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Corn Nitrogen Fertilization Requirement and Corn–
Soybean Productivity with a Rye Cover Crop

Nutrient Management & Soil & Plant Analysis

winter rye (Secale cereale l.) cover crop (rcc) has potential to reduce 
no3–n loss from corn (Zea mays l.) and soybean [Glycine max (l.) Merr.] 
fields. However, rcc effects on annual crop productivity and corn optimal 
n fertilization requirement are unclear. the objectives were to evaluate corn 
and soybean yield response to rcc and corn optimal n rate. treatments were 
no-rcc and rcc with six fertilizer n rates (0–225 kg n ha-1) applied to corn 
in a no-till corn–soybean (cs) rotation at four iowa sites in 2009 through 
2011. the rcc biomass and n uptake was low, with a maximum of 1280 kg 
dry matter (dM) ha-1 and 26 kg n ha-1, respectively. in the no-n control, the 
rcc reduced soil profile no3–n by 15 kg n ha-1 only at time of rcc control 
before corn planting. corn canopy sensing, plant height, and plant popula-
tion indicated more n stress, reduced plant stand, and slower growth with 
rcc. the rcc reduced corn grain yield by 6% at the economic optimum n 
rate (eonr). the eonr was the same with no-rcc and rcc, but plant n 
uptake efficiency (Pue) was reduced at low n rates with rcc, but not above 
the eonr. soybean yield was not affected by rcc. results indicate n fertil-
ization rate should be the same with or without rcc. improvement in rcc 
systems and management could make rcc a more viable practice within no-
till corn and soybean production.

Abbreviations: CS, corn-soybean; DM, dry matter; EONR, economic optimum nitrogen 
rate; NDVI, normalized difference vegetative index; NUE, nitrogen use efficiency; PAN, 
plant available nitrogen; PUE, plant nitrogen uptake efficiency; RCC, rye cover crop; 
SOM, soil organic matter; YEONR, yield at economic optimum nitrogen rate.

Environmental concerns related to crop N fertilization is an ongoing issue 
(USEPA, 2007), including reducing N in surface waters related to hypoxia 
in coastal surface waters (Hoorman et al., 2009; Kladivko et al., 2014). 

Nitrogen application rate to corn is an important factor in regard to cropping sys-
tem profitability and NO3 loss. Applying only the optimal N rate will not stop 
NO3 loss, nor necessarily achieve the drinking water standard (Lawlor et al., 2007). 
Successful development of agricultural systems that benefit water quality have to 
be more inclusive of several agricultural practices, rather than only N rate or timing 
(Hatfield et al., 2009). Therefore, additional in-field practices are needed to reduce 
NO3 losses (Sainju and Singh, 2008).

Nitrate losses in tile drainage water from corn production systems can range 
from 7 to 68 kg N ha-1 yr-1 (Lawlor et al., 2007), and with most values ranging from 
29 to 56 kg N ha-1 yr-1 (Sawyer and Randall, 2008). Cover crops have shown poten-
tial for uptake of residual N from fertilizers or inorganic N released from degrading 
soil organic matter (SOM) in the period between annual crops (Strock et al., 2004; 
Tonitto et al., 2006), thus helping reduce NO3 loss (Staver and Brinsfield, 1998; 
Qi and Helmers, 2010; Drury et al., 2014; Acuña and Villamil, 2014). Studies 
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conducted in the Midwest region of the USA show that cover 
crops can reduce NO3 loss from 7 to 65 kg N ha-1 (Dabney et 
al., 2010; Kaspar et al., 2012; Malone et al., 2014). Cover crops 
also have potential to improve C sequestration, nutrient cycling, 
soil internal drainage, and help reduce runoff, soil erosion, and 
weed pressure (Franzluebber, 2005; Hoorman, 2009, Olson et 
al., 2010; Bernstein et al., 2011; Mirsky et al., 2013; Tabaglio 
et al., 2013). Despite their benefits, cover crops have not been 
widely adopted in the Midwest due to several factors, including 
increased cost and management, lack of success in nutrient recy-
cling, limited establishment and growth during late fall and early 
spring, reduced crop yields, and seed availability (Raimbault et 
al., 1990; Johnson et al., 1998; Reddy, 2001; Dabney et al., 2001; 
Thelen and Leep, 2002; Andraski and Bundy, 2005; Kramberger 
et al., 2009; Reese et al., 2014). Since C helps to retain nutrients 
in soil and balances nutrient cycling (Hoorman et al., 2009), and 
with recent large increase in fertilizer prices, farmers are increas-
ingly interested in cover crops as a means to increase soil C and 
reduce N fertilization requirement.

Winter adapted cereal cover crops tend to be more effective 
than legumes in NO3 loss reduction in cold northern climates 
due to better fall and early spring growth (Shipley et al., 1992; 
Parkin et al., 2006), with RCC as a common cover crop choice 
(Ranells and Wagger, 1997; Ruffo et al., 2004; Kladivko et al., 
2014). In addition, RCC has flexibility in establishment, relative-
ly low seed cost, and winter hardiness (Feyereisen et al., 2006). 
However, research has found differing annual crop yield respons-
es with RCC. Corn grain and silage yield decreases have been 
reported with use of RCC (Raimbault et al., 1990; Kessavalou 
and Walters, 1997; Thelen and Leep, 2002; Singer and Kohler, 
2005; McDonald et al., 2008; Kramberger et al., 2009; Salmerón 
et al., 2011; Krueger et al., 2012; Reese et al., 2014). A 15% corn 
yield increase was observed in 2 out of 3 yr in a study conducted 
on sandy soils in Wisconsin with no N application to the RCC 
and with low RCC biomass production (Andraski and Bundy, 
2005). However, applying N to RCC before control may off-
set potential yield decreases in corn (Hoorman et al., 2009). 
Soybean yield is not usually affected by RCC because soybean is 
a legume, and not another cereal, like corn, following the RCC 
(Thelen and Leep, 2002; Ruffo et al., 2004; De Bruin et al., 2005; 
Hoorman et al., 2009). However, soybean yield decreases of 15 
to 65% were reported with an RCC, part of the decrease associ-
ated with late RCC control in the spring and delay in soybean 
planting (Singer and Kohler, 2005).

Negative effects of RCC on corn yield may be mitigated 
by timely RCC control in early spring relative to corn plant-
ing, but early control reduces RCC growth and residual N up-
take. Allowing more time for RCC to grow in early spring in-
creases RCC biomass production and residual N uptake, but 
also increases the risk of RCC allelopathic effects (Raimbault et 
al., 1990; Dhima et al., 2006; Krueger et al., 2011) and delays 
corn planting, both of which can reduce corn growth and yield 
(Wagger, 1989). The effect of RCC on plant available N (PAN) 
and crop yield can also depend on fertilizer N rate and soil supply 

of PAN (Duiker and Curran, 2005), RCC management (Sainju 
et al., 2007), and soil moisture and temperature to promote mi-
crobial activity (Hoorman, 2009; Maltas et al., 2009). For soy-
bean, waiting 7 to 15 d to plant after RCC control has resulted in 
no soybean yield decrease (Thelen and Leep, 2002; Reddy, 2003; 
Ruffo et al., 2004). Soybean yield decreases have been more as-
sociated with soil water use, especially in dry years or lack of soil 
recharge, instead of a negative effect of RCC on soybean growth 
(Singer et al., 2005).

