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Iron chlorosis in soybean [Glycine max (L.) Merr.] can be difficult to predict
and often depends on various soil factors. The objective of this study was to
determine the underlying soil factors that are conducive to Fe chlorosis in
soybean using a statistical factor analysis. This study was conducted at seven locations in western Kansas with intensive soil sampling to investigate the
relationships between soil variables and the incidence of Fe chlorosis. The soil
variables measured were pH, P, Fe, organic matter (OM), Ca, Mg, electrical
conductivity (EC), NO3–N, and calcium carbonate equivalent (CCE). Factor
analysis was performed using the Varimax rotation and the Heywood convergence to obtain the best possible relationships. The factors were deemed
significant if the Eigenvalues were >1. The factor analysis showed that two
underlying factors can be selected to explain the incidence of Fe chlorosis
in soybean. These factors are “plant chlorosis” (Factor 1) and “soil available
Fe” (Factor 2). With regression analysis, these underlying factors were indicative of the chlorophyll meter (CM) readings at the V3 and V6 growth stages
and in the grain yield (GY). However, soybean management practices, such
as variety selection and the use of seed-applied Fe fertilizers were shown to
affect the relationship between latent factors (from factor analysis) and soybean response. When seed-applied Fe fertilizers are used with tolerant and
nontolerant soybean varieties, the overall effect of the undelaying soil factors
seems irrelevant to soybean response.
Abbreviations: CM, SPAD chlorophyll meter reading;; EC, electrical conductivity;
EDDHA, ethylene diamine-N,N’-bis (hydroxy phenyl) acetic acid; GY, grain yield; OM,
organic matter.

I

ron is a vital component in microbial health, bacterial nodulation, plant photosynthetic processes and physiological growth. However, various interactions
take place in the soil that can make Fe unavailable for uptake and plant use,
generating often severe Fe deficiency chlorosis. Conditions that cause Fe chlorosis
are complex, and can be due to several soil, climatic, and plant factors. Soil chemical nature and nutrient availability can make Fe unavailable in many ways. Soil pH,
for instance, can create low Fe availability for plant uptake, as the solubility of Fe3+
decreases 1000 times, and Fe2+ solubility decreases 100 times, for every unit increase in soil pH (Lindsay and Schwab, 1982). Free carbonates and bicarbonates
in soils (Inskeep and Bloom, 1984), and calcareous parent materials (Miller et al.,
1984) also contribute to the decrease in plant available Fe. Other factors, such as
lower OM or a lack of natural chelates, can prevent the Fe in soil from moving to
the roots (Lindsay and Schwab, 1982).
Not only do single soil variables negatively impact Fe uptake, several interactions between nutrients occurs when the supply of one nutrient affects the
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absorption and utilization of other nutrients in the soil and in
the plant (Fageria, 2001). Iron is an essential component for a
number of critical enzymes, including those involved in photosynthesis and N fixation (Rotaru and Sinclair, 2009). Yet Fe has
antagonistic relationships with many other cations, and Fe deficiency may inhibit the adsorption of some elements (Madero et
al., 1992). Therefore, the interactions that create Fe chlorosis can
be complex. In a series of studies in western Minnesota, chlorosis has been reported to be associated with higher soil Mg levels,
higher Mg/Ca ratios, plant P levels, high soil moisture, low soil
temperature, and higher bicarbonate levels (Inskeep and Bloom,
1984, 1986; Bloom and Inskeep, 1986). Legumes appear to be
especially vulnerable to P and Fe deficiencies because of their role
in supporting symbiotic N fixation (Rotaru and Sinclair, 2009;
O’Hara et al., 1988). Plants exude H+ into the rhizosphere and
acidify the soil in the area (Marschner, 1995). However, in the
presence of Fe and P deficiency, plants often have the ability
to increase H+ root exudates that can acidify the rhizosphere,
and increase the quantity of both of these nutrient in the plant
(Gardner et al., 1983).
Management practices such as Fe fertilizer application and
lowering the soil pH can increase Fe uptake, which can remediate
chlorosis (Rai, 1988). Several management practices are recommended to remediate effects of Fe deficiency. The selection of a
tolerant variety is one of the most widely recommended methods
(Goos and Johnson, 2000; Wiersma 2010). However, Helms et
al. (2010) suggested that the tolerant variety is not necessarily the
best selection, and is often better to plant a variety with high yield
potential outside of zones with severe Fe deficiency. Mortvedt
(1991) found that adding FeSO4 to the furrow increased yields
and reduced chlorosis, however inorganic Fe sources quickly become unavailable, and may not be economical. Foliar Fe application, especially of chelated forms, has been inconsistent, being
successful at some locations in reducing signs of chlorosis (Goos
and Johnson, 2000) and increasing yield in some cases (Penas et
al., 1990). However it has been unsuccessful at other locations
(Lingenfelser et al., 2005). Another suggested method is to apply
chelated Fe sources to the soil, or seed-applied, which has been
successful in some cases (Karkosh et al., 1988).
In the United States, significant work has been performed
on Fe chlorosis in the calcareous glacial lobes originating from
the calcareous shale bedrock under the Keewatin Ice Dome

