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Abstract – Assessing economic and environmental impacts of nitrogen (N) fertilization in production agriculture is important for preventing
unnecessary application of N fertilizer and avoiding losses of this N into water body. Chlorophyll meters are often used to evaluate N man-
agement practices and diagnose deficiencies of N in corn (Zea mays L.). Chlorophyll meter readings (CMRs) are usually interpreted relative
to reference readings taken from plants having ample N to maximize rates of growth. Although measurements taken with chlorophyll meters
provide a scale for estimating the sufficiency of N for corn growth, effects of above-optimal supplies of N on the measurements have not been
studied when diagnosing N deficiencies during vegetative growth stages. Here, temporal trends in chlorophyll measurements were monitored in
trials where various rates of N were applied soon after planting and (or) after symptoms of N deficiency had developed due to the changes of N
status in soil and demand for N during corn growth. Divergence of chlorophyll measurements from the reference readings occurred in situations
where plants having too little N were compared with plants having adequate N. In contrast, convergence of chlorophyll measurements with
the reference readings after application of fertilizer N during the growing season indicated partial or complete recovery of the plants from the
deficiency of N. The recovery can be explained by considering that luxury production of chlorophyll occurred at higher rates of fertilization
or by interactions of N with soil water and other nutrients supplied during corn growth. Observations that plants can partially or completely
recover from periods with inadequate N for chlorophyll production suggest that the leaf chlorophyll measurements taken early in the season
should not be always expected to highly correlate with final yields of grain. Therefore, it is important to recognize the possible recovery of
chlorophyll production and to avoid N losses to the environment.

corn (Zea mays L.) / nitrogen deficiency / chlorophyll meter / luxury production / temporal trend

1. INTRODUCTION

The success of an environment protection program de-
pends on a quick recognition and effective control of pollution
sources. Application of N fertilizers carries important environ-
mental issues in sustainable corn production because nitrate
(NO−3 ), one of the major agriculture-derived pollutants leach-
ing to groundwater on a watershed scale (Liu et al., 2005), is
part or a transformed form of the N fertilizer products com-
monly used in the Corn Belt of the USA. Studies focusing on
use of site-specific management to improve the efficiency of N
fertilization are increasingly needed in production agriculture.
Chlorophyll meters have been widely used as tools for diag-
nosing deficiencies of N during the growth of corn (Piekielek
and Fox, 1992; Schepers et al., 1992; Wood et al., 1993; Zhang
and Blackmer, 1999; Scharf et al., 2006). Severe deficiencies
of N can be diagnosed early in the season because shortages
of N limit the rates of dry matter production. To minimize the
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effects of other factors that can limit production of chlorophyll
and dry matter, chlorophyll meter readings (CMRs) are usu-
ally transformed to “relative CMRs” that are expressed as a
percentage of the CMR observed on plants growing under sim-
ilar conditions, except enough fertilizer N has been added to
ensure non-limiting supplies of N for growth (Denuit et al.,
2002). Deficiencies of N are considered to occur when relative
CMRs are less than 90% (Hussain et al., 2000), 92% (Jemison
and Lytle, 1996), 93% (Piekielek et al., 1995), 95% (Piekielek
and Fox, 1992; Varvel et al., 1997), or 98% (Shapiro, 1999) of
those observed for plants in reference plots or strips. The wide
range of the critical values might be due to hybrid differences
and variation in non-limiting supplies of N or other field condi-
tions. Schepers et al. (1992) noticed a saturation of the chloro-
phyll meter for highest chlorophyll contents. Other researchers
stated that relative CMRs are not greatly affected by more N
than needed for corn growth (Peterson et al., 1993). Many di-
agnoses are based on the assumption that leaf chlorophyll con-
tent and CMRs are essentially the same whether supplies of N
exactly match or greatly exceed the amounts of N needed to
maximize growth. This assumption may seem reasonable due
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to the fact that plants show diminishing effects to incremen-
tal increases in rates of N fertilization as yields asymptotically
approach a maximum. However, it is practically impossible
to define exactly when a maximum yield is reached (Binford
et al., 1990, 1992). Moreover, yield differences smaller than
about 7% usually cannot be detected in most studies (Fox
et al., 2001). An over-fertilized plot as reference is not suitable
for determining the supplemental N required (Denuit et al.,
2002). We can find no evidence of comprehensive efforts to
identify effects of the extra N that may introduce uncertainty
or errors into diagnoses at near-optimal supplies of N.

