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COMMUN. SOIL SCI. PLANT ANAL., 29(11-14), 1571-1581 (1998)

INDIRECT MEASURES OF PLANT NUTRIENTS1

W. R. Raun*, G. V. Johnson, H. Sembiring, E. V. Lukina, J. M. LaRuffa,
W. E. Thomason, S. B. Phillips, J. B. Solie, M. L. Stone, and R. W.
Whitney

044 North Agricultural Hall, Department of Agronomy, Oklahoma State University,
Stillwater, OK 74078

ABSTRACT

Indirect, non-destructive sensor-based methods of plant and soil analyses could
replace many of the wet chemistry testing methods that are in place today. Over 140
years have past since Justus von Liebig first employed soil testing in 1850. Today,
simultaneous analyses of moisture, organic carbon (C), and total nitrogen (N) in
plants and soils using non-destructive near infrared reflectance spectrophotometry are
possible. Recent work has targeted indirect measurements of the nutrient status in
soils using spectral radiance data collected from growing crop canopies. The use of
spectral measurements from plant canopies has heen driven, in part, by newer
variable rate technologies which apply nutrients to prescribed areas. More recent
work has documented significant soil variabiliry on a 1 m2 scale. Because of this,
indirect measures are necessary to avoid the cost of chemical analyses (10,000
samples requiredper hectare) and to avoid on-the-go chemistry. Also, in order for
application technologies to be environmentally sensitive, they must treat the resolution
where real differences, exist in the field. Present state-of-the-art methods can sense N
deficiencies in winter wheat (December - February) on a 1 m2 scale and apply
variable foliar N on-the-go at 15 kph. These indirect methods rely on indices
developed using the sufficiency concept that originally applied only to immobile
nutrients. Plant canopy sensing methods allow for sufficiency to be used for both
immobile and mobile nutrients since intensity and capacity can be integrated into one
component, total nutrient uptake.

INTRODUCTION

Over 140 years have past since Justus von Liebig proposed the 'Law of the
Minimum'. This law implied that the nutrient present in the least relative amount
would be the nutrient limiting production. Since Liebig's time, scientists have been
interested in whether or not elements were essential, the nature of their available

1Contribution from the Oklahoma Agricultural Experiment Station, Oklahoma State
University, Stillwater, OK 74078 USA. Published with approval of the Director,
Oklahoma Agricultaral Experiment Station. * Corresponding author.
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1572 RAUN ET AL.

forms in soil and the relationships between the amounts of these available forms and
plant growth. The development of the science of soil fertility and soil testing has
depended heavily on this knowledge. Early work by Bray (1948) outlined the criteria
for a successful soil test. Perhaps the most important was that the amounts extracted
(chemical soil extraction) need to be correlated with the growth and response of the
crop to that nutrient under various conditions. Recent work by Peck and Soltanpour
(1990) noted that a sound soil testing program is today's best, and perhaps only way,
of determining what constitutes 'adequate', but not 'excessive', fertilizer use for high
and efficient crop production. With the advent of sensor-based technologies, our
challenge today is to apply the conceptual framework of soil testing and soil extrac-
tion to sensor-based systems and non-destructive plant analyses.

DISCUSSION

Bray's Mobility Concept

Before discussing the potential applications that sensors could have in soil testing,
it is important to review one of the more fundamental concepts in soil fertility. The
utility of soil testing was greatly enhanced by the work of Bray (1954) who identified
two distinct types of soil sorption zones for plants. One is the large volume of soil
occupied by the major part of the plant root system (root system sorption zone) from
which mobile nutrients are taken up by plants. The other sorption zone is a relatively
thin layer of soil adjacent to each root surface (root surface sorption zone) from which
immobile nutrients can be removed by the plant (Figure 1). This concept has assisted
many researchers in the development of appropriate methods of applying fertilizers
depending on whether the nutrient elements are relatively mobile or immobile in soils.

Plants respond to the total amount present of mobile nutrients and to the concen-
tration present of immobile nutrients in soils. Stated this way, yield is directly related
(proportional) to the total amount of a mobile nutrient present in the soil. Therefore,
nutrient depletion of the root system sorption zone is dependent on the environment,
or growing conditions. Ideally, the response of crops to the mobile nutrients should
be linear because mobile nutrients (like water) are not decreased in availability by
reaction with the soil. However, yield response to an immobile nutrient is not related
to the total amount present in the soil, but instead is a function of the concentration of
available form at, or very near, the root surface. Because of this, depletion of the root
surface sorption zone is considered to be independent of the environment.