(Leverett, 1932), including the Des Moines Lobe (Rogovska et
al., 2007) and the Red River Dome (Inskeep and Bloom, 1986;
Franzen and Richardson, 2000). In these regions, Fe chlorosis
usually occurs in areas of depressions in the landscape or in the
potholes left behind by masses of melting ice. These depression
areas usually hold water temporarily and the carbonates in the
surrounding landscape leach into these low spots (Rogovska et
al., 2007). Because water movement can be unpredictable, there
is often a high spatial variability of Fe chlorosis within a field. In
addition, different annual weather patterns can make chlorosis
more or less prevalent each year (Godsey et al., 2003; Naeve and
Rehm, 2006), with significantly different effects under different
soil conditions.
In the Great Plains region of the United States, including
western Kansas, such potholes and depressions are less common.
The loess in western Kansas is also calcareous in nature, but these
potholes do not exist because the soils are more uniformly wind
deposited. Moreover, even though there are areas in a field that
can be more severely affected, Fe chlorosis can impact entire
fields. In comparison to other regions, the soils in this region are
fairly uniform, thus, the main soil properties that create Fe chlorosis are likely different.
Research on soybean Fe chlorosis has been conducted for
several years, and studies have suggested that various soil factors
are associated with Fe chlorosis. Earlier studies have focused on
individual key factors that determine chlorosis, including soil
pH, CCE, OM, and the interaction of Fe with other nutrients,
especially N and P (Bloom et al., 2011). However, previous studies have not evaluated Fe chlorosis with a multivariate approach,
including expected interactions of the soil conditions in addition
to the effect of potential production management systems for Fe
chlorosis. Multivariate analysis is an exploratory tool that is useful in determining the simultaneous observation and analysis
of more than one variable in a multidimensional space. Factor
analysis is used to find underlying factors that one variable alone
cannot measure. The objective of this study was to determine the
underlying factors and multi-linear models that are associated
with Fe chlorosis in soybean in the Great Plains region.

