
Organic Farming: Challenge of Timing Nitrogen Availability
to Crop Nitrogen Requirements

X. P. Pang and J. Letey*

ABSTRACT being an environment friendly and more sustainable
farming system. Ironically, scientists one-half centuryGroundwater has become increasingly degraded by NO3, and this
ago devoted much research emphasis to providing farm-degradation has been partially attributed to the use of commercial

inorganic N fertilizers. Conversion from conventional fertilizer man- ers information on the beneficial use of commercial
agement to organic farming has been proposed as a means to reduce fertilizer, whereas present research programs are fo-
groundwater degradation. Matching soil inorganic N supply with crop cused on providing information for farmers to reduce
N requirement on a temporal basis is important to achieve high yield the use of commercial fertilizers.
and low water degradation. Dynamics of N mineralization from two Conversion from commercial fertilizer (conventional
manures and N-uptake dynamics for two crops were derived from farming) to organic forms causes changes in the soilpublished data, and multi year simulations were done using the

other than fertility effects that can affect plant growth.ENVIRON-GRO computer model, which accounts for N and irriga-
For example, organic farming plots had a higher organiction management effects on crop yield and N leaching. The temporal
matter content, higher N mineralization potential, andN-mineralization and N-uptake curves did not match well. The poten-

tial N uptake for corn (Zea mays L.) exceeded the cumulative mineral- higher microbial biomass levels than plots receiving
ized N during a significant period that would cause reduced yield. commercial fertilizers (Power and Doran, 1984; Scow
Wheat (Triticum aestivum L.) has a low and flat N-uptake peak, so et al., 1994; Drinkwater et al., 1995).
that the cumulative mineralized N met N demand by wheat during Power and Doran (1984) reviewed the literature on
the growing season. A crop with a very high maximum N-uptake rate, N use and organic farming. They reported that almost
such as corn, would be difficult to fertilize with only organic N to universally those converting to organic farming requiredmeet peak demands without excessive N in the soil before and after

about 3 to 5 yr to stabilize production practices. Yieldscrop growth. In order to satisfy crop N demand, a large amount of
during the conversion period were often lower thanmanure, which would leave much N or subsequent leaching, must be
those achieved later. Scow et al. (1994) also reported aapplied. It took two or more years after conversion to organic sources

of N to reach maximum yield because of carryover of unmineralized lag period after a transition from conventional to or-
manure and accumulation of mineralized N after crop uptake which ganic farming, where there were lower yields under the
was not completely leached during the winter. High initial applications organic farming treatments.
to build up the organic pool followed by reduced inputs in subsequent One objective of organic farming is to have low poten-
years would be appropriate. tial for groundwater degradation by nitrates. Measure-

ment of mineral N concentrations in the root zone is
commonly done in experiments involving organic farm-

Nitrogen is a major plant nutrient required for ing. The total mass transfer of NO3 below the root zone
high yields of most agricultural crops. Nitrogen in is not usually measured because of the difficulty in accu-

the NO3 form is also mobile and susceptible to transport rately measuring this value. Ignoring denitrification pos-
to groundwater, causing degradation of aquifer water sibilities, the total mass of NO3 transported to ground-
quality. Prior to the availability of commercial N fertil- water is a product of the concentration of NO3 in the
izer, agricultural systems generally included crop rota- root zone and the amount of water that passes through
tions that included a N2-fixing crop and animals, and below the root zone. Power and Doran (1984) re-
whereby the manure produced by the animals was re- ported that organic farming seldom had pools of large
turned to crop land for fertilizer purposes. Kurtz et al. concentrations of inorganic N within the root zone. Con-
(1984) referred to a debate after World War II when versely, at times, large concentrations of inorganic N
commercial N became available. They stated “the ag- can occur within the root zone from commercial N appli-
ricultural establishment that had been committed for cation. Organic N is immobile but also unavailable for
decades to diversified and animal agriculture was sus- plants. The key to achieving high yields with minimal
pected of being biased and unwilling to change (to com- groundwater degradation is to have mineral N available
mercial N).” Since that time, use of commercial fertilizer at the time and in the quantity required by the crop.
and other synthesized chemicals has become widely First, we present an analysis of the dynamics of Nadopted by the agricultural industry. mineralization of two manures and N uptake, using twoNitrate concentrations of groundwater have generally manures and two crops as examples. Second, we reportincreased during recent decades, and the widespread