The use of chlorophyll meters to diagnose N deficiencies is
based on observations that relative CMRs show predictable re-
lationships with relative yields, i.e., yields expressed as a per-
centage of the highest yields that can be attained by adding
fertilizer under other conditions. The underlying phenomenon
involved was first called poverty adjustment by Macy (1936)
and is widely accepted with tissue analysis that is used to diag-
nose nutrient deficiencies in plants. Poverty adjustment occurs
in situations where a change in the supply of N results in a
change of N concentration in tissues and a change of yield.
Therefore, changes in N concentrations of tissues can be used
to assess the sufficiency of N for plant growth. Relative yield
levels near 95% are often considered optimal (Piekielek et al.,
1995), which are less than the maximum yields attainable by
adding fertilizer because the costs of this fertilization exceed
the benefits.

Possible effects of more N than needed to maximize yields
should be expected because it is well established that plants
can take up extra N for biomass growth. Macy (1936) coined
the term luxury uptake of nutrients, which refers to a fertilizer-
induced increase in uptake of N that was not accompanied
by an increase in yields. This concept is widely recognized
in plant tissue analysis to characterize sufficiency of nutrients
for plant growth.

Failure to recognize the over-dosage of N application in in-
tensive farming leaves a serious barrier in promoting sustain-
able farming and in protecting the environment. We report ev-
idence for a process called luxury production of chlorophyll
that is similar to luxury uptake of nutrients in corn and discuss
the significance of this process when monitoring for deficien-
cies of N during the growth of corn. The evidence relates to
convergence of chlorophyll measurements of corn leaves (par-
tial or complete recovery from the deficiency of N) during re-
productive growth, i.e., the second half of the growing season.

A deficiency of N can be defined as a shortage of N that
restricts the growth of plants, even if it is only for a short pe-
riod of time (Greenwood, 1976). When chlorophyll meters are
used, a deficiency of N is indicated by a restricted produc-
tion of chlorophyll that can be considered an indicator for N
status of the crop. Relatively low CMRs and low yields are
both symptoms of an N deficiency that has occurred earlier.
Therefore, these symptoms should not be confused with the
deficiency itself.

It is possible to indirectly measure the magnitude of a defi-
ciency by using the concept of N-sufficiency levels, i.e., sup-
ply relative to demand. The sufficiency of N for plant growth
can be assessed by measuring plant responses to added N.

Measurements of plant response usually involve comparisons
of dry matter accumulation by plants during periods where
all factors are the same except for N supplies from both soil
and fertilizer. Estimates of N deficiencies derived from rela-
tive CMRs during the season are of special interest. In this
case, fertilizer needs are estimated under conditions where the
magnitude of uncertainty is substantially less than when they
are estimated before crops are planted. Any estimate of opti-
mal rate of N made before harvest, however, still includes un-
certainty not included in the estimates based on final yields
(Kyveryga, 2005). The practical value of using chlorophyll
meters to diagnose deficiencies of N should be measured in
terms of their ability to specify the optimal rates of N fertil-
ization when observations are made over a sufficient range of
conditions.

Most N fertilizer recommendations developed in the past
for the Corn Belt of the USA focused only on rates of ap-
plication, rather than on methods and times of application.
Such recommendations essentially ignored evidence that the
efficiency of N fertilizer greatly depends on how the fertilizer
is applied and that substantial losses of N can occur if it is
not carefully managed. In situations where supplies of N are
either substantially less or greater than the optimal level for
production of grain, the symptoms of past deficiencies should
be expected to be good predictors of whether or not deficien-
cies of N will occur in the future. The in-season chlorophyll
measurement can help to adjust the N fertilizer rate in order
to meet actual N demand of crops and prevent losses of N to
the environment. The studies reported here, therefore, are fo-
cused on problems encountered when near-optimal rates of N
are applied and chlorophyll meters are used to evaluate and
(or) refine estimates of fertilizer need. Monitoring the N sta-
tus of the crop permits corrective management to reduce yield
losses from N deficiency.

2. MATERIALS AND METHODS

Experiments were conducted in 1998 and 1999 at four sites
in Boone, Hamilton, and Greene counties of Iowa, USA. Each
field was larger than 25 hectares in size and planted to corn
in late April or early May following soybean (Glycine max
L. Merr.). Tillage, hybrids and dates for planting and fertiliza-
tion are listed in Table I. The tillage practices and corn vari-
eties were selected to represent their popularity in the Corn
Belt of the USA. All fields were managed by farmers using
their normal practices except for N fertilizer treatments.