With RCC taking up soil NO3, farmers question if N re-
cycles back to the soil and reduces corn optimal N application 
requirement, or does it remain unavailable in the RCC biomass 
or SOM. Since there is an increase in environmental concerns 
about NO3–N concentrations in water systems, even at optimal 
N application rates, and a need for improved N management in 
regard to water quality (Williams et al., 2007), identifying corn 
N fertilization requirement in an RCC system is a current need. 
Previous research with sandy soils in Wisconsin has shown a 
slight decrease in optimal N rate (Bundy and Andraski, 2005), 
while other research conducted in Illinois with fine textured soils 
did not show an improvement in N use with RCC (Miguez and 
Bollero, 2006). The use of a limited number of fertilizer N rates 
in research studies, and studies evaluating the effects of RCC 
only in the short-term, also limits the ability to discern change in 
required N rate with RCC (Bundy and Andraski, 2005; Duiker 
and Curran, 2005; Miguez and Bollero, 2006). An RCC did not 
enhance N availability to corn in Ontario (Vyn et al., 2000), but 
on sandy soils, an EONR decrease of 30 kg N ha-1 with RCC 
was reported in 2 out of 3 yr of a study conducted in Wisconsin 
(Andraski and Bundy, 2005).

Some research has indicated that N remains in the RCC 
biomass or is immobilized by microbes as they decompose high 
C/N ratio RCC biomass (Dinnes et al., 2002; Krueger et al., 2010; 
Kaspar and Singer, 2011; O’Reilly et al., 2012). In other research, 
RCC increased total soil N, which could potentially reduce N ap-
plication need (Sainju and Singh, 2008; Hashemi et al., 2013), or 
had no effect on soil supply of PAN and application rate require-
ment (Kuo and Jellum, 2002). In addition, RCC biomass degrada-
tion can result in net N recycling to soil, but a lack of synchrony 
between the period of maximal crop N demand and N recycling 
from the RCC biomass can occur (Vaughan and Evanylo, 1998; 
Hoorman et al., 2009; Snyder and Meisinger, 2012). The contrast-
ing and limited information regarding the effects of RCC on soil 
N recycling and supply of PAN makes it difficult to determine the 
potential effect of RCC on optimal N rate.

Nitrogen rate is also a main factor affecting crop NUE, 
where excess N reduces NUE and efficient fertilization with 
minimal N loss increases NUE (Meisinger et al., 2008; Raun 
and Schepers, 2008). Therefore, off-field effects of NO3 could 
be reduced if NUE were improved with N rate adjusted for field-
specific conditions, such as cover crop influence on corn N ap-
plication need. Research has not yet fully answered questions 
related to the fate of N after RCC control, and impact on corn N 
use and efficiency. Therefore, the objectives of this study were to 
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evaluate the effect of an RCC system on corn optimal fertilizer 
N rate and corn and soybean production.

Materials and MetHods
study sites

A 3-yr (2009–2011) study was conducted at four sites in 
Iowa, with two field areas at each site. Soils (Table 1) were a mod-
erately well-drained soil formed in glacial till at the Agricultural 
Engineering and Agronomy Research farm in central Iowa 
near Ames (42°00¢34² N; 93°46¢50² W); a poorly drained 
soil formed in loess on a till plain at the Southeast Research 
and Demonstration Farm near Crawfordsville (41°12¢09² N; 
91°29¢31² W); a well-drained soil formed in loess at the Southwest 
Armstrong Memorial Research and Demonstration Farm near 
Lewis (41°18¢48² N; 95°10¢49² W); and a somewhat poorly 
drained soil formed in loamy sediments with underlying till at 
the Northeast Research and Demonstration Farm near Nashua 
(42°55¢54² N; 92°34¢37² W). A CS rotation in a no-till system 
was initiated in the spring 2008 at each site, with corn and soy-
bean present each year and rotated between study areas. The year 
before establishment all sites were tilled, with Ames and Nashua 
planted to soybean, and Crawfordsville and Lewis planted to 
corn. Monthly mean and standard error temperature and total 
precipitation across study sites were calculated from data collected 
at weather stations at each research site and reported by the Iowa 
Environmental Mesonet Network (Arritt and Herzmann, 2013).

experimental design and treatment application
The experimental design within each field at each site was a 

split-plot arrangement in a randomized complete block, with four 
replications. The RCC was the main plot (no-RCC and RCC) and 
six fertilizer N rates applied to corn the split plot (0 to 225 kg N ha-1 
in 45 kg ha-1 increments). A uniform fertilizer N rate was applied 
to corn at each site in the spring 2008 (agronomic range of 135 to 
160 kg N ha-1). For the study years (2009–2011), N was applied 

as urea-ammonium nitrate solution (UAN, 32% N) with coulter-
injection to every other row-space (1.52 m apart) within 2 wk after 
corn planting and as soil conditions allowed. Individual plot size 
was eight crop rows (0.76 m row spacing) in width and 15 m in 
length at Ames, Crawfordsville, and Lewis; and six rows in width 
and 18 m in length at Nashua. Treatments remained in the same 
plot locations.

The RCC cultivar was ‘Wheeler’, and was drill-planted 
after annual crop harvest at 70 kg ha-1 seeding rate. The RCC 
row spacing was 0.19 m at Ames, 0.18 m at Lewis, and 0.25 m 
at Crawfordsville and Nashua. The first RCC planting was in 
fall 2008, with RCC seeding dates varying by site and annual 
crop harvest timing, and ranged between Sept. 17 and Oct. 
28 after corn harvest, and between Sept. 25 and Oct. 20 after 
soybean harvest. In late Apr. or early in May, as soil conditions 
permitted and allowing time for spring RCC growth, RCC was 
controlled with application of 1 to 2 kg a.i. ha-1 of glyphosate 
[N-(phosphonomethyl)glycine]. Across sites and years, RCC 
control was between Apr. 19 and May 4 before corn planting, 
and between Apr. 28 and May 20 before soybean planting. The 
mean intervals between RCC control and corn and soybean 
planting were 7.3 and 4.5 d, respectively. The intent was to con-
trol the RCC in a timely basis and avoid delay in corn and soy-
bean planting. However, delay in RCC control occurred at some 
site-years due to wet soil conditions. The intent was also to wait 
a minimum of 7 d after RCC control to plant corn in an attempt 
to avoid potential negative effects (Dhima et al., 2006), and plant 
soybean at or within 7 d after rye control.

rye cover crop Biomass sampling and analysis
Aboveground RCC biomass was sampled each spring with-

in 3 d before RCC control. In 2009, samples were collected by 
replicate before corn and soybean planting as no fertilizer N rate 
treatments had yet been applied, and also by replicate before corn 
planting in 2010 and 2011. For RCC sampling before soybean 

table 1. site information and background soil test values for each study site.

site
Predominant 

soil series
textural class soil classification

pH soM† tn† stP‡ stK‡ no3–n§

–––––––––––0 to 0.15 m––––––––––– 0 to 0.9 m

–––g kg-1––– –––mg kg-1––– kg ha-1

Ames Clarion Loam fine-loamy, mixed, superactive, mesic  
Typic Hapludolls

6.4 41 1.8 37 (VH) 172 (H) 13

Nicollet Clay loam fine-loamy, mixed, superactive, mesic  
Aquic Hapludolls

Crawfordsville Mahaska Silty clay loam fine, smectitic, mesic Aquertic Argiudolls 6.6 50 2.2 40 (VH) 181 (H) 24

Nira Silty clay loam fine-silty, mixed, superactive, mesic  
Aquic Argiudolls

Lewis Marshall Silty clay loam fine-silty, mixed, superactive, mesic  
Typic Hapludolls

6.4 41 2.1 34 (VH) 239 (VH) 21

Nashua Floyd Loam fine-loamy, mixed, superactive, mesic  
Aquic Pachic Hapludolls

6.3 48 2.3 23 (H) 148 (O) 12

Clyde Silty clay loam fine-loamy, mixed, superactive, mesic  
Typic Endoaquolls

† SOM, soil organic matter; TN, total N.
‡ Soil test P and K. Letters in parentheses indicate soil test category interpretation (Sawyer et al., 2008) with O, optimum; H, high; VH, very high.
§ Soil NO3–N was summed across the 0- to 0.3-, 0.3- to 0.6-, and 0.6- to 0.9-m sampling depths.
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planting in 2010 and 2011, samples were collected by N rate ap-
plied to the prior-year corn. Sampling was performed by placing 
a square 0.093 m2 PVC frame at six random locations that en-
compassed two RCC rows, cutting the RCC plants at soil sur-
face, and compositing the RCC biomass from the six locations 
into one sample. The collected samples were dried in a forced-
air oven at 60°C, weighed to estimate RCC biomass DM, and 
aboveground RCC biomass production adjusted for the sampled 
area and RCC row width for each site. Samples were ground to 
pass a 2-mm sieve and a subsample was analyzed for total N by 
dry combustion (LECO CHN-2000 analyzer, LECO Corp., St. 
Joseph, MI) (Nelson and Sommers, 1982). Total aboveground 
RCC N was determined from the N concentration multiplied 
by aboveground biomass DM.