the results of multi year simulations, using a dynamicuse of commercial N fertilizer has been implicated as a
model to illustrate the consequences of N mineralizationcausative factor. Organic farming is being promoted as
and uptake dynamics for crop yield and N leaching
under selected management variables.
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MATERIALS AND METHODS values, but the purpose of this study was to illustrate principles
rather than report the results for a specific manure.Dynamics of Nitrogen Mineralization The rate of mineralized N for the various manures and theand Nitrogen Uptake by Crops rate of N uptake by corn and wheat are illustrated in Fig. 1.
The results are for manure containing 400 kg ha21 of N andWe assume that the amount of mineralized N within the
the annual N uptake of 294 kg ha21 for corn and 258 kg ha21year is described by the relation
for wheat. Time zero represents the planting date for each

Nmin 5 Ao[1 2 exp(2lt)] [1] crop and also the time of manure application. Note that the
N-mineralization and N-uptake curves do not match well. The

Where Nmin is the amount of mineralized N, Ao is the total maximum N-uptake rate by corn is 10 kg ha21 d21 and occurs
amount of N in the organic material, t is time, and l is a around 60 d after planting in a very narrow time period (20 d).
coefficient representing the rate of decay. The peak rate of N uptake exceeded the mineralization rate.

Pratt et al. (1973) proposed that the yearly rates of mineral- The maximum N-uptake rate by wheat is 3.5 kg N ha21 d21,
ization be expressed as a series of fractional mineralization which is about one-third that of corn and occurred ≈125 d
of any given application, or the residual of that application, after planting. The peak N uptake by wheat occurs across a
and be referred to as a decay series. For example, a decay longer time period (80 d).
series 0.40, 0.25, 0.06 means that for any given application The cumulative amounts of mineralized N and N uptake
40% is mineralized the first year, 25% of the residual (that as functions of time are illustrated in Fig. 2. A potential for
which was not previously mineralized) is mineralized the sec- N leaching occurs when the mineralized N exceeds the N
ond year, and 6% of the residual is mineralized the third and uptake. Conversely, N deficiency occurs when the N uptake
all subsequent years. exceeds the mineralized N. The total N demand of corn rises

The value of l can be selected such that the total amount sharply to its maximum around 60 d after planting. Even
of the annual mineralization equals the decay series. For exam- application of 400 kg organic N ha21 of relatively fast-mineral-
ple, a decay series of 0.40, 0.25, 0.06, the value of l for the izing chicken manure would not meet cumulative corn N de-
first year would be such that Nmin equals 0.40 Ao. The value mands. In order to satisfy crop N demand, a large amount of
of l is changed for subsequent years or for different forms of manure must be applied. This would leave much organic N
organic N to match the decay series. From Eq. [1] the cumula- available for subsequent mineralization and leaching. It is
tive amount of mineralized N can be plotted as a function clearly shown in Fig. 2 that fresh beef manure, which repre-
of time. The slope of that curve represents the rate of N sents a moderate rate of decay, is not suitable as a sole N
mineralization as a function of time. source for crops, such as corn, with a very high maximum N

