the low and high occuring in consecutive years (1995
and 1996). Work by Salvagiotti et al. (2008) demonstrated
that the environment dictated the availability and subsequent
demand for N in soybean [Glycine max (L.) Merr.] production
systems. The impact of environment on crop N demand was
further noted to be variable from one year to the next. It was
also reported that soybean yield was more likely to respond to N
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fertilization in high-yielding environments. Chen et al. (2004)
found that increases in rainfall and temperature increased yield
levels but contributed to increased sorghum yield variability.

A consequence of unpredictable weather effects on crop
requirements has been to use reference plots (high N rates) and
crop sensing before in-scason N application (Tremblay and
Belec, 2006). This is bound to the understanding that weather
(particularly rainfall in dryland production systems) is the pri-
mary driver for both plant growth and soil nutrient availability
and that weather changes dramatically from year to year. This
has in turn been reflected in unusually high check plot yields
that have been observed over time in many long-term experi-
ments (Davis et al., 2003; Dhital and Raun, 2016)

Arnall et al. (2013) further demonstrated the randomness and
inconsistency of N response over time, which was observed in all
long-term experiments described in their paper, which had been
performed in Iowa, Nebraska, Wisconsin, and Oklahoma. They
estimated N response using RI by dividing grain yield in the
adequately fertilized plots by grain yield in the unfertilized plots.

Lory and Scharf (2003) studied 298 N response experiments
over five states (Illinois, Minnesota, Missouri, Pennsylvania,
and Wisconsin). For 105 of the 298 locations, the economic
optimum N rate was zero, meaning that those sites were non-
responsive to applied N. Their work also showed that fertilizer
recommendation systems that rely only on yield or ignore yield
entirely are limited to explaining <50% of the variation in eco-
nomic optimum N rates.

DISCUSSION

Without having an N-rich strip and an estimate of the RI
(Mullen et al., 2003), methods that are currently used cannot
accurately predict either YPO or crop responsiveness to N prior to
crop establishment (Dhital and Raun, 2016; Magdoft, 1992; Raun
etal., 2017). If yield levels change from year to year and are ran-
dom and unpredictable, there should be no defined relationship
between YPO and RI. As per the work of Stevens et al. (2005),

N mineralization is expected to supply random, unpredictable
quantities of inorganic N from one year to the next. The influence
of other N components within the N cycle, on N demand, should
also be random, including (but not exclusive to) rainfall, ambient
temperature, soil type, soil organic matter, and humidity.

Rosenberg (1987) delincated the irregular distribution of
rainfall over space and time in the Great Plains. His work
further documented that atmospheric demand for water from
growing plants is strong and generally exceeds the supply of
natural precipitation. Maithani et al. (1998) consistently showed
that the interaction of rainfall and temperature on N miner-
alization and grain yield were random. One important aspect
of extreme short-term events that surround climate change
is the apparent randomness and abruptness with which they
have arrived (Salinger et al., 2000). With all the atmospheric/
biological/agronomic variables that are known to be random, it
is not surprising as to why they are not related. If it can be estab-
lished that they are unrelated (YPO and RI) and if “random” is
accepted as a primary control variable, independent estimates of
basically everything are in order, not just YPO and RI.

One of the reasons that yield potential and N response are
independent is that residual N from the previous year is always
different and likely random due to last year’s environment

(Jokela and Randall 1989). The contribution of residual N for
the ensuing year then affects the ensuing years’ RI randomly
but does not necessarily affect yield level unless it was a good
year (no moisture stress). This concept is articulated in results
from Dhital and Raun (2016), which showed highly variable
optimum N rates from year to year and location to location over
all the Great Plains states evaluated. This was also tied to the
unpredictable nature of the environment on N demand.

If the prior year was a bad year (for yield) and significant
quantities of residual N were present, the RI should be low
(limited N demand due to high residual N). What makes sense
is the random nature of yield level and the random nature of
RI. However, each is theoretically influenced by different years
(vield by the current year and RI by the previous year). Because
each is random, it makes sense as to why YP0 and RI would
seldom be related (over time). Long-term nutrient management
experiments allowed scientists to test this concept (indepen-
dence of YP0 and RI), which was verified in both wheat and
maize trials (Arnall et al., 2013; Raun et al., 2011).