corn and soybean Planting and Harvest
Corn and soybean were planted and managed using cultural 

practices typical of a no-till CS rotation in Iowa. These included 
using adapted hybrids and varieties, planting in late Apr. to early 
May, and using planters equipped with no-till coulters and row 
cleaners to remove RCC and residual crop residue and aid in 
seed placement. Herbicides and insecticides were used if weed 
pressure or presence of plant defoliating insects required applica-
tion. Across sites and years, corn planting was between Apr. 23 
and May 18, and soybean planting was between May 4 and May 
21. These dates are within the range reported by USDA for Iowa, 
where 80% of the corn was planted between Apr. 18 and May 18 
from 2007–2011, and 80% of the soybean was planted between 
May 3 and June 4 during the same period (USDA, 2012). As 
with RCC control, delayed planting sometimes occurred due to 
wet soil conditions. Corn grain yield was determined by harvest-
ing the middle four rows of each plot with a plot combine and 
adjusting yield to 155 g kg-1 moisture. Soybean grain yield was 
determined by harvesting the middle four or six rows of each plot 
with a plot combine and adjusting yield to 130 g kg-1 moisture. 
Across sites and years, corn harvest was between Sept. 17 and 
Oct. 28, and soybean harvest was between Sept. 21 and Oct. 9.

soil sampling and analysis
Ten random soil cores per replicate were collected in Fall 

2008 (0–0.15 m) to determine background soil pH, SOM, total 
N, and soil test P and K at each site. Soil was also sampled by 
taking five random cores (0–0.9 m in 0.3-m increments) to de-
termine background soil NO3–N (Table 1). For the study years 
(2009–2011), soil was sampled (0–0.6 m in 0.3-m increments) 
in corn plots with no fertilizer N application to determine profile 
NO3–N in the spring at the time of RCC control (before corn 
planting) and in early June when corn plants were at V4 to V7 
growth stages (Abendroth et al., 2011). In the fall, post-harvest 
soil samples (0–0.9 m in 0.3-m increments) were collected in 
corn plots receiving 0, 135, and 225 kg N ha-1. For all soil NO3 
samples collected during the study years, six cores per plot were 
taken in a diagonal pattern across two corn rows, with one core 
from each row and a core 0.2 m from the side of each row. Soil 

profile sampling (0–0.9 m in 0.3-m increments) after soybean 
harvest in 2009 was conducted by collecting six cores per repli-
cate because no N rate treatments had yet been applied, with one 
core collected from each plot (six total) and 0.2 m away from 
one of the center soybean rows. In 2010 and 2011, sampling after 
soybean harvest was by the prior-year corn plots that received 0, 
135, and 225 kg N ha-1. Six cores per plot were taken in a diago-
nal pattern across two of the middle soybean rows, with one core 
from each row and a core 0.2 m from the side of each row. All soil 
samples were collected by hand with a 0.02-m diam. soil probe. 
Soil cores were mixed and a subsample saved for analysis.

Soil samples were dried in a forced-air oven at 25°C and 
ground to pass a 2-mm sieve. Soil pH was determined with 1:1 
soil/water ratio, organic C for SOM and total N by dry com-
bustion (LECO CHN-2000 analyzer, LECO Corp., St. Joseph, 
MI; Nelson and Sommers, 1982), soil test P with colorimetric 
Mehlich-3, soil test K with 1 mol L-1 ammonium acetate and 
atomic absorption analysis, and NO3–N with 2 mol L-1 KCl 
and colorimetric cadmium reduction using a Lachat flow injec-
tion analyzer (Lachat Instruments, QuikChem 8500 Series 2, 
Loveland, CO; Brown, 1998). Soil NO3–N concentrations were 
converted to a mass basis by using a uniform soil bulk density of 
1.3 g cm-3, a common soil bulk density for Iowa soils (Al-Kaisi et 
al., 2005), and added across depths to estimate NO3–N amount.

Background soil tests (Table 1) indicated that soil pH was 
slightly acidic (6.3–6.6) at all sites and no lime was applied be-
cause that pH range is considered to be sufficient for CS pro-
duction in Iowa (Sawyer et al., 2008). The SOM and total N 
were within the typical range for Mollisols in the Midwest (Soil 
Survey Staff, 1999). The Mehlich-3 soil tests P and K were in 
the Optimum to Very High soil test interpretation categories 
(Table 1; Sawyer et al., 2008). To avoid potential for P and K de-
ficiency and any issue with soil test variability across each site, P 
and K fertilizers (triple super phosphate and muriate of potash) 
were broadcast in the fall 2009 if soil test levels were within or 
near the Optimum interpretation category, with application rate 
at the estimated crop removal amount for 2 yr of a CS rotation 
(Sawyer et al., 2008).

corn Plant establishment and canopy sensing
In 2010 and 2011, the effect of RCC on corn early growth 

and establishment was evaluated by measuring corn plant height 
and plant population at the V4 to V7 growth stages. In 5-m 
length segments of two center rows per plot, plants were counted 
and plant height measured on 10 random plants from soil sur-
face to the extended leaf tip of the uppermost and fully devel-
oped leaf (Warrington and Norton, 1991).

Corn canopy biomass and growth response to RCC and N 
rate was estimated with a Crop Circle ACS-210 active canopy 
sensor (Holland Scientific, Lincoln, NE). Corn growth varied 
across treatments; therefore, corn canopy sensing was conducted 
in all plots when corn receiving 135 kg N ha-1 reached the mid-
vegetative (V10) growth stage (Abendroth et al., 2011). At the 
time of sensing, corn stages varied from V8 to V11 depending 
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on the N rate. The overall method for canopy sensing was that 
described by Barker and Sawyer (2010). Approximately 10 VIS 
and NIR band reflectance values were captured from each plot, 
the values averaged, and used to calculate a per plot normalized 
difference vegetative index (NDVI; Gitelson et al., 1996; Teillet 
et al., 1997).

soybean Plant establishment
The effect of RCC on soybean plant establishment was eval-

uated by measuring soybean plant population at the V1 to V2 
growth stages (Pedersen, 2007). Plants were counted in 1.80-m 
length segments of two center rows per plot.

corn nitrogen uptake and use efficiency
At physiological maturity (R6; Abendroth et al., 2011), 

six corn plants were randomly collected from the center rows 
(combine grain harvest area) to determine cob, grain, vegeta-
tive, and total aboveground plant N uptake. Plants were cut at 
the soil surface and the ears (without husk) and vegetative (in-
cluding husk) separated and weighed. The vegetative component 
was chopped and a subsample collected and weighed. Ears and 
vegetative subsamples were dried in a forced-air dryer at 60°C, 
cob and grain separated, and dry weight of each plant compo-
nent recorded. Grain weight from the six plants was added back 
into the combine harvested grain weight. The harvest index for 
cob and grain was determined from the six plant sample DM, 
with the area-level cob DM determined from the total plot-level 
harvested grain DM yield and cob harvest index. Vegetative DM 
was the difference between total DM and cob plus grain DM. 
Grain, cob, and vegetative component samples were ground and 
a subsample analyzed for total N by dry combustion (LECO 
CHN-2000 analyzer, LECO Corp., St. Joseph, MI; Nelson 
and Sommers, 1982). Cob and vegetative N uptake was deter-
mined from N concentration multiplied by cob and vegetative 
DM. Grain N uptake was determined from grain N concentra-
tion multiplied by the total harvested grain DM yield. Total 
aboveground plant N uptake was the summation of cob, grain, 
and vegetative N. Plant N uptake efficiency, which indicates the 
efficiency of the system in using available N (Moll et al., 1982; 
Snyder and Bruulsema, 2007; Wortmann et al., 2011), was used 
for this study to include both the effect of the RCC and fertilizer 
N. The PUE was calculated as:

1

1

Total aboveground plant N uptake (kg N ha )
PUE 

fertilizer N (kg N ha )

−

−
=   [1]

statistical analysis

Analyses of variance for measured parameters were con-
ducted with PROC MIXED of SAS (SAS Institute, 2009) for a 
randomized complete block and split-plot arrangement of RCC 
main plot and N rate split plot. For the analyses, treatments, and 
their interactions were considered fixed, and replicates, sites, 
years, and their interactions considered random. When appro-

priate, differences between treatment means were assessed with 
the DIFF option in PROC MIXED at P £ 0.05.