Fertilizer treatments consisted of various combinations of
rates and application time of liquid urea-ammonia-nitrate
(UAN, 28% N) and were applied to 6-row strips going the
lengths of the fields. No fertilizer N was applied in the pre-
vious fall or before planting corn. The time-of-application
treatments were soon after planting (referred as “early N”,
corresponding to the growth stages V2 to V3 as described
by Ritchie et al., 1993) and sidedress (referred as “in-season
N”, corresponding to the growth stages V10 through V13).
The early application included 0, 56, 112, 168 and (or)
224 kg N ha−1 that was injected midway between every other
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Table I. Tillage practice, hybrids and dates for planting and fertilization at four sites included in this study.

Factor Site 1 Site 2 Site 3 Site 4
Tillage No-till Conservation No-till Conservation
Hybrid Pioneer 34R06 Dekalb 595 Merschman 7114 Great Lakes 5050

(Medium Bt) (Top-cross high oil) (114-day maturity) (104-day maturity)
Planting date 26 April 1998 2 May 1999 27 April 1998 11 May 1999
Early N 19 May 27 May 13 May 2 June
In-season N 1 July 10 July 8 July 9 July

row to a depth of 15 cm in strips. The in-season application
involved uniformly dribbling the liquid UAN on the soil sur-
face between every other row at rates of 56 and 112 kg N ha−1

at Sites 1 and 3 and 56 kg N ha−1 at Sites 2 and 4. The high-
est rate (224 kg N ha−1) at Sites 1 and 3 was split into halves
for early and in-season applications. All treatments were repli-
cated 3 to 5 times in a stratified block design.

Five blocks were selected from each field to minimize
within-area variation in soil characteristics and represent spa-
tial variation among blocks. Each block extended 12 m along
the rows and was wide enough to include all N treatments
within a block. The block was divided into plots that corre-
sponded to the strips having different N treatments. Within
each plot, CMRs were measured using Minolta SPAD-502
meters on 30 plants randomly selected from the center four
rows in June through September (corresponding to the growth
stages V4 through R4, as described by Ritchie et al., 1993)
at approximately one-week intervals. The device measures the
light transmittance of the corn leaf at red wavelength 650 nm
and near-infrared wavelength 940 nm. The ratio of the mea-
surements at two different wavelengths is dimensionless and
proportional to chlorophyll content in the leaf. The youngest
fully expanded leaf was used for measurement until the tassels
emerged; thereafter the ear-leaf was measured (Zhang et al.,
2007). All readings were taken halfway between the stalk and
leaf tip. Relative CMRs for each treatment were obtained by
expressing the CMR in a lower N rate plot as a percentage
of the CMR in the highest N rate plot within the same block.
Least significant differences (LSD) of chlorophyll measure-
ments were calculated between treatments with a probability
level of 0.05 for a specific growth stage.

Fifteen corn plants were hand harvested from each plot
about 3 weeks after physiological maturity and dried in an air-
forced dryer at 60 ◦C. Grain yields were adjusted to 15.5%
moisture content and actual plant density. Relative yields for
each treatment were obtained in accordance with the relative
CMRs. The temporal pattern of relative CMRs was analyzed
using regression analysis and tested for a significant trend us-
ing analysis of variance in Statistical Analysis System (SAS
Inst., Cary, NC).

3. RESULTS AND DISCUSSION

3.1. Divergence of chlorophyll measurements

Figure 1 shows the temporal trend in CMRs (chlorophyll
meter readings) during the growth of corn when all fertilizer N

was applied soon after planting. The variation in growth stages
among different treatments is not isolated from other measure-
ment errors that are indicated by the vertical bars above the
X-axis. The magnitude of the bars indicates errors directly
associated with use of the chlorophyll meters plus any addi-
tional errors associated with the assumption that plants on all
plots were grown under identical conditions except for rates
of N application. An important point illustrated in Figure 1
is that CMRs in all plots substantially changed as plants pro-
gressed through various stages of development. The lines that
connect the same symbols between growth stages V6 and VT
were almost linear and their slopes were related to rates of
N applied. Therefore, CMRs measured during this period are
strongly influenced by the rates of N fertilization. Another im-
portant point observed from Figure 1 is the similarity of trends
of CMR development for the highest N rate over the time
although the absolute CMRs are substantially different, with
maximum values about 50 to 60 units. This variation could be
attributed to the difference in variety or field conditions and
was further confirmed by the difference of CMRs for the low-
est N rate among the four sites.