Biological reasons that explain why YPO and RI are inde-
pendent of one another include knowing that there are wetter-
than-normal years when yield levels are high but where limited
N response to fertilizer has been reported (Raun and Johnson,
1999; Raun et al., 2011). Similarly, finding large increases in
yield from applied N in mild/dry years is not unusual (Girma
etal., 2007). The unpredictable nature of the environment was
evident at Arlington, W1, where the check plot yielded 5.6 Mg
halin 1995. Considering that no N had been applied for 37 yr,
it was somewhat surprising to find a check plot yield that was
60% of the highest yield observed in 1995 (9.5 Mgha™!) (Bundy
etal., 2011). Similarly, near-maximum yields were randomly
observed in check plots having received no fertilizer N for many
years at all sites (Dhital and Raun, 2016).

The unpredictable nature that environment has on N demand
and the unpredictable nature that environment has on final yield
dictate that both be estimated independently of one another.

RECOMMENDATIONS

Continued use of historical crop response to N rates such as
the maximum return to N will unlikely address the random-
ness of processes and the expected year-to-year variability in
optimum N rates (Dhital and Raun, 2016). In the future,
algorithms are likely to take on independent estimates of more
and more properties. If these individual properties are known
to affect the output parameter (e.g., estimate of fertilizer N
rate), each should be estimated independently because they are
becoming increasingly random with time.

REFERENCES

All About Science. 2018. https://www.allaboutscience.org/second-law-of-
thermodynamics.htm (accessed 19 June 2018).

Arnall, D.B., A.P. Mallarino, M.D. Ruark, G.E. Varvel, J.B. Solie, M.L.
Stone, et al. 2013. Relationship between grain crop yield potential
and nitrogen response. Agron. J. 105:1335-1344. doi:10.2134/
agronj2013.0034

Aula, L., J.S. Dhillon, P. Omara, G. Weymeyer, K. Freeman, and W.
Raun. 2019. World sulfur use efficiency in cereal crops. Agron. J.
doi:10.2134/agronj2019.02.0095

Babcock, B.A. 1992. The effects of uncertainty on optimal nitrogen appli-
cations. Rev. Agric. Econ. 14(2):271-280. doi:10.2307/1349506

4 Agronomy Journal ¢ Volume II1,Issue 6 <+ 2019


https://doi.org/10.2134/agronj2013.0034
https://doi.org/10.2134/agronj2013.0034
https://doi.org/10.2134/agronj2019.02.0095
https://doi.org/10.2307/1349506

Bateson, W. 2007. Mendel’s principles of heredity. Cosimo, Inc., New
York,

Brooks, D.R., J.D. Collier, B.A. Maurer, J.D.H. Smith, and E.O. Wiley.
1989. Entropy and information in evolving biological systems. Biol.
Philos. 4:407-432. doi:10.1007/BF00162588

Bushong, J.T., E.C. Miller, J.L. Mullock, D.B. Arnall, and W.R.
Raun. 2014. Effect of irrigation and preplant nitrogen fertil-
izer source on maize in the southern Great Plains. Int. J. Agron.

doi:10.1155/2014/247835

Bundy, L.G., and E.S. Malone. 1988. Effect of residual profile nitrate on
corn response to applied nitrogen. Soil Sci. Soc. Am. J. 52:1377-
1383. doi:10.2136/ss521988.03615995005200050032x

Bundy, L.G., TW. Andraski, M.D. Ruark, and A.E. Peterson. 2011. Long-
term continuous corn and nitrogen fertilizer effects on productiv-
ity and soil properties. Agron. J. 103:1346-1351. doi:10.2134/
agronj2011.0094

Chen, C.C., B.A. McCatl, and D.E. Schimmelpfennig. 2004. Yield vari-
ability as influenced by climate: A statistical investigation. Clim.

Change 66:239-261. doi:10.1023/B:CLIM.0000043159.33816.¢5

Costa, M., A.L. Goldberger, and C.K. Peng. 2002. Multiscale entropy
analysis of complex physiologic time series. Phys. Rev. Lett. 89(6):68 -
102. doi:10.1103/PhysRevLett.89.068102

Davis, R.L., JJ. Patton, R.K. Teal, Y. Tang, M.T. Humphreys, J. Mosali,
et al. 2003. Nitrogen balance in the Magruder Plots following 109
years in continuous winter wheat. J. Plant Nutr. 26:1561-1580.
doi:10.1081/PLN-120022364

Dhillon, J., G. Torres, E. Driver, B. Figueiredo, and W.R. Raun. 2017.
World phosphorus use efficiency in cereal crops. Agron. J. 109:1670—
1677. doi:10.2134/agronj2016.08.0483