To evaluate the site-year mean RCC biomass, RCC N up-
take, corn canopy NDVI, grain yield, grain N, total aboveground 
N uptake, and NUE responses to N rate, PROC REG was used 
to investigate the quadratic regression model (Eq. [2]), and 
PROC NLIN the quadratic-plateau model (Eq. [3], Eq. [4]). 
Models were deemed significant at P £ 0.05 and the model with 
the smallest residual sums of squares and largest R2 selected.

y = a + bx + cx2  [2]

y = a + bx+ cx2, x < xo     [3]

y = a + bxo + cxo
2, x ³ xo   [4]

In these models, y represents the predicted corn response to N 
rate, x is the fertilizer N rate (kg N ha-1), and a (intercept), b 
(linear coefficient), c (quadratic coefficient), and xo (N rate 
at the join point). The lower and upper 95% confidence lim-
its of model parameters were used to aid model comparison 
across N rates, with parameters considered not different when 
estimates were within confidence intervals of equations being 
compared. Corn EONR for grain yield and yield at the EONR 
(YEONR) were calculated from each regression model fit to N 
response (Cerrato and Blackmer, 1990) by solving for x and us-
ing a 0.0056 $ kg-1 N/$ Mg-1 corn grain price ratio, derived from 
$0.88 kg-1 N ($0.40 lb-1 N) and $157 Mg-1 grain ($4.00 bu-1).

Since the corn EONR for grain yield was close to the 
180 kg N ha-1 rate (presented later), the grain yield response to 
RCC (yield with no-RCC minus yield with RCC) at this N rate 
was estimated for each site-year. PROC REG was used to inves-
tigate the linear relationship between RCC biomass production 
amount and corn grain yield response to RCC.

results and discussion
weather

The early spring weather can have the greatest influence on 
RCC growth, biomass production, and N uptake. Across sites, 
the early spring (Mar. and Apr.) in 2009 and 2011 was 1°C colder 
(6 vs. 7°C) than normal (normal defined as the historical mean 
of the prior 16 yr), and 2010 was 2°C warmer (Fig. 1a). For that 
period, 2009 had 1 cm more precipitation (15 vs. 14 cm), 2010 
was drier (only 9 cm), and 2011 had 3 cm less precipitation com-
pared with normal (Fig. 1b).

The weather in late spring and remaining growing season can 
influence RCC biomass degradation, corn growth and response 
to N rate, soybean growth, and soil profile NO3. Temperature in 
late spring (May and June) was 1°C colder than normal in 2009, 
whereas 2010 and 2011 were average (19°C); however, 2010 had 
more precipitation than normal during that period (34 vs. 25 cm), 
especially in June where precipitation was well above-normal. 
During the reproductive corn and soybean growth stages ( July 
to September), 2009 was 2°C colder than normal (19 vs. 21°C) 
and had slightly more precipitation (29 vs. 24 cm), 2010 was 1°C 
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warmer than normal and had almost twice as much precipitation 
(45 cm), and 2011 was somewhat drier (22 cm) than normal.

The weather in the fall can affect profile NO3, the timing 
for corn and soybean harvest, and RCC seeding and fall growth. 
In late September and October, 2009 was 3°C colder and 2010 
and 2011 were 2°C warmer than normal (10°C). For that period, 
2009 was wetter (16 cm), and 2010 and 2011 were drier (only 
2 cm) than normal (6 cm). All years were wetter than normal 
and included intense precipitation events. In 2009, precipitation 
was above-normal in August and October, the growing season in 
2010 was wet with precipitation well above-normal each month 
from June through September, and in 2011 precipitation was 
above-normal in August.

rye cover crop Biomass and nitrogen uptake
Each year the RCC was successfully established, but fall 

growth was low (visually observed but not measured) due to 
cold temperatures and seeding after corn and soybean harvest. 
Most RCC growth occurred in early spring, but aboveground 
RCC biomass production and N uptake were generally low, and 
limited by the soil supply of PAN and the short growth period 
(Table 2). The largest RCC biomass production and N uptake 
across sites and years was 1280 kg DM ha-1 and 26 kg N ha-1, re-
spectively, and was measured with RCC before soybean planting 
at the 225 kg N ha-1 rate applied to the prior-year corn.

The RCC biomass DM amount and N uptake before soy-
bean planting in 2009 was low; a result of the cold and wet 
spring (Table 2). The RCC biomass production did not have an 
N rate effect because the prior-year corn received a uniform N 
application rate. In 2010 and 2011, RCC biomass and N uptake 
before soybean planting were affected by N rate applied to the 
prior-year corn. Rye biomass production was the same (average 
950 kg ha-1) when the prior-year N rate was <135 kg N ha-1, 
but increased by 18 and 35% with 180 and 225 kg N ha-1, re-
spectively, and the RCC N uptake was also the same (average 
18 kg N ha-1) when the prior-year N rate was <135 kg N ha-1, 
but increased by 22 and 44% with 180 and 225 kg N ha-1, respec-
tively. In a study conducted on sandy loam soils in southwestern 
Michigan, Rasse et al. (2000) found that RCC had better growth 
and potential for N accumulation (up to 56 kg N ha-1) when 
the prior-year corn received more than 200 kg N ha-1, but lower 
N rates did not affect RCC biomass production or N uptake. 
They did not recommend using an RCC for scavenging residual 
NO3–N when the prior-year corn N rate was £100 kg N ha-1. 
Those results are similar to our findings. Ruffo et al. (2004), on 
silt loam and silty clay loam soils in Illinois, found that RCC bio-
mass production and N uptake was up to 6100 kg DM ha-1 and 
170 kg N ha-1 with application of 270 kg N ha-1 to the prior-
year corn. They also noted that warm spring conditions and high 
SOM N mineralization resulted in greater supply of PAN which 
promoted RCC growth.

Across sites and years, RCC biomass production be-
fore corn planting was lower than RCC biomass before soy-
bean (720 vs. 960 kg DM ha-1), and rye N uptake before corn 
was <40 kg N ha-1 in 10 out of the 12 site-years, with an average of 
21 kg N ha-1, which reflected the limited RCC growth. Individual 
treatment effects on RCC biomass and N uptake are not shown 
as there were no differences when following soybean. The RCC 
before corn had on average 2 wk less time to grow in the spring 

table 2. aboveground rye cover crop (rcc) biomass produc-
tion and n uptake at the time of control in the spring before 
soybean planting as affected by fertilizer n rate applied to the 
prior-year corn, across sites.

n rate Biomass n uptake

kg N ha-1 kg DM ha-1 kg N ha-1

2009†

500 11

2010–2011

0 970‡ 18§

45 910 17

90 910 17

135 1020 19

180 1120 22
225 1280 26

†  No N rate treatments had yet been applied before RCC control in 
the spring 2009 and corn in the study areas received a uniform N 
rate in 2008.