MATERIALS AND METHODS

Trials were conducted under irrigated conditions at locations with a history of Fe deficiency in soybean. The studies were
conducted at three locations in 2009 and
Table 1. County and soil classification at seven irrigated locations in Kansas.
four locations in new fields in 2010 for a toPredominant soil
tal of seven locations (Liesch et al., 2011).
Location County
Series
Taxonomic classification
Descriptions of each location are provided
2009
in Table 1, and the soil chemical factors are
1
Finney Ulysses
Ulysses fine-silty, mixed, superactive, mesic Aridic Haplustolls
given in Table 2. Soybean were planted at a
2
Lane
Richfield Richfield fine, smectitic, mesic Aridic Argiustolls
0.76-m row spacing at all locations. At each
3
Lane
Richfield Richfield fine, smectitic, mesic Aridic Argiustolls
location, a total of 48 plots (4 rows wide
2010
and 7.6 m long) were compositely sampled
4
Thomas Ulysses
Ulysses fine-silty, mixed, superactive, mesic Aridic Haplustolls
to evaluate the soil variably and Fe chloro5
Thomas Ulysses
Ulysses fine-silty, mixed, superactive, mesic Aridic Haplustolls
sis expression in soybean. Approximately
6
Finney Ulysses
Ulysses fine-silty, mixed, superactive, mesic Aridic Haplustolls
10 to 12 cores (subsamples) were collected
7
Lane
Richfield Richfield fine, smectitic, mesic Aridic Argiustolls
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Statistical Analysis
from each plot. The soil samples were collected from each plot
at a depth of 0 to 15 cm and were analyzed for pH using a 1:1
Pearson correlation coefficients between the soil and plant
soil/water ratio (Watson and Brown, 1998); soil test phosphorus
measurements were calculated using the CORR procedure in
(STP) was determined with the Mehlich-3 method (Frank et al.,
SAS (SAS Institute, 2010). For the factor analysis, all of the soil
1998). Iron diethylene-triamine-penta-acetate (DTPA) extracvariables were standardized with a mean equal to 0 and a stantion was performed using the method of Whitney (1998a) and
dard deviation equal to 1. Normality tests were conducted usthe extract was analyzed using an ICP spectrometer. Calcium
ing PROC UNIVARIATE in SAS (SAS Institute, 2010), data
and magnesium was determined by ammonium acetate extracfollowed a normal distribution and transformation was unnecestion (Warncke and Brown, 1998). Soil organic matter (OM)
sary. The factors were extracted with the FACTOR procedure,
was measured using the Walkley-Balck method (Combs and
using the method of Maximum Likelihood, and the Heywood
Nathan, 1998). The calcium carbonate equivalent (CCE) was
procedure, which maximizes variables at a correlation of 1
measured by adding dilute HCl to the soil and measuring the
( Johnson, 1998). The Varimax procedure was used as an oblique
CO2 gas displacement a method adapted from that of Huang
orthogonal rotation method to determine the best fit. The rotaet al. (2007). Electrical conductivity (EC) was measured using
tion of factors is a way to gain a more meaningful estimate of
saturated paste method (Whitney, 1998b). The subsurface soil
the factors to obtain a linear transformation (Hair et al., 1987;
pH and DTPA-Fe were also measured at a depth of 15 to 30 cm.
Johnson, 1998).
Nitrate-N was measured at a depth of 0 to 60 cm with a 1 M
Groups of correlated variables were defined using factor
KCl extraction (Gelderman and Beegle, 1998) using a rapid flow
analysis. The measured variables with relatively high factor loadanalyzer (Alpkem, College Station, TX).
ings were selected from each factor. When two or more variables
At each location, CM readings were recorded with a SPAD