Figure 2 shows temporal trends in relative CMRs with the
same treatments as in Figure 1. Relative CMRs are conceived
to minimize the effects of factors other than rates of N fertiliza-
tion. However, the transformation of CMRs to relative CMRs
could also transfer errors of measurement made in the refer-
ence plots to other plots because the mean of reference plots
always has a value of 100%. For example, a noteworthy greater
error associated with CMRs taken from 14 to 30 days after
June 1 was obviously due to the shift of chlorophyll measure-
ments from various uppermost developed leaves to ear leaf.
The difference in growth stages between the reference plot
and other plots in this period has much greater influence on
chlorophyll measurement than does the real difference in ni-
trogen status of corn plants. At least part of fluctuation in leaf
chlorophyll measurements should be attributed to variation in
upper most developed leaves, i.e., stages of plant growth or
physiological age (Zhang et al., 2007).

An overall trend among the four sites in Figure 2 is that rel-
ative CMRs from plants having N rates less than 224 kg N ha−1

diverge from the reference plants during several stages of
growth. Relative yields of grain presented in Table II for each
site also show that increases in rates of N application tended
to delay the onset of deficiency symptoms, i.e., divergence of
relative CMRs. This trend should be expected because N is
consumed during the growth of corn and because supplies of
N can be depleted during plant growth. Therefore, the N rate
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Figure 1. Temporal trends in chlorophyll meter readings for treat-
ment with N fertilizer applied early in the season at four sites. Note
the magnitude of vertical bars above the X-axis that indicates the
least significant difference at the probability level of 0.05 (LSD0.05)
of CMRs at various growth stages.

applied earlier should ensure sufficiency of N supply for the
first development phases and then an adjusted in-season appli-
cation should supplement.

Across the four sites, errors involved in relative CMRs are
not constant due to differences in climate, soil, variety, etc.
As shown in Figure 2, Sites 3 and 4 tended to have smaller
errors in relative CMRs than did Sites 1 and 2. This find-
ing is important for assessing the reliability and stability of
the chlorophyll measurements when chlorophyll meters are
used to help optimize in-season N fertilization under differ-
ent site conditions. Addition of a fertilizer could supply young
plants with adequate amounts of N for growth even in situ-
ations where the plants will soon experience shortages of N
(Morris et al., 2006). This situation is impossible to describe
unless the symptom of an N deficiency is clearly distinguished
from the deficiency itself, i.e., amount of N fertilizer to correct
deficiency.

In accordance with observations first made by Macy (1936),
plant uptake of N is more likely to deplete concentrations of N
than of P or K in soils because the concentrations of N in
the soil solution are not highly buffered by chemical reactions

Figure 2. Temporal trends in relative chlorophyll meter readings for
treatments with N fertilizer applied early in the season. Error bars
represent ±1 standard deviation of the mean for each treatment on a
specific measurement date. Note the divergence of three curves from
the reference line (100%).

Table II. Relative yields (%) measured at physiological maturing
stage from plants with early N fertilization.

N rate
Site 1 Site 2 Site 3 Site 4

(kg N ha−1)
0 58 61 88 89
56 85 84 95 95
112 100 92 101 97
224 100 100 100 100

with the solid phase. The conclusion that supplies of N tend
to be depleted as corn grows is consistent with observations
of Binder et al. (2000), who observed that the yield reductions
caused by delaying application of N were inversely related to
supplies of N already in the soil.

3.2. Convergence of chlorophyll measurements

Figure 3 shows temporal trends in CMRs in plots where
fertilizer-N treatments were applied after symptoms of N de-
ficiency had already developed in some plots in addition to
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Figure 3. Temporal trends in chlorophyll meter readings for treat-
ments with two applications of N fertilizer (in-season application date
is indicated by a dotted line) at each of four sites.

some amount of fertilizer N applied soon after planting. Tem-
poral trends in relative CMRs are shown in Figure 4. A key
point illustrated is that in-season applications of N often cause
relative CMRs to converge during the reproductive stages of
growth. Addition of fertilizer, therefore, enabled relatively low
CMRs to catch up with the CMRs of the reference plants. Situ-
ations where a series of at least three successive measurements
showed a statistically significant positive slope as revealed by
analysis of variance are indicated in Figure 4 with solid sym-
bols. The observation that in-season application of fertilizer
N enabled plants showing symptoms of N deficiency to catch
up with plants always having adequate supplies of N suggests
a phenomenon similar to luxury production of chlorophyll in
plants that always had ample N. This trend was observed for
all four sites despite differences in factors such as location,
climate, and growing season.