The cumulative amount and rate of N uptake by a crop can uptake rate. Note that for corn the potential N uptake ex-
be measured in the field. We selected corn and wheat as crops ceeded the cumulative mineralized N during a significant pe-
for illustrative purposes. Nitrogen uptake by corn as a function riod for both manures, which would cause reduced yield. On
of time was taken from STCES of Iowa State University (1992) the other hand, the amount of N mineralized both from
and by wheat from a report by Doerge et al. (1991). Chicken chicken and beef manure on an annual basis exceeds the
(Gassus gallus) and beef (Bos taurus) manure were selected potential uptake. For wheat the cumulative mineralized N
as the organic forms of N in this study. The decay series from chicken manure exceeded the cumulative N uptake dur-
reported by Pratt et al. (1973) were 0.90, 0.10, 0.05 for chicken ing the entire growing season. For beef manure, the amount
manure, and 0.75, 0.15, 0.10, 0.05 for beef manure. Different of N mineralized exceeded N uptake during the early stages
sources of manure may have different decay rates than these of plant growth. Adequate N was provided for latter stages

Fig. 2. Cumulative amounts of mineralized N from chicken and beef
Fig. 1. Representative rates of mineralized N for chicken and beef manures and cumulative N uptake by corn and wheat as functions

of time.manures and N-uptake rates by corn and wheat.
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when the N-uptake rates increased. Mineralization from ma- The ENVIRO-GRO model assumes that mineralization of
organic N (e.g., animal manure) follows the first-order decaynure continues after N uptake by crops stops, so there is an

excess of mineralized N at the end of the year. process and does not account for denitrification. The concept
of a decay series proposed by Pratt et al. (1973) was used inFactors to consider in using organics as the sole source of

N are evident from the results presented in Fig. 1. The maxi- multi-year simulations. In order to match the amount of the
mineralized N from manure with the decay series proposedmum rate of N uptake by a crop is important. A crop with a

very high maximum N-uptake rate, such as corn, would be by Pratt et al. (1973), the mineralization rates of manure in
the first, second, third, and subsequent years were assigned.difficult to fertilize with only organic N. It would be virtually

impossible to meet peak demands without excessive N in the The effect of low temperature during the winter on manure
mineralization was taken into account by reducing the mineral-soil before and after crop growth. Although the total N uptake

of wheat is 88% of corn, the maximum uptake rate for wheat ization rate from 1 October to 1 March. This was done by
linearly reducing the value of l in Eq. [1] to zero betweenis only 31% that of corn. A significant conclusion is that in

programming fertilization with organic materials for different 1 October and 15 December and linearly increasing l from
zero on 15 December to the potential l value on 1 March.crops, the N-uptake dynamics are equally or more important

than the total N uptake.
A 1-yr analysis as depicted in Fig. 1 and 2 is not a complete Inputs

analysis for the effects of organic N application. This is particu-
Inputs to the model included potential evapotranspiration,larly true for organic materials that are not completely miner-

crop water use coefficients, soil hydraulic properties, irrigationalized during 1 yr. The carryover of unmineralized organic
amounts and dates, and fertilizer amounts and dates. Thematter to future years contributes to long-term N availability.
value of potential evapotranspiration was typical to the SanThe 3- or 4-yr delay in achieving high yields after converting
Joaquin valley of California. The crops considered in this studyfrom conventional to organic farming reported above is possi-
were corn and wheat. Water use coefficients of corn werebly associated with the need to accumulate a sufficient organic
taken from a report by Letey and Vaux (1985). Wheat waterN pool in the soil that can be mineralized at a rate to meet
use coefficients were taken from Jensen (1981). The simula-peak N-uptake rates. This explanation is supported by Stanhill
tions had the crops planted on 1 May, corn harvested on 30(1990) on the comparative productivity of organic agriculture
September, and wheat harvested on 15 October. The growingfor 26 crops at 15 sites. In comparing corn yields under organic
season irrigations were 75 cm for wheat and 63 cm for corn,and conventional farming practices, conventional had higher
representing 1.0 evapotranspiration (ET) for a nonstressedyields than organic fertilization when high yields were
crop. The irrigation intervals were ≈2 wk during the growingachieved. Conversely, organic farming yields were equal to or
season for both crops. There were 17 cm of simulated raingreater than conventional farming under adverse conditions
during the noncrop season. Total monthly rain was appliedor low yields. This may be attributed to a decrease in peak
at the beginning of the month from November through April.N-uptake rates, associated with reduced yields, which could
The model calculated evaporation from the soil surface formore easily be matched by organic N applications. The data
the uncropped part of the year according to the two-stagereported by Stanhill (1990) did not clearly reflect the transition
approach (Nimah and Hanks, 1973). If surface matric potentialphase effect reported by others.
was above a limiting value, evaporation was equal to the poten-Clearly there are complex interacting factors between or-
tial evaporation; otherwise, calculated evaporation becomesganic N application and crop yields. A multi year analysis is
less than the potential based on hydraulic head gradient andrequired. Water management is a critical factor because the
soil hydraulic conductivity.amount and timing of excess water application, which can