are grouped in a latent variable, this suggests a possible common
502 (Minolta, Ramsey, NJ) for the uppermost fully developed
underlying factor that makes them vary together. The signs of the
leaflets. Twenty readings were averaged into one value at the V3
factor loadings provide information of how these variables relate
when representing the common factor (Everitt and Dunn, 2001).
growth stage (Pedersen, 2004). A second set of CM readings at
the V6 growth stage were used to monitor the chlorosis level
Variables with large factor loadings are expected to represent a
later in the season. Grain yield was determined by harvesting the
common factor; however, there are no established guidelines
two center rows using a plot combine, or by cutting plants from
that help decide what can be considered as large factor loading.
the two center rows of each plot and threshing with a stationTherefore, the criteria used to select a specific variable included
ary thresher. Grain moisture was measured by weighing approxiboth the value of the coefficients and its relative difference from
mately 500 g of field-moist grain and weighing the grain again
other coefficients in the factor.
after drying it at 65°C for 6 d. The moisture
Table 2. Means and standard deviations of selected soil properties at seven locations.
content was recorded and used to adjust the Samples were collected from 48 small plots at each location.
grain yields to moisture of 130 g kg–1.
Sampling depth
Different management strategies, inLocation
0–15 cm
15–30 cm
0–60 cm
cluding the selection of soybean variety and
pH
STP† Fe‡ Ca
Mg CCE§ OM¶ EC#
pH
Fe‡ NO3–N
seed-applied Fe fertilizer were established in a
––––– mg kg–1––––– – g kg–1 – m S–1
–––mg kg–1–––
complete factorial combination. Four varietMean
ies of Maturity Groups II or III were selected 1
8.2 28.5
1.9 4116 467 93
21.7 0.91
8.3
2.3
17.20
with varying Fe chlorosis ratings during the 2 2
8.3 78.1
2.8 4428 710 60
19.4 0.59
8.3
2.1
6.97
yr of the study. Two varieties were selected to 3
8.1 68.7
3.3 4467 643 44
18.0 0.78
8.3
1.9
8.81
8.3 53.4
1.6 4827 317 97
21.9 0.59
8.5
1.4
7.02
represent very good tolerance to Fe chlorosis 4
8.5 66.4
1.4 4734 330 138 18.5 0.54
8.6
1.6
5.08
(Asgrow2906 in 2009 and Asgrow 3039 in 5
6
8.2
22.0
1.8
3824
644
114
20.5
1.00
8.3
2.0
14.60
2010) and low tolerance (Asgrow 3205 in
8.1 109.0 1.8 5194 554 140 24.8 0.64
8.5
1.8
11.50
2009 and Asgrow 3005 in 2010). The treat- 7
Standard deviation
ments at each location included two different
1
0.13 2.9
0.4 420 67.3 22.8
1.6 0.21
0.16 0.3
6.42
varieties (tolerant and susceptible to Fe defi2
0.12 10.0
0.5 301 42.3 38.9
2.4 0.11
0.11 0.3
1.47
ciency) and two seed-applied Fe fertilizers
3
0.12 13.1
0.2 229 41.4 42.7
1.7 0.18
0.10 0.2
1.92
(with and without seed-applied Fe fertilizer) 4
0.14 15.1
0.2 174 19.1 34.5
2.5 0.10
0.14 0.3
2.24
and using a dry 6% Fe-ethylene diamine- 5
0.16 38.9
0.2 178 19.7 30.3
2.0 0.08
0.06 0.1
1.31
N,N’-bis (hydroxy phenyl) (EDDHA). For 6
0.14 7.5
0.2 404 36.4 21.2
2.2 0.22
0.11 0.1
4.25
the seed-applied Fe fertilizer, a slurry mix of 7
0.22 11.0
0.1 162 31.5 21.8
1.9 0.07
0.08 0.1
3.54
Fe-EDDHA (6% Fe) product and water was † STP, Soil test Mehlich phosphorus.
applied at a rate totaling 0.2 kg Fe ha–1. The ‡ DTPA Fe.
§ CCE, Calcium carbonate equivalent.
seeds were air dried before planting.
¶ OM, Organic matter.
# EC, Electrical conductivity.
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Table 3. Pearson correlation coefficients between the individual soil and plant variables across locations.†
Variable
CM-V3‡
CM-V6‡
GY§
pH
STP
Fe
OM
Ca
Mg
EC¶
NO3–N