Sensor-Based Analyses

When white light from the sun strikes the surface of soil or plants, it is reflected
in wavelengths that have a characteristic frequency and energy (Figure 2). The visible
portion of light can be separated into red, orange, yellow, green, blue, and violet.
Wavelengths and relative energy levels of gamma rays, x-rays, ultraviolet, infrared,
microwave, and radio waves are also reported in Figure 2. If for example red light
was absorbed by a certain substance, we would actually be seeing green (visible color
absorbed compared to the visible color transmitted—Figure 2). If blue light were
absorbed, we would see yellow. Keeping this in mind, the yellow-green color that
we associate with N deficiencies should be characterized by having more violet light
absorbed by the plant material (Figure 2). Or alternatively, the intensity of green in
plants should be characterized by the amount of red light absorbed. Phosphorus (P)
deficiencies in plants should theoretically result in increased absorbance of green light
since increased purple coloring of leaf margins and stems is expected. What is
actually being measured in many sensor-based systems is spectral radiance, or the
radiated energy from plant and soil surfaces.
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INDIRECT MEASURES OF PLANT NUTRIENTS 1573

Bray's

Mobile Nutrients

•Depends on Growth Stage

•Indicators
•Biomass
•Color
•Concentration^

Root System Sorption Zone

• Response depends on reservoir
• Dependent on environment

Mobility Concept

Immobile Nutrients

•Independent of Growth Stage

•Indicators
•Biomass
•Color

^ ^ £ ^ Sensor

Root Surface Sorption Zone

• Response does not depend on reservoir
• Independent of environment

FIGURE 1. Root system and root sorption zones as related to mobile and immobile
nutrients and the use of soil and sensor tests.
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FIGURE 2. Characteristics of visible and non-visible portions of the spectra.
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1574 RAUN ET AL.

Early Use of Spectral Data for Non-Destructive Chemical Analysis

The potential replacement of wet chemical methods with non-dectructive spectral
analyses was first applied over 20 years ago. Near infrared (NIR) diffuse reflectance
spectrophotometry was first used to measure protein, moisture, fat, and oil in agri-
cultural products. Initially, leaf reflectance measurements at 550 nm (green) and 675
nm (red) were used to estimate the N status of sweet peppers (Thomas and Oenther,
1972). The NIR spectral region has also been used for predicting organic C and total
N in soils. Each constituent of an organic compound has unique absorption properties
in the NIR wavelengths due to stretching and bending vibrations of molecular bonds
between elements (Morra et al., 1991). One band (780-810 nm) is particularly
sensitive to the presence of amino acids (R-NH2) which are the building blocks of
proteins. The presence and/or absence of these amino acids largely determines the N
content of the plant. Because of this, many researchers believe that if the plant canopy
could be characterized using spectral data, the development of an indirect soil test (or
measure of soil nutrient supplying capacity) could be possible.

Plant and Soil Spectral Indices

Work by Becker and Choudhury (1988) found that the microwave polarization
difference index (MPDI) could be used to detect the water contents of plants while
NDVI was sensitive to chlorophyll absorption. Filella et al. (1995) indicated that leaf
chlorophyll a content is mainly determined by N availability. They found improved
correlation between measured chlorophyll a and leaf reflectance at 550 nm and 680
nm, compared to NDVI. Gamon et al. (1992) used a physiological reflectance index
(PR1) to track diurnal changes in photon efficiency [carbon dioxide (CO2) uptake/
absorbed photosynthetically active radiation = Rref - R531/Ref + R531, where:
Rref was a reference wavelength and R531 represented spectral radiance at 531
nm). Pefiuelas et al. (1993) examined a water band index (WBI) defined aa
R950/R900 because the reflectance spectrum was associated with a water absorption
band. They also evaluated a normalized total pigment to chlorophyll a ratio index
(NPCI) defined as (R680 - R430) / (R680 + R430). They reported that NPCI was
highly correlated with chlorophyll content and was a rough estimate of the ratio of
total pigments to chlorophyll a, decreasing in healthy plants and rising in stressed or
senescing plants.

Indirect measures for soil analysis have been considered by scientists in various
disciplines. Ben-Dor and Bannin (1995) reported that simultaneous and rapid,
nonrestrictive determination of clay content, organic matter, cation exchange capacity,
hygroscopic moisture, and specific surface area was possible using high-resolution
diffuse reflectance spectra in the near-infrared region. Using a fixed 1.5 MPa gravi-
metric moisture content for 30 representative soils in Illinois, Sudduth and Hummel
(1993) found good correlation between spectral reflectance (100 scan average of
1600-2620 nm) and soil organic C.