The fractional accumulative N uptake by corn as a functioncause leaching, has significant impacts on the potential ground-
of time was taken from STCES of Iowa State University (1992)water degradation. In the following, we use a dynamic model
and by wheat from Doerge et al. (1991). The N-uptake curvethat accounts for the interactions between the N supply, N
in conjunction with the maximum seasonal uptake of cropuptake, and N leaching to illustrate the effects of selected N
produced the quantitative potential N-uptake rate as a func-application and irrigation management practices on crop yield
tion of time. The maximum seasonal N uptake was 294 kg ha21and N leaching.
for corn (Broadbent and Carlton, 1979) and 258 kg N ha21

for wheat (Doerge et al., 1991). One manure application perMulti Year Simulations
year was made on the day before planting for all simulations.

The Model There were four levels of each manure applied to each crop.
Constant and variable annual rates of manure applicationThe effects of application of manure on crop yield and N

were evaluated. Manure applications of 300, 400, 500, andleaching were simulated using the ENVIRO-GRO computer
600 kg N ha21 were used for constant-rate application, andmodel developed by Pang and Letey (1998). The ENVIRO-
the variable rate applications were 400 and 300 kg ha21 appliedGRO model simulates the effects of irrigation, salinity, and
in alternate years. After several years of variable rate applica-N management on crop yield and leaching of NO3 and salts
tion, the rate was kept constant at 300 kg N ha21. Constantthrough the soil. It integrates plant response to soil water
rate manure application simulations were conducted for bothmatric potential, osmotic potential, and N stress. The model
corn and wheat, whereas variable rate simulations applicationrelates N uptake to N concentration, allows additional water
were conducted for wheat only.and N uptake from a nonstressed portion of the root zone to

The parameters related to soil physical properties that arecompensate for a stressed portion of root zone, and adjusts
required for the model were selected to be representative ofthe potential water or N uptake to account for reduced plant
a loam soil. Soil bulk density of 1.40 Mg m23, a saturated watersize. Pang and Letey (1998) used data from a field experiment
content of 0.48 m3 m23, and saturated hydraulic conductivity ofwith a wide range of water and N applications to corn to
2.0 cm h21 were selected. The parameters used in the Hutsonevaluate the model. The agreement between simulated and
and Cass (1987) hydraulic function were as follows: watermeasured results was good, particularly for the “normal” irri-
content at the inflection point (ui) was 0.47 m3 m23, the matricgation and fertilizer applications. The greatest deviations oc-

curred for the extreme irrigation and fertilizer treatments. potential at the inflection point (hi) was 20.0028 MPa, the air
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Fig. 3. Simulated (a) corn relative yield and (b) annual N leaching at four levels of chicken manure application for 25 yr.

entry matric potential (a) was 20.027 MPa, and the exponent Bottom Boundary Condition
(b) of the equation relating matric potential to water content The lower boundary condition at the 1.8-m depth was setwas 3.8. The exponent (bhb) for the equation relating hydrau- as unit gradient (free drainage) since the temporal fluctuationslic conductivity to water content was set as 15.0. of water content dampen with soil depth and a unit hydraulic

gradient was achieved at this depth for the conditions of
Initial Condition the simulations.