CM-V3‡ CM-V6‡
1
0.69*
0.71*

–0.46
0.01
0.45*

–0.17*
–0.51*
–0.03
0.12
0.21*

1
0.71*

GY§

pH

STP

Fe

OM

Ca

Mg

EC¶

NO3–N CCE#

pH (15–30) Fe (15–30)

1

–0.48* –0.48* 1
0.14* –0.34* 1
–0.04
0.38*
0.64* –0.65* 0.65*
–0.18* –0.41* –0.02 0.24*
–0.52* –0.64* 0.61* –0.12
0.33* –0.07
0.22* –0.22*
0.35* –0.07
0.04 –0.43*
0.41* –0.02 –0.14* –0.27*
–0.46* –0.71* 0.29* –0.08
–0.67* –0.72* 0.72* –0.26*
0.34*
0.56* –0.65* 0.59*

1

–0.21*
–0.74*
–0.48*
–0.36*
–0.21*
–0.49*
–0.69*

1
0.37*
0.23*
0.28*
0.38*
0.41*
0.13

1
0.50* 1
0.08 0.51*
–0.01 0.36*
0.38* 0.05
0.66* 0.10

1
0.72*
0.21*
0.02
–0.78* –0.56* -0.34*

1
CCE#
0.22*
1
–0.53*
pH (15–30)
1
–0.64*
–0.16* 0.48*
0.95* –0.19*
Fe (15–30)
0.43*
–0.15* –0.38* –0.68*
* Significant at P ≤ 0.05.
† All samples were collected at a depth of 0 to 15 cm, except for the additional pH and Fe at 15 to 30 cm and NO3–N at 0 to 60 cm.
‡ CM-V3, chlorophyll meter reading at the V3 growth stage; CM-V6, chlorophyll meter reading at the V6 growth stage.
§ GY, Grain yield.
¶ EC, Electrical conductivity.
# CCE, Calcium carbonate equivalent.

The underlying factor variables were accepted if the eigenvalues for the correlation matrix were larger than one using
standardized variables ( Johnson, 1998). The new variables are
known as latent variables; they are not directly measureable,
but they represent underlying factors that may be a combination of variables (Terra et al., 2006; Kaspar et al., 2004). The
PROC REG procedure in SAS was used for stepwise linear regression models using the new variables from the factor analysis
(latent factors) of the correlated soil variables to explain the
plant CM readings and GY for all of the management systems
(varieties and seed-applied fertilizer treatment combinations)
(Cox et al., 2003).

RESULTS AND DISCUSSION
The mean values and variability of the measured soil parameters across locations are presented in Table 2. The soil pH values
and CCE were high for all of the locations, with a generally low
DTPA-extractable Fe. Values of these parameters often lead to
high incidences of Fe chlorosis. The correlation coefficients were
determined between the crop and soil parameters (Table 3). The
correlation analysis of the soil properties and plant parameters
generated 72 significant (P ≤ 0.05) correlations from a total of
98 pairs. The chlorophyll meter readings at the V3 (CM-V3)
and V6 (CM-V6) growth stages showed a positive correlation
(P ≤ 0.05) with the grain yield, soil Fe (at the depths of 0–15
and 15–30 cm), and soil NO3–N. In contrast, the CM readings
showed a negative correlation with the soil pH (at the depths
Table 4. Eigenvalues, proportions, and cumulative variances
explained by factor analysis.
Factors

Eigenvalue

Difference

Proportion

Cumulative

1

10.25

5.45

0.59

0.59

2

4.80

1.76

0.28

0.86
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of 0–15 and 15–30 cm), OM, Ca, and CCE. The GY showed
a positive correlation with the soil test P and extractable Fe (at
the depths of 0–15 and 15–30 cm). Negative correlations were
found between the GY and soil pH (at the depths of 0–15 and
15–30 cm), CCE, OM, and Ca.
The soil attributes with the highest positive correlation occurred for the surface (0–15 cm) extractable Fe and pH vs. the
subsurface (15–30 cm) Fe and pH, respectively. High positive
correlations were also found for the Fe vs. the P, EC and NO3–N;
however, the highest negative correlations were found for the Fe
vs. the pH, Ca, and CCE (Table 3).
Once the factor analysis was performed, there were two underlying factors that were determined by the varimax rotation to
be significant (Table 4). Soil test P was the only major contributor in the third factor, and therefore STP was added to the regression equation as a stand-alone variable for further analysis.
The eigenvalues from the covariance analysis indicated that the
first two factors accounted for 86% of the variance of data (Table
4). The first factor accounted for 59% of the total variance, and
the second factor accounted for an additional 28%.
The first latent factor (Factor 1) was identified as “plant chlorosis”, as all of these soil factors can potentially affect plant pigmentation. The variables with high factor loadings included the
EC, NO3–N, Ca, and subsurface Fe and pH (Table 5). The negative correlation of the soil Fe (15–30 cm) and pH (15–30 cm) at
lower depth may be due to a decrease in the measured extractable Fe with an increase in the soil pH. The second latent variable
(Factor 2) was identified as “soil available Fe” with the extractable
Fe showing the highest loading. Extractable Fe showed a negative correlation with the CCE and pH (15–30 cm) and a positive correlation with the Mg. There have been previous studies
that indicated no correlation between DTPA extractable soil Fe
levels and soybean greenness and yield (Naeve and Rehm, 2006;
Soil Science Society of America Journal