Phosphorus Using Fluorescence

Studies by Shchurina (1990) used the XR-23 desktop analyzer (LECO) to
determine P in soil and plants. }C-rays were directed at the surface of the sample,
penetrating a depth of «d).5 mm and the fluorescence from the sample was sub-
sequenlly passed through a curved pentaerythritol crystal and the characteristic
fluorescence of P was read. Fluoresence is essentially the re-emission of absorbed
light as light energy but of a longer wavelength and of lower energy than what was
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INDIRECT MEASURES OF PLANT NUTRIENTS 1575

initially absorbed. The fluorescence spectrum is characteristic of the pigment,
therefore, it is possible to tell which pigment is fluorescing. Lauer et al. (1989)
indicated that low P nutrition results in increased chlorophyll fluorescence, reduced
photosynthetic rate, accumulation of starch and sucrose in leaves, and low crop
yields. They further noted that leaves of plants grown under high P fertility had
significantly higher light saturation points (400-700 nm) and higher apparent quantum
efficiency. Gamon et al. (1990) indicated that the spectral irradiance changes in the
red and near-infrared regions when suddenly illuminated were caused by the quench-
ing of chlorophyll fluorescence. The fluorescence was fully induced within a few
seconds of increased illumination and relaxed over the next several minutes.

Detection of Field Variability, Need for Sensor-Based Technologies

The variability in bermudagrass forage yield when harvested from 0.30 x 0.30 m
grids ( l x l ft), 22 m in length is illustrated in Figure 3. This site and others have
shown that large differences exist over very short distances. Forage yield changed by
a factor of >4 over 1.2 m at the end of the transect. Similar differences were noted in
total soil N and organic C (using dry combustion). This was important to find,
considering that the precision of this - instrumentation is :M).001%, and because the
change in total N and organic C occurred in the same sampling units as that noted for
yield.

Using semivariograms and mean difference analyses generated from sensor data
collected every 4 cm, Solie et al. (1996) estimated that the fundamental field element
size averaged 1.5 m. The fundamental field element was defined as the area which
provides the most precise measure of the available nutrient and where the level of that
nutrient changes with distance. Data collected by the sensor based variable rate
technology team in Oklahoma continues to show that field element sizes are seldom
more than 1 m2 (wheat and bermudagrass). The resolution where 'real' soil
differences exist is at 1 m2, therefore grid soil sampling will never be economical
(10,000 soil samples/hectare). Also, if variable rate technology is truly going to be
environ- mentally sensitive, it must be implemented at the resolution where real
differerces are encountered in the field.

Sensor Based or Map Based Technology?

Much has been learned over the past 150 years concerning the use of soil testing
and improved use of fertilizers. Today, we are on the verge of using newer non-
destructive sensor based technologies which sense nutrient uptake in growing crop
canopies. Sensor based systems are now capable of detecting nutrient needs
on-the-go and can simultaneously apply prescribed fertilizer rates based on those
needs. Spectral radiance measurements for red (660 nm) and near infrared (N1R, 780
nm) wavelengths have been measured in wheat from December to February using
photodiode based sensors (Stone et al., 1996; Solie et al., 1996). This work has
shown that the plant N spectral index (PNSI) was highly correlated with wheat forage
N uptake at several locations, using a wide range of varieties. PNSI is the inverse of
the normalized difference vegetative index (NDVI) commonly used in remote
sensing. This is important since several researchers have shown that wheat forage
total N uptake during the winter months can be a predictor of topdress N needs (Roth
et al., 1985; Vaughan et al., 1990a). Because N uptake can be predicted indireclly
using spectral radiance measurements, sensors can reliably provide measurements
equivalent to 'on-the-go' chemical analyses. Using the PNSI index, fertilizer N has
been topdressed from January to February using 'prescribed amounts' based on the
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1576 RAUN ET AL.

3500
3000
2500

Forage Yield 2000
kg/ha

Soil total N
g/kg

Soil organic C
g/kg

Distance, m

FIGURE 3. Variability in bermudagrass forage yield, total soil N and organic C
sampled in 0.30x0.30m grids.

spectral radiance measurements (Stone et al., 1996). Grain yields have increased as a
result of applying topdress N and no differences have been found between variable
and fixed N topdress rates. Varying N rates based on PNSI resulted in improved
N-use efficiency when compared to the fixed topdress N rates. In addition to
improving site-specific N-use efficiency, this technology will likely decrease the risk
that over fertilization poses to the environment.