Each simulation was run for 25 yr. The two crops, twoThe initial water content distribution was established by
types of manure, and four levels of manure application yieldedsetting the soil profile at saturation (0.48 m3 m23) and then
400 simulations.allowing redistribution for 28 d with free drainage as the bot-

tom boundary condition. This resulted in a water content of
0.34 m3 m23, equaling 20.010 MPa matric potential at the

RESULTS AND DISCUSSIONbottom boundary and ≈0.28 m3 m23 at the upper boundary.
This soil water content profile was then taken as the initial Simulated corn relative yield and annual N leaching
water content condition for all simulations. The initial inor- at four levels of chicken manure application for 25 yr areganic N concentration was assumed uniformly distributed

shown in Fig. 3a and Fig. 3b. Since corn has a narrowlythrough the soil profile at the end of water redistribution, with
peaked N uptake, the applications of chicken manurea total N amount in the soil profile equal to 100 kg N ha21.
,600 kg N ha21 did not meet crop N requirement. AboutThe simulations were conducted for nonsaline soils and irri-

gated with nonsaline water. half of the organic N from chicken manure was leached

Fig. 4. Simulated (a) corn relative yield and (b) annual N leaching at four levels of beef manure application for 25 yr.
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Fig. 5. Simulated (a) wheat relative yield and (b) annual N leaching at four levels of chicken manure application for 25 yr.

from the root zone because only half of the amount of application than under chicken manure for the same
year and for the same rate of N application because ofapplied manure was mineralized during the crop growth

period and only one-third was mineralized before the the lower mineralization rate of the beef manure. The
accumulated unmineralized manure from previous yearspeak N-uptake period. The remaining manure was min-

eralized during the rest of the year and was subject to contributed to the increasing yield and N leaching in
successive years.leaching. It took ≈3 yr for the corn–chicken manure

system to reach steady-state conditions. The increase in The simulated wheat relative yield and annual N
leaching at four levels of chicken manure applicationyield in years subsequent to the first year was the result

of carryover of unmineralized manure and the accumu- are presented in Fig. 5. Except for the 300 kg N ha21

application, all application rates of chicken manure metlation of mineralized N after crop uptake which was not
completely leached during the winter. the wheat N-uptake requirements (Fig. 5a). Application

rates of 500 and 600 kg N ha21 were excessive andFigure 4 presents the simulated corn relative yield
and annual N leaching at four levels of wet beef manure resulted in large amounts of N leaching (Fig. 5b). Nitro-

gen leaching reached the maximum rate in the seventhapplication. Yield and N leaching increased with time
during the 25-yr simulations. It took ≈25 yr for the year and stayed constant thereafter as water and N dy-

namics reached a steady state condition. The maximumcorn–beef manure system to reach its maximum yield
under the highest manure application (600 kg N ha21). N uptake rate of wheat was only about one-third that

of corn (Fig. 1). This peak of N uptake occurred for aFor the other application rates (300, 400, and 500 kg N
ha21), corn never reached its maximum yield. There longer time (80 d) compared with corn (20 d). Note that

higher yields and less N leaching for a given amount ofwas less yield and more N leached under beef manure

Fig. 6. Simulated (a) wheat relative yield and (b) annual N leaching at four levels of beef manure application for 25 yr.
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Fig. 7. Comparisons of simulated (a) wheat relative yield and (b) annual N leaching with 6 yr of variable rate manure application between 400
and 300 kg N ha21 vs. constant manure application.

organic N application were achieved for wheat than ance that the simulated N leaching is also a good esti-
mate of the actual case.for corn.