‡  RCC biomass N rate significant (P < 0.05); with RCC biomass = 960 – 
1.52x + 0.0132x2, where x = N rate (kg N ha-1), P = 0.001, R2 = 0.99.

§  RCC N uptake N rate significant (P < 0.05); with RCC N uptake = 18 – 
0.037x + 0.00033x2, where x = N rate (kg N ha-1), P < 0.001, R2 = 0.99.

Fig. 1. Mean monthly air temperature (a) and total precipitation (b) 
across sites (data from arritt and Herzmann, 2013). Bars represent 
the standard error across sites.
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compared with RCC before soybean due to RCC control at least 
1 wk before corn planting, and corn was also planted on average 1 
wk before soybean. The timing for RCC control was an attempt 
to have corn and soybean planting within recommended calen-
dar dates and to avoid delay in planting that might affect yield 
potential. According to Duiker and Curran (2005), delay of 2 wk 
in corn planting can result in grain yield losses up to 0.5 Mg ha-1, 
with other studies across the Corn Belt reporting significant yield 
reductions with planting delayed after the optimum, ranging from 
0.5 to 1.9% yield loss per day (Swanson and Wilhelm, 1996; Lauer 
et al., 1999; Van Roekel and Coulter, 2011).

Therefore, RCC growth, biomass production, and N uptake 
were limited by the RCC control timing decision. The above-
normal precipitation during the 3 yr of study resulted in low re-
sidual NO3–N (presented later), and therefore RCC growth was 
limited by N supply. An alternative to improve fall RCC growth, 
and potentially overall RCC biomass production and N uptake, 
would be to seed the RCC in late summer ( Johnson et al., 1998). 
However, even if fall growth is increased, desire by producers for 
early corn and soybean planting would still limit RCC growth 
in early spring.

soil nitrate
Background soil nitrate

The post-harvest soil NO3–N at initiation of the study was 
£24 kg N ha-1 in the top 0.9 m of soil in fall 2008 at all sites (Table 
1). This NO3–N amount was low and indicated potential for large 
corn response to N fertilization. None of the fields had a manure 
history or received any N application after the 2008 crop harvest; 
therefore, the profile NO3–N reflected background levels from 
the uniform agronomic N rate applied for the 2008 crop.

spring soil nitrate during the corn Year
Spring profile NO3–N was measured only in corn plots 

with no N application. The NO3–N was low at the time of RCC 
control (Table 3), and with 15 kg N ha-1 less with RCC than no-
RCC. However, there was no difference from the RCC in early 
June. Soil NO3–N increased slightly with the RCC from the 
preplant sampling to early June (8 kg N ha-1 increase), indicating 
some net N recycling to soil in the RCC system; whereas with 
no-RCC there was a slight decrease (4 kg N ha-1 less). In either 
case, change in soil NO3–N was not large. The small differences 
observed in profile NO3–N between no-RCC and RCC, and 
between preplant and early June sampling, would be related to 
low net RCC N cycling, slow SOM N mineralization, corn N 
uptake, and NO3–N loss with above-normal precipitation.

Krueger et al. (2011) found that on a silt loam soil in 
Minnesota PAN was reduced up to 35% after RCC control, 
and up to 59% after RCC harvest for hay. However, changes 
in soil NO3–N during the spring could be influenced more by 
site-specific N mineralization, soil moisture, and variability in 
weather conditions than by RCC alone (Andraski and Bundy, 
2008; Krueger et al., 2011). Qi et al. (2011) found in Iowa that 
an RCC reduced NO3–N concentrations in tile drainage wa-
ter in March through June, thus having a positive influence on 
springtime soil NO3–N loss. The RCC effectiveness depended 
on N rate applied to the prior-year corn, soil management, and 
weather patterns.

Post-Harvest soil nitrate after corn
Post-harvest profile NO3–N after corn was low across all N 

rates (£37 kg N ha-1; Table 3), which reflected the above-normal 
precipitation and large corn yield response to N fertilization. 
The RCC reduced post-harvest profile NO3–N by 4 kg N ha-1, 
a small decrease and potentially a result of soil random variation. 

table 3. Profile soil no3–n (0–0.6 m for spring samples and 0–0.9 m for post-harvest samples) in corn and soybean crops, with 
and without rye cover crop (rcc), across sites.

corn year soybean year

spring† Post-harvest Post-harvest

rcc no3–n rcc no3–n n rate no3–n rcc no3–n n rate‡ no3–n

kg ha-1 -- -- -- kg ha-1- -- -- - -- -- -- kg ha-1- -- -- -
2009–2011 2009

No (preplant) 30a§ No 32a 0 24c No 33a

Yes (preplant) 15c Yes 28b 135 29b Yes 32a

No (early June) 26b 225 37a 2010–2011

Yes (early June) 23b No 28a 0 28ab

Yes 28a 135 29a

225 26b

Analysis of variance

Source P > F Source P > F Source¶ P > F

Sampling time (ST) 0.076 RCC 0.011 RCC 0.614

RCC  < 0.001 N rate (NR) <0.001 N rate (NR) 0.027
ST × RCC  < 0.001 RCC × NR 0.832 RCC × NR 0.322
†  The spring sampling was conducted only in corn plots with no fertilizer N. Sampling time was at time of RCC control and when corn was at the 

V4 to V7 growth stages in early June.
‡ The N rate for the fall sampling after soybean corresponds to the N rate applied to the prior-year corn.
§ Means followed by the same letter within a column are not different (P £ 0.05).
¶ The analysis of variance corresponds only to 2010–2011.
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The small RCC effect might be expected as the RCC was con-
trolled in the spring, and corn growth and N uptake occurred 
all growing season. Application of 135 and 225 kg N ha-1 influ-
enced post-harvest profile NO3–N more than the RCC (Table 
3); however, increases were small especially considering the high-
est N rate. Some soil NO3–N differences due to the RCC were 
measured in the spring, but those differences were small between 
no-RCC and RCC and would have little effect on corn growth 
or impact on profile NO3–N at the end of the growing season.

 Post-Harvest soil nitrate  
after soybean

As found following corn, post-soybean har-
vest profile soil NO3–N was low (£33 kg N ha-1) 
and not affected by the RCC (Table 3). The N 
rate applied to the prior-year corn had a small and 
inconsistent effect, likely due to soil random varia-
tion as it would be unlikely for N application to 
a prior-year corn to have an influence on profile 
NO3–N after soybean harvest the following year.

corn canopy sensing and Plant early Growth
Across sites and years, average corn canopy NDVI values 

were greater with no-RCC than RCC (0.701 vs. 0.675; P < 
0.001; Table 4). The low NDVI values with no or low applied N 
indicated a decrease in corn stand establishment and growth, N 
stress, and potential for large response to N application (Table 5 
and Fig. 2a). Low NDVI values also reflected years with above-
normal precipitation and high N rate requirement. Nitrogen 
rate increased NDVI values up to the point where response pla-

table 4. analysis of variance for the corn responses to rye cover crop (rcc) and 
fertilizer n rate, across sites and years, 2009–2011.

source
canopy 
ndVi

Plant 
population†

Plant 
height†

Grain 
yield

Grain n 
uptake

total n 
uptake

Pue‡

–––––––––––––––––––––––––––––P > F––––––––––––––––––––––––––––––––
RCC <0.001  <0.001  <0.001  <0.001  < 0.001 <0.001 <0.001

N rate (NR) <0.001 0.861  <0.001 <0.001 < 0.001 <0.001 <0.001
RCC × NR 0.016 0.402 0.325 0.588 0.786 0.554 0.007
† Data only from 2010 and 2011.
‡ PUE, plant N uptake efficiency.

table 5. regression models and parameters describing the corn responses to rye cover crop (rcc) and fertilizer n rate, across sites 
and years, 2009–2011.

rcc Model†
regression parameters

eonr§ Yeonr§ R2 P > F
a b c Join point Plateau‡

kg N ha-1 kg N ha-1 Mg ha-1

Canopy Normalized Difference Vegetative Index (NDVI)