Dhillon, J.S., E.M. Eickhoff, RW. Mullen, and W.R. Raun. 2019. World
potassium use efficiency in cereal crops. Agron. J. doi:10.2134/
agronj2018.07.0462

Dhital, S.,and W.R. Raun. 2016. Variability in optimum nitrogen rates for
maize. Agron. J. 108:2165-2173. doi:10.2134/agronj2016.03.0139

Di, H.J., and K.C. Cameron. 2016. Inhibition of nitrification to miti-
gate nitrate leaching and nitrous oxide emissions in grazed grass-
land: A review. J. Soils Sediments 16:1401-1420. doi:10.1007/
s11368-016-1403-8

Erbentraut, J. 2017. This lawsuit has put big ag on the defensive in a major
way. www.huffingtonpost.com/entry/des-moines-water-iowa-farm-

lawsuit_us_579a4957e4b0d3568f867¢28 (accessed 10 Jan. 2019).

Fageria, N.K., and V.C. Baligar. 2005. Enhancing nitrogen use effi-
ciency in crop plants. Adv. Agron. 88:97-185. doi:10.1016/
$0065-2113(05)88004-6

Fageria, N.K. 2014. Nitrogen harvest index and its association with crop
yields. J. Plant Nutr. 37:795-810. doi:10.1080/01904167.2014.881
855

Giardina, C.P.,and M.G. Ryan. 2000. Evidence that decomposition rates
of organic carbon in mineral soil do not vary with temperature.

Nature 404:858-861. doi:10.1038/35009076

Girma, K., S.L. Holtz, D.B. Arnall, L.M. Fultz, T.L. Hanks, K.D. Lawles,
et al. 2007. Weather, fertilizer, previous year grain yield and fertil-
izer response level affect ensuing year grain yield and fertilizer
response of winter wheat. Agron. J. 99:1607-1614. doi:10.2134/
agronj2007.0030

Hastings, JW., and B.M. Sweeney. 1957. On the mechanism of tempera-
ture independence in a biological clock. Proc. Natl. Acad. Sci. USA
43(9):804-811. doi:10.1073/pnas.43.9.804

Heams, T. 2014. Randomness in biology. Math. Structures Comput. Sci.
24(3):E240308. doi:10.1017/5096012951200076X
Herron, G.M., G.L. Terman, A.F. Dreier, and R.A. Olson. 1968. Resid-

ual nitrate nitrogen in fertilized deep loess-derived soils. Agron. J.
60:477-482. doi:10.2134/agronj1968.00021962006000050011x

Huang, P, J. Zhang, D. Ma, Z. Wen, S. Wu, G. Garland, E.LP. Pereira,
A.Zhu, X. Xin, and C. Zhang. 2016. Atmospheric deposition as an
important nitrogen load to a typical agro-ecosystem in the Huang
Huai-Hai Plain: 2. Seasonal and inter-annual variations and their
implications (2008-2012). Atmos. Environ. 129:1-8. doi:10.1016/j.
atmosenv.2016.01.015

Jalan, S. 2015. Importance of randomness in biological networks: A ran-
dom matrix analysis. J. Phys. 84:285-293.

Jokela, W.E., and GW. Randall. 1989. Corn yield and residual soil
nitrate as affected by time and rate of nitrogen application. Agron.
J.81:720-726. doi:l0.2134/agronj1989.00021962008100050004X

Jokela, W.E.,and GW. Randall. 1997. Fate of fertilizer nitrogen as affected
by time and rate of application on corn. Soil Sci. Soc. Am. J. 61:1695—
1703. doi:10.2136/sssaj1997.03615995006100060022x

Kallenberg, O. 2002. Foundations of modern probability: Prob-
ability and its applications. 2nd ed. Springer-Verlag, New York.
doi:10.1007/978-1-4757-4015-8

Kanampiu, F.X., W.R. Raun, and G.V. Johnson. 1997. Effect of nitrogen
rate on plant nitrogen loss in winter wheat varieties. J. Plant Nutr.
20(2-3):389-404. doi:10.1080/01904169709365259

Lamb, J.A., R.H. Dowdy, J.L. Anderson, and GW. Rehm. 1997. Spatial
and temporal stability of corn grain yields. J. Prod. Agric. 10:410—
414. doi:10.2134/jpal997.0410

La Roche, J, GW. van der Staay, F. Partensky, A. Ducret, R. Acber-
sold, R. Li, et al. 1996. Independent evolution of the prochloro-
phyte and green plant chlorophyll a/b light-harvestingeproteins.
Proc. Natl. Acad. Sci. USA 93(26):15244-15248. doi:10.1073/
pnas.93.26.15244

Lee, C.E. 2002. Evolutionary genetics of invasive species. Trends Ecol.