Similar to taking soil samples and generating a fertilizer recommendation based on
that data, sensor based systems collect equivalent data; however, they do so on a
much finer scale. The sensor-based N fertilizer applicator developed by Stone et al.
(1996) collects the equivalent of 10,000 samples per hectare and applies a prescribed
rate to 10,00 independent 1 m2 areas within each hectare.

Sensor based systems collect data (e.g., spectral radiance) on-the-go from the
plant canopy or soil. Without having a known reference or fixed position, the sensor
data is then used to apply fertilizer or other agricultural chemicals (to the area which
was read) at prescribed rates. Present map-based systems require the use of global
positioning systems or GPS. These systems were first developed for military
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INDIRECT MEASURES OF PLANT NUTRIENTS 1577

purposes in order to better locate a specific target or position. Although this satellite
based system is still used by the military, it is now available for a wide range of uses.
Conventional GPS systems used today have a resolution of ±10 m. What this means
is that one 100 m2 area (10 m x 10 m) could be confused for another neighboring 100
m2 area when relying on the information delivered from GPS units. Using differential
correction (DGPS), this resolution can be ±1 m. Yield monitoring systems are map
based and die mapping resolution depends on GPS resolution. However, these map
based approaches continue to rely on yield data collected from combines, where it is
presently not possible to obtain this information on a 1 m2 scale. Most yield
monitoring systems have been placed on combines with 5 m wide headers (and
wider). Time delays and mixing associated with grain that passes through combines
have cannot be fully accounted for. Without this knowledge, yield mapping
resolution is still a long way away from a i m 2 scale. Finally, yield mapping on its
own is void of a cause and effect relationship unless the effect of additional
variable(s) (soil test, satellite sensing, etc.) are determined separately.

Sensor-based variable rate systems avoid traditional costs (such as soil sampling,
chemical analysis, data management, and recommendations) and can instantaneously
adjust the application rate based on sensor measmements of fertility as the applicator
travels across the field. Present sensor based systems operate at a much finer
resolution than commercially available GPS units. This is important if we consider
the fundamental field element size to be a significant variable as it relates to fertilizer
applications and environmental safety.

Fertilizer Response

Vaughan et al. (1990a) found that whole-plant total N at Feekes 5 could be used
for making fertilizer recommendations in winter wheat. Similar work by Roth et al.
(1989) found that total N between Feekes 4 and 6 accounted for the most variation in
relative yields. This work also noted that N uptake was the weakest predictor of N
deficiency. Considering the field element size where differences are observed (1 m2),
we feel the poor results with N uptake from Roth et al. (1989) may have been due to
sampling error (10 plants selected from outside rows that were separated by distances
equal to or greater than lm, and where the grain yield data was obtained from the
center rows, different from that used for total N uptake).

Similar to the work by Vaughan et al. (1990a) and Roth et al. (1989), work at
Oklahoma State University has focused on using whole-plant total N in winter wheat
at Feekes 5. However, unlike the work reported earlier, we have successfully used
total N uptake, largely because both yield and concentration data (combined to
determine uptake) were collected from much smaller plots where sensed data (entire
canopy), total N uptake and yield were collected from the same areas. If the
resolution where real differences exist in fields is at 1 m2, then calibration data must
be collected on the same scale.

Work in Oklahoma has found significant increases in wheat grain yield from
topdress N applied between December and February. Various researchers have found
increasd fertilizer N-use efficiency in winter wheat when N was split applied (Mahler
et al., 1994) or topdressed before mid January (Boman et al., 1995). Variable rate
technology capitalizes on this work by reducing the total field N rate, while also
having the potential to optimize N-use efficiency because a much finer resolution is
used. Spring applied N can result in increased N-use efficiency when compared to
fall-applied N in winter wheat thus making sensor-based variable rate technology
increasingly beneficial since spring plant N is used as an indicator variable.
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1578 RAUN ET AL.

Initial results from sensor-based-variable-rate experiments by Stone et al. (1996)
suggest that fertilizer N-use efficiency can increase from 50 to 70% using this
technology. This is largely because the sensors are capable of detecting large
differences within extremely small areas (1 m2) in an entire field. Instead of applying
a fixed rate of 1,100 kg N ha"1 to a 100 hectare field, this technology allows us to
apply the prescribed amount to 1,000,000 individual 1 m2 areas within the 100
hectare field at N rates that range from 0 to 100 kg N ha4 .

When fertilizers are applied in excess of that needed for maximum yields, the
potential for nitrate (NO3) leaching and groundwater contamination increases. If the
resolution where real differences exist in the field is very fine, as this work has
shown, the need for precision agriculture should increase because this defined
resolution will be more environmentally sensitive. It is expected that fertilization
practices will rapidly become tailored to the environment when using sensor-based
technology.