Table 5. Rotated factor loadings determined for measured
Bloom et al., 2011). However, in these situations, the DTPAvariables to create the latent variables.
extractable soil Fe levels may be much higher in concentration,
Variables
Factor 1
Factor 2
indicating that other factors such as internal plant physiology, or
EC†
0.76‡
0.07
other soil nutrients and properties may be influencing Fe avail0.73‡
–0.09
NO3–N
ability. Furthermore, DTPA-extractable Fe test was originally
Fe
0.08
0.98†
developed for soil from neutral to alkaline soils with low concenpH
–0.40
–0.33
trations of Fe (O’Connor 1988). Similar to the results of Franzen
STP
–0.41
0.23
and Richardson (2000) our data revealed that the DTPA Fe was
Ca
–0.70‡
–0.18
negatively correlated with the pH and calcium carbonate level.
Mg
0.40
0.63‡
In Factor 2, the Mg levels had a positive relationship with
OM
0.18
–0.30
the surface Fe. According to Loeppert and Hallmark (1985), the
CCE
–0.05
–0.64‡
Fe (15–30)§
0.60‡
0.43
Mg content in the soil solution has also been found to correlate
pH (15–30)§
–0.63‡
–0.51‡
positively with the soil-extractable Fe. On the other hand, Morris
† EC, electrical conductivity; STP, soil test Mehlich phosphorus; OM,
et al. (1990) found that soil Mg content was negatively correorganic matter; CCE, calcium carbonate equivalent.
lated with plant leaf chlorophyll content, and contributed this to
‡ Indicates variables with high factor loadings selected from each
Mg influence on calcite solubility, or the ionic strength of their
factor to create latent variables.
particular solution. Several groups of correlated variables were
§ Subsurface samples from the 15- to 30-cm depth.
identified with the factor analysis; however, this may not always
els. At this stage in crop development, Factor 1 (EC, NO3–N,
explain soybean GY response and Fe chlorosis development.
Ca, and subsurface pH and Fe) in both of the varieties was more
Models relating the two latent variables and STP as stand-alone
influential. Soil test P was not statistically significant (Table 6).
variable with the CM readings at the V3 and V6 growth stages
Yield was most impacted by Factor 2 (soil Fe, Mg, CCE, and
and the GY are listed in Table 6. This analysis also determined
subsurface pH). Factor 2 explained more than twice the amount
whether the calculated factors as well as STP were related to our
of variation in yield compared with Factor 1 in the model for
measured soybean response parameters and how this relationboth of the varieties. Although SPT impacted yield response, the
ship may be affected by different management practices. This deamount of variation explained by this variable was very low when
termination can help us to evaluate how underlying factors may
compared to Factors 1 and 2.
be relevant under different soybean management conditions in
an environment prone to Fe deficiency.
The importance of the calculated factors was different with
Without seed-applied Fe fertilizer, both of the soybean vathe seed-applied Fe fertilizer. In the nontolerant variety, only
rieties (tolerant and nontolerant) were highly influenced by the
STP significantly affected the CM at the V3 growth stage. The
two factors for both of the agronomic parameters (CM readings
tolerant variety with seed coating showed that Factor 1 and STP
and GY). With regard to the chlorophyll meter readings at V3
was not significant, but Factor 2 (soil Fe, Mg, CCE, and subsur(CM-V3) for the nontolerant variety, Factor 2 explained nearly
face pH) was significant, which indicates that there are internal
double the variability (defined by the coefficients in the linear
varietal differences in how these soybean varieties process Fe,
analysis) of Factor 1. In the tolerant variety, however, Factor 1 ex- Table 6. Effect of soybean management (tolerant and nontolerant varieties and seed-applied
Fe fertilizer) on the coefficients of factor regression for chlorophyll meter (CM) readings at
plained 1.2 times more variability the V3 and V6 growth stages and grain yield.
than Factor 2 (Table 6). This reCoefficient
Significance
Management
Intercept
R2 Value
sult suggests that the CM readings
Factor 1 Factor 2
STP
Factor 1 Factor 2 STP
at V3 in the tolerant variety were
–––– P < F ––––
less influenced by Factor 2 (soil
CM readings at the V3 stage
Fe, Mg, CCE, and subsurface pH). Nontolerant
28.13
1.26
2.51
–0.020
0.010 <0.001 0.161
0.43
Furthermore, the contribution of Nontolerant with seed-Fe 31.69
0.84