Evol. 17(8):386-391. doi:10.1016/S0169-5347(02)02554-5

Liu, X., Y. Zhang, W. Han, A. Tang, J. Shen, Z. Cui, et al. 2013. Enhanced
nitrogen deposition over China. Nature 494:459-462. doi:10.1038/
naturel1917

Longo, G., and M. Montévil. 2012. Randomness increases order in bio-
logical evolution. In: M.J. Dinneen, B. Khoussainov, and A. Nies,
editors, Computation, physics and beyond. WTCS 2012. Lecture
Notes in Computer Science, Vol. 7160. Springer, Berlin, Heidelberg.

Lory, J.A., and P.C. Scharf. 2003. Yicld goal versus delta yield for predict-
ing fertilizer nitrogen need in corn. Progr. Agron. J. 95:994-999.
doi:10.2134/agronj2003.9940

Maithani, K., A. Arunachalama, R.S. Tripathi, and H.N. Pandey. 1998.
Nitrogen mineralization as influenced by climate, soil and vegetation
in a subtropical humid forest in northeast India. For. Ecol. Manage.
109:91-101. doi:10.1016/S0378-1127(98)00246-1

Magdoff, F. 1992. Minimizing nitrate leaching in agricultural production:
How good can we get? Commun. Soil Sci. Plant Anal. 23:2103—
2109. doi:10.1080/00103629209368728

Mann, J.C. 1970. Randomness in nature. Geol. Soc. Am. Bull. 81(1):95-
104. doi:10.1130/0016-7606(1970)81[95:RIN]2.0.CO;2

Mills, B., BW. Brorsen, and E. Tostao. 2017. Using weather data in decid-
ing how much top dress nitrogen to apply: A cheaper alternative.
Paper presented at: Western Agricultural Economics Association
annual meeting, Tahoe, NV.9-10 July 2017.

Mullen, RW., KW. Freeman, W.R. Raun, G.V. Johnson, M.L. Stone, and
J.B. Solic. 2003. Identifying an in-season response index and the
potential to increase wheat yield with nitrogen. Agron. J. 95:347—
351. doi:10.2134/agronj2003.0347

Olby, R.C. 1997. Mendel, Mendelism and genetics. www.netspace. org/
MendelWeb/M Wolby.intro.html (accessed 7 Jan. 2019).

Olson, R.A., K.D. Frank, E.J. Deibert, A.F. Dreier, D.H. Sander, and V.A.
Johnson. 1976. Impact of residual mineral N in soil on grain protein
yields of winter wheat and corn. Agron. J. 68:769-772. doi:10.2134/
agronj1976.00021962006800050021x