Lessons Learned from Soil Testing

< Before sensor-based systems are adopted, it is critical that soil scientists learn
from the fortunes and failures of this technology. Those involved in the dual
development of fertilizer recommendations from soil tests and sensor-based systems
need to report both what has worked and what has not. Soil testing may well have
been more successful had it been allied with industry from the outset. Similar to the
applications of Bray's (1954) mobility concept for mobile and immobile nutrients in
the soil, sensor-based systems will need to consider the mobility of elements in the
plant. Because the plant canopy acts as the indicator variable with sensor-based
systems, correct interpretation of visual symptoms is critical. For example, N
deficiencies early in the season will show yellowing in older leaves while sulfur (S)
deficiencies have very simlar yellowing in younger leaves. Added characteristics of
each technology are reported in Table 1.

It is important to note that there will be many interfering factors affecting fertilizer
recommendations when using sensor-based systems. While formal field experiments
can remove all other factors excluding those being evaluated, the real world poses
many additional problems. If a weed is present, and the sensor responds to it, one
agronomic decision could be to not fertilize that area (decreased potential for weed
seed). By not fertilizing this area, this agronomic decision will ultimately lead to
increased field variability for that fertilizer nutrient. Alternatively, fertilizer could be
applied as normal, and a point injector could be used to 'spot' treat for weeds as they
are detected in the field. Added problems include the presence of clouds, time of day,
plant variety, and stage of growth, all of which have yet to be resolved.

CONCLUSIONS

Initial results suggest that total N uptake (whole plant) at Feekes 5 can be used for
detecting relative N deficiencies. Relative N deficiencies (% sufficiency) can be
translated into projected N deficiencies by multiplying them times yield goal. Initial
work indicates total N uptake >50 kg N ha-1 at Feekes 5 is 100% sufficient for a
winter wheat grain yield goal of 2.6 Mg ha~l. Yield potential appears to be defined at
or near Feekes growth Stage 5. The specific environmental or nutritional factors that
control yield potential have not been defined. When Bray (1954) proposed suffici-
ency for immobile nutrients, environment had to be independent of the index.
Irrespective of environmental conditions beyond Feekes 5, relative grain yields
should be maximized when total N uptake equals or exceeds 100% sufficiency. This
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INDIRECT MEASURES OF PLANT NUTRIENTS 1579

TABLE 1. Differences between soil testing and sensor-based systems for develop-
ing nutrient recommendations.

Factor Soil Testing Sencor-Based Analyses

Detection Plant available Plant status
Sample Collection >20 hectares 1 m2

Sampling soil, destructive plant, non-estructive
Method Extraction & chemical Spectral radiancce,

analyses wavelength specific
Analytical Parameter Nutrient element Spectral radiance
Interpretation Calibration with yield Calibration with yield
Fertlizer Recommendation Procedure specific Wavelength specific

Interfering Factors Affecting Fertilizer Recommendation

Number of samples (reliability)
Subsoil N availability

Weeds
Clouds
Time of day (sun angle)
Variety
Stage of growth (% coyer)
Living vs. dead plant tissue

Field element size Field element size
Calibration curve Calibration curve

statement implies that environment will be independent of relative maximum grain
yields which is not the norm for mobile nutrients. If the biomass and concentration of
a plant were known, we believe that this information would integrate root system and
root surface sorption zones. The plant integrates the availability of mobile N from the
entire reservoir (e.g., NO3-N) and immobile N which is taken up via contact
exchange at the root surface [e.g., ammonium (NH4)-N, mineralized organic N]. The
use of sensors on the entire plant canopy provides relative integration of both the root
system sorption zone and root surface sorption zone. Supply of NH4-N could be that
held on the exchange complex or that mineralized from organic pools. Combining
biomass or percent coverage at Feekes 5 and N concentramon, we end up with a
parameter (total N uptake) that should work much like a sufficiency index. This is
somewhat in opposition to Bray's (1954) mobility concept which suggested that
sufficiency could only be applied to immobile nutrients.

Finally, sensor estimates of biomass and concentration integrate the availability of
both mobile NO3-N and immobile NH4-N. Vaughan et al. (1990b) suggested the
need for including both soil NO3-N and NH4-N instead of NO3-N alone to measure
available soil N to plants in the spring. Most commercial and state soil testing labs
continue to focus only on NO3-N. Sensing the entire plant canopy for biomass and
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1580 RAUN ET AL.

concentration is thought to be somewhat similar to a soil test that includes both mobile
and immobile forms of N.
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