–0.96
0.034
0.076
0.063 0.004
0.13
STP as stand-alone variable was Tolerant
30.60
2.06
1.65
–0.032 <0.001
0.001 0.012
0.45
34.79
0.58
–1.52
–0.003
0.162 <0.001 0.669
0.30
negligible. These factors only ac- Tolerant with seed-Fe
CM readings at the V6 stage
counted for 43 to 45% of the vari28.58
8.70
8.06
–0.019 <0.001 <0.001 0.390
0.83
ability in the CM values (Table 6). Nontolerant
Nontolerant
with
seed-Fe
31.76
4.79
5.16
0.001
<0.001
<0.001
0.965
0.69
This indicates that other variables
Tolerant
30.09
8.07
6.36
–0.002 <0.001 <0.001 0.892
0.76
that were not necessarily measured
Tolerant with seed-Fe
34.63
5.72
2.07
–0.009 <0.001 <0.001 0.501
0.67
may account for a high amount of
Grain yield
variability. However, later in the
Nontolerant
1.79
0.35
1.12
–0.007 <0.001 <0.001 0.010
0.79
season at V6, the two factors and Nontolerant with seed-Fe 2.60
0.05
1.18
–0.006
0.662 <0.001 0.060
0.61
STP explained between 76 and Tolerant
1.80
0.30
1.00
–0.009 <0.001 <0.001 0.001
0.65
83% of the variation in the CM lev- Tolerant with seed-Fe
2.39
-0.29
1.29
–0.007
0.170 <0.001 0.006
0.75
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which may be expected based on the variety selection. It could
be that one particular variety maximized the potential CM readings for the soil type, or it could be an indicator that the tolerant variety may be more sensitive to nutrient imbalances once an
adequate Fe concentration was met at the early growth stages.
At V6, the nontolerant variety was more impacted by Factor
2 in the presence of the seed-applied Fe fertilizer, and no significant effect of STP. For the tolerant and nontolerant varieties
with seed-applied Fe fertilizer, only Factor 2 significantly affected the yield. This result suggests that under adequate amounts
of Fe provided by fertilizer application, neither variety showed a
relationship with Factor 1 (EC, NO3–N, Ca, and subsurface pH
and Fe). Helms et al. (2010) have stated that planting a tolerant
cultivar may reduce the prevalence of Fe chlorosis but may not
maximize yields in the field. In this study, the nontolerant variety may have had the higher yield potential under good growing
conditions, and when Fe fertilizer is applied to this variety, the
yield can be maximized.
The values of R2 ranged from 0.13 to 0.83 for all models,
and all of the models were statistically significant except for the
CM readings at V3 using a nontolerant variety with seed Fe (P
= 0.209). It is likely that when the combination of nontolerant
variety and seed-Fe fertilizer application is used in fields prone to
Fe chlorosis, the two latent variables identified will not account
for the variably in the CM readings at the V3 growth stage. With
this combination of management strategies, it is likely that the
variability in CM readings will be affected by other variables not
measured. In the present study, when seed-applied Fe fertilizer
was used, the first latent variable (Factor 1) was not significant
for the CM readings at the V3 growth stage and in grain yield.
We can speculate, that by using seed-applied Fe fertilizer, the underlying variables in Factor 1 will not explain the variability in
the plant response.
Most coefficients from the regression analysis showed positive signs (Table 6). In this study, the first latent variable (Factor
1) contributed to an increase in the CM readings and GY. The
soil NO3–N and EC are two variables with high relative weights,
suggesting that higher soil NO3–N and EC increase plant greenness and GY. This possible effect of NO3–N is not always the
case, as excessive levels of NO3–N, both applied as a fertilizer
before the season or present in the soil, have been reported to
increase Fe chlorosis at high levels, especially in nontolerant varieties (Wiersma, 2010). However, with the generally low levels
of soil NO3–N found in this study, and the lack of addition of
a fertilizer N source, there appeared to be a positive effect on
the plant’s response. Soybean that are exclusively dependent on
biological N fixation for N supply, like those in our study, can
also suffer lower yields under calcareous, high pH situations
(Caliskan et al,. 2008). Under conditions of Fe chlorosis, biological N fixation is often arrested (Chonkar and Chandel, 1991;
Terry and Jolley, 1994), creating potential N deficiency. In this
case, the lack of addition of N fertilizer, found to be beneficial
to improving early soybean growth and yield (Azfa et al., 1987;