Plants with higher relative CMRs showed an evidence for
luxury production of chlorophyll in the sense that their CMRs

Figure 4. Temporal trends in relative chlorophyll meter readings for
treatments with two applications of N fertilizer (in-season application
date is indicated by a dotted line) at each of four sites. Note that
the successive solid symbols on curves show statistically significant
increase of relative CMRs that converge to the reference line (100%).

were often higher than needed to produce optimal yields of
grain (Fig. 4). In any case, the grain yield should be consid-
ered a reliable indicator of the potential recovery of corn from
N deficiency (Tab. III). Such a situation could be expected if
plant growth is recognized as a continuous process that occurs
over a period of many weeks and factors other than N become
limited during the growth. If rapid growth of vegetation early
in the season depleted water needed for growth later in the
season, for example, the rapid vegetative growth induced by a
high level of N early in the season could be offset by short-
ages of water later in the season. This situation is important
because the profitability of corn production is determined by
yields of grain rather than yields of vegetation. It should be
noted that factors other than water could be involved because
data presented by Blackmer and Schepers (1995) shows that
fertilizer added with irrigation can induce convergence of rel-
ative CMRs.
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Table III. Relative yields (%) measured at physiological maturing
stage from plants with early and in-season N fertilization.

N rate* N rate*
Site 1 Site 3 Site 2 Site 4

(kg N ha−1) (kg N ha−1)
0 + 56 84 94 56 + 0 61 89
0 + 112 93 96 112 + 0 84 95
56 + 56 96 101 56 + 56 98 94
56 + 112 98 101 112 + 56 99 97
112 + 112 98 100 224 + 0 100 100

* Two rates of N fertilizer were applied soon after planting and as
sidedress, respectively.

The observation that in-season application of fertilizer N
enabled plants showing symptoms of N deficiency to catch up
with plants always having adequate supplies of N also could
be explained by N-sufficiency levels that had changed the rate
of crop maturation as well as the rate of growth (Blackmer,
2000). If a short period with inadequate N delayed crop de-
velopment as well as reduced plant growth, for example, the
effects of the deficiency could be offset by a longer period for
crop growth (Zhang et al., 2007).

The effects of N-sufficiency level on the rate of crop
maturity are reported to be small (Blackmer and Schepers,
1995). As indicated in Figure 1 and Figure 3, however, CMRs
changed rapidly with corn growth. The phenomenon of plants
with symptoms of N deficiencies catching up with plants that
always have adequate N should be expected in some situations
where fertilizer N is not applied during the season (see Fig. 2,
Site 3 and Site 4). High concentrations of nitrate often accu-
mulate more than a meter below the soil surface (Liu et al.,
2005), so effects similar to in-season fertilization should be ex-
pected as roots grow to these depths. Especially in soils having
relatively high concentrations of soil organic matter, net min-
eralization of N from soil organic matter could supply more
N than needed for plant growth during the second half of the
growing season under some weather conditions.

4. CONCLUSION

In making decisions of when and how much N fertilizer
should be applied, corn growers often rely on early deficiency
symptoms of N they have visually observed on a non-fertilized
window or a reference without N stress. An in-season plant
analysis allows optimizing N fertilizer management with re-
spect to economic and environmental considerations. This
study with leaf chlorophyll measurements provides evidence
that N deficiency and recovery can occur during the growth
of corn. Chlorophyll content in corn leaves can completely or
partially recover from a period when supplies of N are not ade-
quate to maximize the chlorophyll production but the potential
yield has not been reduced. Hence, leaf chlorophyll content
does not have to be maintained at the highest possible levels at
all stages of growth to maximize final yields of grain.

Our observations suggest that difficulties should be ex-
pected when trying to precisely define critical levels of CMRs

that should be obtained early in the season to maximize yields
of grain. Above-optimal amounts of leaf chlorophyll clearly
can occur at some stages of growth, and it makes little differ-
ence whether this is described as luxury production of chloro-
phyll or a result of interaction between shortages of water and
nutrients other than N needed to support growth. These effects
of above-optimal supplies of N cannot be described by two-
category diagnostic systems that consider plants to be either
deficient or non-deficient with respect of N. This problem is
exacerbated by the possibility that above-optimal supplies of
N at some stages of growth may reduce yields of grain without
having a toxic effect on plants.

The aforesaid problems can be avoided by: (1) clarifying
whether the specific objective of applying N is to produce veg-
etation or grain, (2) acknowledging that the optimal content of
chlorophyll is less than the maximum for economic and en-
vironmental reasons, (3) describing supplies of N in terms of
N-sufficiency levels by using scales that range from below-
optimal to above-optimal, and (4) recognizing that the defi-
ciency of N for plant growth at near-optimal supplies of N
should be expected to vary during growth due to unpredictable
factors that can have different effects on supplies of N in soils
and demand for N by plants.
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