No QP
0.646a¶
(0.009)#

0.0013b
(0.0004)

-0.000006a
(0.000002)

112 0.718 – – 0.45  < 0.001

Yes QP
0.607b
(0.015)

0.0020a
(0.0009)

-0.000011a
(0.000008)

87 0.692 – – 0.27  < 0.001

Grain yield

No QP
5.87a
(0.42)

0.0645a
(0.0100)

-0.000163a
(0.000048)

197 12.21 181 12.20 0.68  < 0.001

Yes QP
4.67b
(0.55)

0.0672a
(0.0128)

-0.000166a
(0.000060)

202 11.46 185 11.41 0.60  < 0.001

Grain N uptake

No Q
44.4a
(4.6)

0.590a
(0.096)

-0.00113a
(0.00041)

225 120 – – 0.71  < 0.001

Yes Q
35.2a
(5.3)

0.566a
(0.111)

-0.00097a
(0.00047)

225 114 – – 0.66  < 0.001

Total aboveground plant N uptake

No Q
75.4a
(6.8)

0.934a
(0.144)

-0.00176a
(0.00061)

225 196 – – 0.73  < 0.001

Yes Q
63.5a
(8.5)

0.828a
(0.179)

-0.00120a
(0.00077)

225 189 – – 0.65  < 0.001

N use efficiency (NUE) expressed as plant N uptake efficiency (PUE)

No Q
3.13a
(0.20)

-0.0197a
(0.0034)

0.000044a
(0.000012)

225 0.897 – – 0.74  < 0.001

Yes Q
2.70a
(0.23)

-0.0167a
(0.0039)

0.000038a
(0.000014)

225 0.860 – – 0.58  < 0.001

† Q, quadratic regression model; QP, quadratic-plateau regression model. Models fit using site-year means.
‡  Mg ha-1 for grain yield, kg N ha-1 for grain N and total aboveground plant N uptake, and kg N kg-1 N for PUE. The regression model did not 

reach a plateau for grain N, total aboveground plant N, and PUE, therefore, the highest N rate used for comparison.
§ EONR, economic optimum N rate; YEONR, yield at the economic optimum N rate.
¶  Regression parameters followed by the same letter within a column and measurement are not different as determined by 95% lower and upper 

confidence limits.
# Values in parentheses are standard errors.
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teaued. The NDVI at all N rates, and the NDVI at the plateau 
was greater with no-RCC than RCC (0.718 vs. 0.692, respec-
tively), indicating negative effects of RCC on early corn growth 
and canopy development.

The shape of the NDVI response to N rate was differ-
ent between no-RCC and RCC (Fig. 2a). Also, the N rate at 
maximal plant canopy (regression model N rate join point) was 
25 kg N ha-1 greater with no-RCC than RCC (Table 5). The 
higher N rate could be an indication of greater N uptake demand 
due to larger corn biomass with no-RCC, less N needed by corn 
as a result of the negative effect of RCC, or difference in spring 
soil NO3–N with RCC.

Rapid corn growth in the early- and mid-growing season 
results in high plant N uptake requirement (Abendroth et al., 
2011), and it is possible that site-specific changes in inorganic N 
supply, besides an RCC effect on plant growth, resulted in the 
differential canopy response at the zero and lowest N rate.

Measurement of corn plant height and population at the 
V4 to V7 growth stages in 2010–2011 confirmed the negative 
effect of RCC on corn growth and development. The statistical 
analysis is presented in Table 4, but the data is only summarized 
here. Plant population was 5% greater with no-RCC than RCC 
(87000 vs. 83000 plants ha-1), and plant height was 16% greater 
with no-RCC than RCC across N rates (0.82 vs. 0.69 m). Corn 

plant height was also influenced by N rate, with height at 0.76 
m with applied N (average of all N rates) and 0.71 m with no 
applied N. These results indicated that the RCC produced an en-
vironment that was detrimental to corn establishment and early 
growth. Detrimental effects of RCC could be aggravated by or 
interact with other factors, such as cold and wet spring condi-
tions, RCC soil surface mulch, poor RCC residue removal from 
the seed row at planting (occurred at two sites in 2010), and early 
season insect feeding and plant defoliation for corn planted into 
the RCC. Armyworm (Spodoptera sp.) feeding required insecti-
cide application at two sites in 2010.

Decreases in profile NO3–N due to RCC were minimal in the 
corn years, and hence the negative effects of RCC on corn estab-
lishment and early growth could be more associated with the overall 
rye-corn sequence and changes in soil properties. Cover crop effec-
tiveness in improving annual crop yield is often related to success-
ful cover crop establishment and biomass production (Strock et al., 
2004). However, RCC produced negative crop effects in our study 
as it reduced corn establishment and early growth.

corn Yield and nitrogen response
corn Yield

Across N rates, average corn grain yield was greater with no-
RCC than RCC (0.95 Mg ha-1; P < 0.001; Table 4, Fig. 2b), and 
was 0.75 Mg ha-1 greater at the agronomic maximum N rate (pla-
teau yield; Table 5). No-till cropping systems may benefit from 
cover crops through decreased soil erosion, increased N recycling, 
improved soil quality, and increased crop yield (Olson et al., 2010; 
Moore et al., 2014; Reinbott et al., 2004). That was not the case 
in our study, where reduced yield was potentially due to an alle-
lopathic effect from the RCC on corn growth or differences in 
soil properties between no-RCC and RCC during the growing 
season. Also, RCC biomass can create a surface mulch that would 
change soil moisture and temperature patterns and negatively af-
fect corn growth (Dhima et al., 2006). Waiting only 7 to 10 d for 
planting corn after RCC control has been reported to be enough 
to avoid the allelopathic effect of RCC on corn growth (Duiker 
and Curran, 2005). In our study, however, that was not the case 
as there was decreased corn early growth, plant stand, and grain 
yield with the intended minimum 7-d waiting period from rye 
control to corn planting. Duiker and Curran (2005) found that 
RCC did not reduce corn yield with adequate N (180 kg N ha-1). 
Zotarelli et al. (2009), however, found that positive effects of RCC 
on corn yield were greater with no applied N or when applying 
only 67 kg N ha-1. When 133 kg N ha-1 was applied, they found a 
negative effect of RCC on corn yield.

Results of our study reflected the overall low soil supply of 
PAN (with no applied N) and need for a high N rate. Krueger et 
al. (2012) indicated that corn yield decrease with RCC was like-
ly a result of the rye-corn rotation affecting corn growth rather 
than RCC effects on soil supply of PAN, which could have been 
the case in our study and was confirmed by the relatively small 
differences in soil profile NO3–N between no-RCC and RCC.

Fig. 2. corn canopy normalized difference vegetative index (ndVi) (a) 
and corn grain yield (b) response to rye cover crop (rcc) and n rate, 
across sites and years. the analysis of variance is presented in table 4 
and regression models and parameters are presented in table 5.
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Corn grain yield decreased as RCC biomass increased. This 
is shown in Fig. 3 with the 180 kg N ha-1 rate, which was cho-
sen as it was close to the optimal N rate across sites and years. 
Approximately 50% of the site-years had a corn grain yield de-
crease <1 Mg ha-1, and 30% a yield decrease >1 Mg ha-1. This 
indicated frequent and sometimes large corn grain yield decrease 
with the intended corn planting 7 to 10 d after RCC control, 
and especially with RCC biomass production >500 kg DM ha-1. 
These results confirmed the need for developing better agronom-
ic RCC management or different corn production practices to 
improve early season corn growth and grain yield with the use of 
an RCC. Examples could be early RCC control and extending 
the waiting period to plant corn after RCC control. However, 
early control would limit RCC growth and uptake of residual 
N, while later corn planting would allow more time for RCC 
biomass degradation, which conflicts with producers’ desire for 
early corn planting.