1316

Starling et al., 1998), could contribute to soil N being beneficial
under low N conditions.
Electrical conductivity and high concentrations of soluble
salts in soils have generally been shown to increase chlorosis with
increasing salt levels (Franzen and Richardson, 2000). These high
salt levels have also been found to decrease nodule activity and N
accumulation (Cordovilla et al., 1995). However, in our study,
the EC levels were positive in the underlying Factor 1 along with
soil NO3–N, suggesting that the EC may be also related to N
salt levels in the soil. In the North Central United States, salts are
formed ephemerally through water movement and deposition,
and calcic horizons are associated with long-term water movement in low areas of fields (Franzen and Richardson, 2000). In
the Great Plains, the soils are well drained, and ephemeral salt
deposition is a rare occurrence, as water rarely accumulates on
the soil surface. The topography of this region is generally flat,
and soil water movement is more likely to be even in the soil profile, except for potential subsurface limitations in some areas. The
EC levels at all locations except 1 and 6 were well below 1 m S–1
(Table 2).

CONCLUSIONS
Factor analysis was successful at identifying the underlying
factors that were significantly correlated to plant response. One
group of soil variables (Factor 1) represented conditions associated with “plant chlorosis”, including the soil NO3–N and the
EC that contributed to the high CM readings, and Ca had an
antagonistic effect on plant chlorosis. Factor 2 was identified
as the “soil available Fe” factor, which was made up of DTPAextractable Fe and Mg levels that positively influenced Factor 2,
and CCE and the subsurface pH levels that negatively impacted
Factor 2.
These underlying factors were indicative of the soil chlorophyll meter readings at the V3 and V6 stages and grain yields.
The seed-applied Fe fertilizer seemed to nullify the effect of both
of the latent factors in the CM-V3 readings in the nontolerant
variety. In the tolerant variety with seed-applied Fe, it was the
“soil available Fe” factor (Factor 2) that became neutralized.
Factor 1 (plant chlorosis) did not significantly affect the yield
when seed-applied Fe fertilizer is used.
The multivariate factor analysis used in this study showed
that the variability in soybean Fe chlorosis can be explained by a
set of soil conditions. However, with the use of proper management practices, such as optimum variety selection and seed-applied Fe fertilizer, these soil factors are unsuccessful at explaining
plant response. We suggest that it is likely that once the incidence
of Fe chlorosis is removed (through variety selection and seedapplied Fe fertilizer), the incidence and plant response will be
affected by other soil or environmental factors not measured in
this study.
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