Agronomy Journal <+ Volume I, Issue 6 <+ 2019


https://doi.org/10.1007/BF00162588
https://doi.org/10.1155/2014/247835
https://doi.org/10.2136/sssaj1988.03615995005200050032x
https://doi.org/10.2134/agronj2011.0094
https://doi.org/10.2134/agronj2011.0094
https://doi.org/10.1023/B:CLIM.0000043159.33816.e5
https://doi.org/10.1103/PhysRevLett.89.068102
https://doi.org/10.1081/PLN-120022364
https://doi.org/10.2134/agronj2016.08.0483
https://doi.org/10.2134/agronj2016.03.0139
https://doi.org/10.1007/s11368-016-1403-8
https://doi.org/10.1007/s11368-016-1403-8
http://www.huffingtonpost.com/entry/des-moines-water-iowa-farm-lawsuit_us_579a4957e4b0d3568f867e28
http://www.huffingtonpost.com/entry/des-moines-water-iowa-farm-lawsuit_us_579a4957e4b0d3568f867e28
https://doi.org/10.1016/S0065-2113(05)88004-6
https://doi.org/10.1016/S0065-2113(05)88004-6
https://doi.org/10.1080/01904167.2014.881855
https://doi.org/10.1080/01904167.2014.881855
https://doi.org/10.1038/35009076
https://doi.org/10.2134/agronj2007.0030
https://doi.org/10.2134/agronj2007.0030
https://doi.org/10.1073/pnas.43.9.804
https://doi.org/10.1017/S096012951200076X
https://doi.org/10.2134/agronj1968.00021962006000050011x
https://doi.org/10.1016/j.atmosenv.2016.01.015
https://doi.org/10.1016/j.atmosenv.2016.01.015
https://doi.org/10.2134/agronj1989.00021962008100050004x
https://doi.org/10.2136/sssaj1997.03615995006100060022x
https://doi.org/10.1007/978-1-4757-4015-8
https://doi.org/10.1080/01904169709365259
https://doi.org/10.2134/jpa1997.0410
https://www.ncbi.nlm.nih.gov/pubmed/?term=van%20der%20Staay%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Partensky%20F%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ducret%20A%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aebersold%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aebersold%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8986795
https://doi.org/10.1016/S0169-5347(02)02554-5
https://doi.org/10.1038/nature11917
https://doi.org/10.1038/nature11917
https://doi.org/10.2134/agronj2003.9940
https://doi.org/10.1016/S0378-1127(98)00246-1
https://doi.org/10.1080/00103629209368728
https://doi.org/10.1130/0016-7606(1970)81%5b95:RIN%5d2.0.CO;2
https://doi.org/10.2134/agronj2003.0347
https://doi.org/10.2134/agronj1976.00021962006800050021x
https://doi.org/10.2134/agronj1976.00021962006800050021x

Onken, A.B., R.L. Matheson, and D.M. Nesmith. 1985. Fertil-
izer nitrogen and residual nitrate-nitrogen effects on irrigated
corn vyield. Soil Sci. Soc. Am. J. 49:134-139. doi:10.2136/
Sssaj1985.03615995004900010027){

Raun, W., B. Figueiredo, J. Dhillon, A. Fornah, J. Bushong, H. Zhang, and
R. Taylor. 2017. Can yield goals be predicted? Agron. J. 109:2389—
2395. doi:10.2134/agronj2017.05.0279

Raun, W.R., and G.V. Johnson. 1999. Improving nitrogen use efficiency
for cereal production. Agron. J. 91:357-363. doi:10.2134/agronj199
9.00021962009100030001x

Raun, W.R., J.B. Solie, G.V. Johnson, M.L. Stone, RW. Mullen, KW.
Freeman, et al. 2002. Improving nitrogen use efficiency in cereal
grain production with optical sensing and variable rate application.
Agron. J. 94:815-820. doi:10.2134/agronj2002.8150

Raun, W.R., J.B. Solie, and M.L. Stone. 2011. Independence of yield
potential and crop nitrogen response. Precis. Agric. 12:508-518.
doi:10.1007/511119-010-9196-z

Rosenberg, N.J. 1987. Climate of the Great Plains Region of the United
States. Great Plains Quarterly 344. htep://digitalcommons.unl.edu/
greatplainsquarterly/344 (accessed 8 Jan. 2019).

Salinger, M.J., CJ. Stigter, and H.P. Das. 2000. Agrometeorologi-
cal adaption strategies to increasing climate variability and cli-
mate change. Agric. For. Meteorol. 103:167-184. doi:10.1016/
$0168-1923(00)00110-6

Salvagiotti, F., K.G. Cassman, J.E. Specht, D.T. Walters, A. Weiss, and A.
Dobermann. 2008. Nitrogen uptake, fixation and response to fer-
tilizer N in soybeans. Field Crops Res. 108(1):1-13. doi:10.1016/j.
£cr.2008.03.001

Saunders, P.T.,and MW. Ho. 1976. On the increase in complexity in evolu-
tion.]. Theor.Biol.63:375-384.d0i:10.1016/0022-5193(76)90040-0

Sawyer, J., E. Nafziger, G. Randall, L. Bundy, G. Rehm, and B. Joern.
2006. Concepts and rationale for regional nitrogen rate guidelines
for corn. PM 2015. Iowa State Univ. Extension, Ames.

Schepers, J.S., D.D. Francis, M. Vigil, and EE. Below. 1992. Com-
parison of corn leaf nitrogen concentration and chlorophyll
meter readings. Commun. Soil Sci. Plant Anal. 23:2173-2187.
doi:10.1080/00103629209368733

Schepers,].S.,and K.H. Holland. 2012. Precis. Agric. 13:276. doi:10.1007/
s11119-012-9258-5

Scitable. 2018. Priciple of independent assortment. https://www.nature.
com/scitable/definition/principle-of-independent-assortment-law-
of-independent-302 (accessed 4 Oct. 2018).