nitrogen response
Corn grain yield response to N rate was the same with no-

RCC and RCC (Table 5 and Fig. 2b). The N rate at the agro-
nomic maximum (plateau yield) was only 5 kg N ha-1 lower 
with no-RCC than RCC. An RCC can potentially increase 
soil supply of PAN and reduce N rate requirement (Sainju and 
Singh, 2008). Andraski and Bundy (2005) found a decrease of 
30 kg N ha-1 in N rate requirement with RCC in 2 out of 3 yr 
on sandy soils in Wisconsin. However, there was no difference 
in corn response to N fertilization in our study. Compared with 
the V10 canopy sensing results, the grain yield response was to a 
much greater N rate and with no difference between no-RCC 
and RCC at each N rate. These results indicate that as the grow-
ing season progressed, the difference in corn maximal N rate re-
quirement between no-RCC and RCC decreased in comparison 
with the canopy sensing results. The N rate at the join point was 
25 kg N ha-1 greater with no-RCC than RCC at V10 (NDVI 
results), but this relationship changed with grain yield, where the 

join point was only 5 kg N ha-1 lower with no-RCC than RCC. 
The NDVI results indicate that the RCC reduced corn biomass 
production (slowed growth and development), and therefore re-
duced corn N demand at the time of canopy sensing. However, 
a difference in corn N requirement was gone at the end of the 
growing season.

The EONR was only 4 kg N ha-1 less with no-RCC than 
with RCC (Table 5), basically the same optimal N rate. Also, 
the YEONR was 6% (0.79 Mg ha-1) greater with no-RCC than 
RCC (Table 5). Compared with the recommended N rate for 
a CS rotation in Iowa (Sawyer et al., 2006), the EONR was 
approximately 25 kg N ha-1 greater, which reflected the above-
normal precipitation received in the years of study. The lack of 
N rate interaction between no-RCC and RCC could also have 
been an influence of above-normal precipitation, high C/N ratio 
of the RCC biomass and low degradation rate, and interaction 
with N cycling. Also, the RCC N uptake was low, which would 
indicate a small potential of RCC to change soil supply of PAN, 
as was measured. Since there was no EONR difference between 
no-RCC and RCC, it appears that N rate recommendations for 
corn should not change in an RCC system.

nitrogen use efficiency
The greater corn growth and grain yield with no-RCC than 

with RCC resulted in greater grain N and total aboveground 

Fig. 3. corn grain yield response to the rye cover crop (rcc; yield 
with no-rcc minus yield with rcc) at the 180 kg n ha-1 rate. data 
points are the means of each site-year and rcc biomass corresponds 
to biomass at the time of rcc control.

Fig. 4. corn grain n (a) and total aboveground plant n (b) uptake 
response to rye cover crop (rcc) and n rate, across sites and years. 
the analysis of variance is presented in table 4 and regression models 
and parameters are presented in table 5.



1492 Soil Science Society of America Journal

plant N uptake at each N rate (Tables 4 and Table 5, Fig. 4), with 
a mean average of 9 and 14 kg N ha-1 greater N, respectively. The 
N uptake response to N rate was similar with no-RCC and RCC 
(Fig. 4), as was found for grain yield; however, the grain N and 
total aboveground plant N uptake did not reach a plateau (Table 
5) as for grain yield. According to Tollenaar et al. (1993), the 
interaction of factors determining corn response to RCC and N 
uptake are complex and may be affected by RCC biomass pro-
duction, available N to facilitate RCC biomass degradation, and 
allelopathic effect of RCC on corn growth and development. 
Zhang et al. (2008) indicated that N uptake and chlorophyll 
content can be affected by N rate, but sometimes yield is not 
greatly affected by N treatments, which may explain the response 
difference between grain yield and N uptake found in our study. 
Finally, Al-Kaisi and Kwaw-Mensah (2007) indicated that sea-
sonal variability can affect N uptake and that a linear increase of 
N uptake can result with an increase in N rate, which may or may 
not be reflected in a concurrent yield increase.

For PUE, the main effect of RCC and N rate, and the inter-
action, were significant (Table 4). The PUE response to N rate 
was similar with no-RCC and RCC, and followed a quadratic 
decreasing trend (Fig. 5). The PUE, as similar for plant N up-
take, did not reach a plateau because above-optimal supply may 
induce a luxury uptake of nutrients, including N (Zhang et al., 
2008). Across sites, years, and N rates, PUE was greater for no-
RCC than for RCC (1.44 vs. 1.29 kg N kg-1 N, respectively). 
The difference in PUE was greater at lower N rates, but similar 
when N approached the highest rate, indicating the significant 
interaction (Table 4 and Table 5). The larger PUE observed with 
no-RCC than RCC, especially with low applied N, could be a 
reflection of the greater corn vegetative biomass production with 
no-RCC than RCC, deficient fertilizer plus soil PAN supply 
with RCC, and potential change in N cycling with RCC.

Nitrogen use efficiency values generally decline with increas-
ing N rates, and can be fairly low in optimally fertilized systems 
due to low yield increase per unit of applied N near maximal N 

response. The PUE helped identify the low corn productivity 
and low NUE in the RCC system, confirmed the N stress at low 
N rates, and indicated the differences in corn NUE between no-
RCC and RCC. The small difference in PUE between no-RCC 
and RCC at the high N rate application reflected the corn grain 
yield plateau (at sufficient N application) above the maximal N 
response with no-RCC and RCC.

soybean Plant Population and Yield
No difference in soybean early growth between no-RCC 

and RCC was observed. Plant population was the same for no-
RCC and RCC (P = 0.592) at the V1 to V2 growth stages (aver-
age 337000 plants ha-1). Also, N rate applied to the prior-year 
corn had no effect (P = 0.173) on soybean population (data not 
shown). The RCC or N rate applied to the prior-year corn had 
no effect on soybean grain yield (Table 6). Since soybean is capa-
ble of symbiotic N fixation, changes in soil supply of PAN or an 
effect of RCC on N cycling would not be expected to affect yield 
as soybean could compensate for such changes. Apparently, un-
like in corn, the presence of RCC biomass, degradation products, 
or early season changes in soil properties due to the RCC did not 
negatively affect soybean. However, a decrease in soybean plant 
biomass with late RCC control and delay in soybean planting 
can be possible (Westgate et al., 2005). Ruffo et al. (2004) found 
that if RCC control and soybean planting were accomplished on 
a timeliness basis, there was no decrease in soybean yield. Reddy 
(2001) also reported that RCC had no detrimental effect on soy-
bean yield with either no-till or conventional till. With winter 
wheat (Triticum aestivum L.) and winter RCCs, Thelen and Leep 
(2002) reported soybean yield was not reduced when planted 5 
to 11 d after rye control, although there were reduced yields of 
corn and corn silage. It appears that farmers can effectively utilize 
RCC in CS cropping systems when the RCC precedes soybean 
in the rotation.

Fig. 5. Plant n uptake efficiency (Pue) as affected by rye cover crop 
(rcc) and n rate, across sites and years. the analysis of variance 
is presented in table 4 and regression models and parameters are 
presented in table 5.

table 6. soybean grain yield response to rye cover crop (rcc) 
and fertilizer n rate applied to the prior-year corn.

n rate no-rcc rcc

kg N ha-1 -- -- -- - Mg ha-1- -- -- --
2009†

4.17 4.19

2010–2011

0 4.10 4.07

45 4.01 4.07

90 4.04 3.96

135 4.05 3.98

180 4.02 3.97

225 4.06 4.00

Mean 4.04 4.01

Statistics (P  > F)

Source

Rye cover crop (RCC) 0.387

N rate (NR) 0.183
RCC × NR 0.451
† No N rate treatments had yet been applied before 2009 and corn in 
the study areas received a uniform N rate in 2008.
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conclusions
Despite the RCC being successfully established after corn 

and soybean harvest, the aboveground RCC biomass and N up-
take at the time of control in the spring was low, typically much 
less than the 1280 kg DM ha-1 and 26 kg N ha-1 maximum mea-
sured across sites and years. The potential for RCC biomass pro-
duction was limited by the short growing period in early spring 
before RCC control due to the requirement for timely corn and 
soybean planting, and by low soil NO3–N. The RCC decreased 
profile NO3–N only in the spring at the time of RCC control, 
but the reduction was small and did not have an influence on 
corn N response.