Figure 6 presents simulated wheat relative yield and The USDA funded and organized the Management
Systems Evaluation Areas (MSEA) Project to evaluateannual N leaching at four levels of beef manure applica-

tions. For the 300 kg N ha21 treatment, wheat yield the impact of farming systems and N inputs to crop
production and groundwater quality beneath the crop.increased with years and reached maximum yield at

16 yr. For application rates greater than 300 kg N ha21, The MSEA research sites were established in several
Midwestern states and a summary of the results wereyields were maximum after the second year (Fig. 6a).

Nitrogen leaching increased with time for all N applica- reported by Power et al. (1998). One of the findings
was that high rates of previously applied manure oftention rates (Fig. 6b).

It was important to determine if the dual goals of resulted in high amounts of N leaching. Thus, our simu-
lated results are consistent with field observations. An-high yield and low N leaching could be achieved by

applying a variable annual rate of manure. Figure 7 other finding was that N leaching was most common in
years when yields were substantially below normal dueshows the comparisons of simulated wheat relative yield

and annual N leaching with 6 yr of variable rate manure to poor growing conditions. One of the features of the
ENVIRO-GRO model is that factors, such as deficientapplication (between 400 and 300 kg N ha21) versus

constant manure application. After 6 yr of variable rate N or water, which reduce plant growth also decrease
evapotranspiration. Thus, for the same water applica-application, the rate was kept constant at 300 kg N ha21.

Wheat yields were close to maximum during the 6-yr tion more deep percolation of water is simulated under
poor plant growth. This feature is consistent with theperiod and then decreased with time to the values of a

constant application of 300 kg N ha21 (Fig. 7a). Mean- field observation that N leaching was most common in
years when yields were substantially below normal.while, the N leaching increasing with time during the

first 6 yr and then decreased to values of those from a A wide range of water management options could
have been chosen for the simulations, and each optionconstant 300 N ha21 application (Fig. 7b).

The results reported on relative yields and N leaching would potentially produce different results. The simula-
tions were presented for uniform irrigation. With every-(Fig. 3–7) are based on computer model simulations.

No experiments have been conducted with all of the thing else held constant, uniform irrigation leads to
higher yields and less N leaching than nonuniform irriga-simulated variables that allow comparison between ex-

perimental and simulated results. Pang and Letey (1998) tion (Letey et al., 1990). Simulated irrigation amounts
matched the crop ET for a nonstressed plant, leadingdid compare simulated to experimental corn yields with

variables of inorganic N applications of 0, 90, 180, and to higher yield and lower leaching than would have
occurred if the simulated irrigation had not matched360 kg N ha21 and water applications of 21, 63, and 105 cm.

The agreement between simulated and observed results the crop ET as well. The assumption of no denitrification
contributed to simulated results of higher yields andwas quite good, with a Willmott’s d index (Willmott,

1981) equal to 0.94 for relative yield and 0.93 for N higher N leaching than would have occurred with deni-
trification. Incorporation of a cover crop rather thanuptake. An index equal to 1.0 is perfect agreement be-

tween simulated and observed results. Deep percolation fallow between the cropping seasons would have led to
less N leaching than the simulated results. Applicationswas not measured in the experiments so no comparison

to simulated values is possible. However, the good of manure several days before planting, rather than at
the time of planting as was simulated, would have hadagreement for yields and N uptake provides some assur-
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the effect of shifting the mineralization curves in Fig. 1 of the year or when excess water is applied during the
crop season. Matching the time of mineral N availabilityand 2 to the left. This would have increased the potential

for N leaching early in the season, but would have in- with N uptake is not readily possible. The opportunity
for a good match is highest for crops that do not havecreased the amount of N available for crop growth in

the absence of leaching. high N-uptake rates for a short period of time and also
have low total N uptake. Doerge et al. (1991) reportedInasmuch as the simulations were conducted under a

specific set of management variables and no model can N-uptake rates and total N uptake for 12 crops. Field
corn and wheat, which were selected for our study, rep-completely capture all of the intrinsic features of nature,

the absolute values reported are not as important as the resent examples at both ends of the spectrum.
more general findings of the study. This study reveals
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