Spielman, D.F,, J. Ekboir, and K. Davis. 2009. The art and science of inno-
vation systems inquiry: Applications to sub-Saharan African agricul-

ture. Technol. Society 3:399-405.
Spiertz, J.H.J., and N.M. De Vos. 1983. Agronomical and physiological

aspects of the role of nitrogen in yield formation of cereals. Plant Soil

75:379-391. doi:10.1007/BF02369972

Stanford, G. 1973. Rationale for optimum nitrogen fertilization in
corn production. J. Environ. Qual. 2:159-166. doi:10.2134/
jeq1973.00472425000200020001x

Stevens, W.B., R.G. Hoeft, and R.L. Mulvaney. 2005. Fate of nitro-
gen-15 in a long-term nitrogen rate study. Agron. J. 97:1046-1053.
doi:10.2134/agronj2003.0313

Thomason, W.E., W.R. Raun, G.V. Johnson, K.W. Freeman, K.J. Wynn,
and RW. Mullen. 2002. Production system techniques to increase
nitrogen use efficiency in winter wheat. J. Plant Nutr. 25:2261-2283.
doi:10.1081/PLN-120014074

Thrupp, L.A. 2000. Linking agricultural biodiversity and food security:
The valuable role of agrobiodiversity for sustainable agriculture.
International Affairs 76:265-281.

Tremblay, N., and C. Belec. 2006. Adapting nitrogen fertilization to
unpredictable seasonal conditions with the least impact on the envi-
ronment. Hortic. Technol. 16:408—412.

Tumusiime, E., B.W. Brorsen, J. Mosali, J. Johnson, J. Locke, and J.T. Bier-
macher. 2011. Determining optimal levels of nitrogen fertilizer using
random parameter models. J. Agric. Appl. Econ. 43(4):541-552.
doi:10.1017/51074070800000067

Udgaonkar, J.B. 2001. Entropy in biology. Resonance 6:61-66.
doi:10.1007/BF02837738

von Bertalanfly, L. 1950. The theory of open systems in physics and biol-
ogy. Science 111:23-29. doi:10.1126/science.111.2872.23

Wang, D., Z. Xu, J. Zhao, Y. Wang, and Z. Yu. 2011. Excessive nitrogen
application decreases grain yield and increases nitrogen loss in a
wheat—soil system, Acta Agriculturae Scandinavica 61(8):681-692.
doi:10.1080/09064710.2010.534108

Wang, G.,S. Sun, and Z. Zhang. 2016. Randomness in sequence evolution
increases over time. PLoS One 11(6):¢0158191 [erratum: 20 June
2016]. doi:10.1371/journal.pone.0158191

6 Agronomy Journal ¢ Volume II1,Issue 6 <+ 2019


https://doi.org/10.2136/sssaj1985.03615995004900010027x
https://doi.org/10.2136/sssaj1985.03615995004900010027x
https://doi.org/10.2134/agronj2017.05.0279
https://doi.org/10.2134/agronj1999.00021962009100030001x
https://doi.org/10.2134/agronj1999.00021962009100030001x
https://doi.org/10.2134/agronj2002.8150
https://doi.org/10.1007/s11119-010-9196-z
http://digitalcommons.unl.edu/greatplainsquarterly/344
http://digitalcommons.unl.edu/greatplainsquarterly/344
https://doi.org/10.1016/S0168-1923(00)00110-6
https://doi.org/10.1016/S0168-1923(00)00110-6
https://doi.org/10.1016/j.fcr.2008.03.001
https://doi.org/10.1016/j.fcr.2008.03.001
https://doi.org/10.1016/0022-5193(76)90040-0
https://doi.org/10.1080/00103629209368733
https://doi.org/10.1007/s11119-012-9258-5
https://doi.org/10.1007/s11119-012-9258-5
https://doi.org/10.1007/BF02369972
https://doi.org/10.2134/jeq1973.00472425000200020001x
https://doi.org/10.2134/jeq1973.00472425000200020001x
https://doi.org/10.2134/agronj2003.0313
https://doi.org/10.1081/PLN-120014074
https://doi.org/10.1017/S1074070800000067
https://doi.org/10.1007/BF02837738
https://doi.org/10.1126/science.111.2872.23
https://doi.org/10.1371/journal.pone.0158191