The RCC had no effect on early season soybean plant popu-
lation or grain yield. Corn early growth and plant stand, how-
ever, were decreased with the RCC and resulted in lower corn 
grain yield compared with no-RCC. At the EONR, corn grain 
yield was 6% greater with no-RCC than RCC. Also, the negative 
impact of RCC on corn yield increased as RCC biomass produc-
tion increased. Early spring RCC control to limit RCC biomass 
production would decrease the negative effect of RCC on corn 
production, however, early control would limit RCC N uptake 
and potentially reduce positive effects on retaining NO3–N in 
the soil-crop system.

The RCC did not change corn optimal N application rate 
as the EONR was 4 kg N ha-1 lower with no-RCC than RCC, 
a small difference considering the inclusion of RCC in the crop-
ping system. As a result of reduced early corn growth and lower 
grain yield with the RCC, there was lower PUE across N rates 
and no gain in NUE at the EONR. Results of this short-term 
study suggested that N application rate for corn in a no-till CS 
rotation should be the same with or without an RCC. Since there 
was low RCC N uptake, reduced corn yield and PUE, no change 
in corn EONR, and no increase in soybean yield, improvement 
in RCC or CS management is needed for RCC to be a no-till 
crop production enhancing practice.

acKnowledGMents
This research is part of a regional collaborative project supported by 
the USDA-NIFA, Award No. 2011-68002-30190, “Cropping Systems 
Coordinated Agricultural Project: Climate Change, Mitigation, and 
Adaptation in Corn-based Cropping Systems.” Project Web site: 
sustainablecorn.org. The research was also supported by the Iowa 
Department of Agriculture and Land Stewardship, Division of Soil 
Conservation and Water Quality, through funds appropriated by the 
Iowa General Assembly. Appreciation is extended to the Iowa State 
University Research Farms superintendents and personnel for their 
support with field activities.

reFerences
Abendroth, L.J., R.W. Elmore, M.J. Boyer, and S.K. Marlay. 2011. Corn growth 

and development. PMR 1009. Iowa State Univ. Ext., Ames.
Acuña, J.C.M., and M.B. Villamil. 2014. Short-term effects of cover crops and 

compaction on soil properties and soybean production in Illinois. Agron. 
J. 106:860–870. doi:10.2134/agronj13.0370

Al-Kaisi, M.M., and D. Kwaw-Mensah. 2007. Effect of tillage and nitrogen rate 
on corn yield and nitrogen and phosphorus uptake in a corn-soybean 
rotation. Agron. J. 99:1548–1558. doi:10.2134/agronj2007.0012

Al-Kaisi, M.M., X. Yin, and M.A. Licht. 2005. Soil carbon and nitrogen changes 

as affected by tillage system and crop biomass in a corn–soybean rotation. 
Appl. Soil Ecol. 30:174–191. doi:10.1016/j.apsoil.2005.02.014

Andraski, T.W., and L.G. Bundy. 2005. Cover crop effects on corn yield 
response to nitrogen on an irrigated sandy soil. Agron. J. 97:1239–1244. 
doi:10.2134/agronj2005.0052

Andraski, T.W., and L.G. Bundy. 2008. Corn residue and nitrogen source 
effects on nitrogen availability in no-till corn. Agron. J. 100:1274–1279. 
doi:10.2134/agronj2008.0039

Arritt, R.W., and D. Herzmann. 2013. Iowa Environmental Mesonet. Available at 
http://mesonet.agron.iastate.edu/agclimate/hist/dailyRequest.php (accessed 
28 Jan. 2013). Iowa State Univ., Ames.

Barker, D.W., and J.E. Sawyer. 2010. Using active canopy sensors to quantify 
corn nitrogen stress and nitrogen application rate. Agron. J. 102:964–971. 
doi:10.2134/agronj2010.0004

Bernstein, E.R., J.L. Posner, D.E. Stoltenberg, and J.L. Hedtcke. 2011. 
Organically managed no-tillage rye-soybean systems: Agronomic, 
economic, and environmental assessment. Agron. J. 103:1169–1179. 
doi:10.2134/agronj2010.0498

Brown, J.R., editor. 1998. Recommended chemical soil test procedures for the 
North Central Region. North Central Reg. Res. Pub. No. 221 (Rev) SB 
1001. Missouri Agric. Exp. Stn, Columbia.

Bundy, L.G., and T.W. Andraski. 2005. Recovery of fertilizer nitrogen in crop 
residues and cover crops on an irrigated sandy soil. Soil Sci. Soc. Am. J. 
69:640–648. doi:10.2136/sssaj2004.0216

Cerrato, M.E., and A.M. Blackmer. 1990. Comparison of models for describing 
corn yield response to nitrogen fertilizer. Agron. J. 82:138–143. 
doi:10.2134/agronj1990.00021962008200010030x

Dabney, S.M., J.A. Delgado, and D.W. Reeves. 2001. Using winter cover crops to 
improve soil and water quality. Commun. Soil Sci. Plant Anal. 32:1221–
1250. doi:10.1081/CSS-100104110

Dabney, S.M., J.A. Delgado, J.J. Meisinger, H.H. Schomberg, M.A. Liebig, T. 
Kaspar, J. Mitchell, and W. Reeves. 2010. Using cover crops and cropping 
systems for nitrogen management. In: J.A. Delgado and R.F. Follett, 
editors, Advances in nitrogen management for water quality. Soil and 
Water Conserv. Soc., Ankeny, IA. p. 230–281.

De Bruin, J.L., P.M. Porter, and N.R. Jordan. 2005. Use of a rye cover crop 
following corn in rotation with soybean in the Upper Midwest. Agron. J. 
97:587–598. doi:10.2134/agronj2005.0587

Dhima, K.V., I.B. Vasilakoglow, I.G. Eleftherohorinos, and A.S. Lithourgidis. 
2006. Allelopathic potential of winter cereals and their cover crop mulch 
effect on grass weed suppression and corn development. Crop Sci. 46:345–
352. doi:10.2135/cropsci2005-0186

Dinnes, D.L., D.L. Karlen, D.B. Jaynes, T.C. Kaspar, J.L. Hatfield, T.S. Colvin, 
and C.A. Cambardella. 2002. Nitrogen management strategies to reduce 
nitrate leaching in tile-drained Midwestern soils. Agron. J. 94:153–171. 
doi:10.2134/agronj2002.0153

Drury, C.F., C.S. Tan, T.W. Welacky, W.D. Reynolds, T.Q. Zhang, T.O. Oloya, 
N.B. McLaughlin, and J.D. Gaynor. 2014. Reducing nitrate loss in tile 
drainage water with cover crops and water-table management systems. J. 
Environ. Qual. 43:587–598. doi:10.2134/jeq2012.0495

Duiker, S.W., and W.S. Curran. 2005. Rye cover crop management for corn 
production in the Northern Mid-Atlantic region. Agron. J. 97:1413–1418. 
doi:10.2134/agronj2004.0317

Feyereisen, G.W., B.N. Wilson, G.R. Sands, J.S. Strock, and P.M. Porter. 2006. 
Potential for a rye cover crop to reduce nitrate loss in Southwestern 
Minnesota. Agron. J. 98:1416–1426. doi:10.2134/agronj2005.0134

Franzluebbers, A.J. 2005. Soil organic carbon sequestration and agricultural 
greenhouse gas emissions in the southeastern USA. Soil Tillage Res. 
83:120–147. doi:10.1016/j.still.2005.02.012

Gitelson, A.A., Y.J. Kaufman, and M.N. Merzlyak. 1996. Use of a green channel 
in remote sensing of global vegetation from EOS-MODIS. Remote Sens. 
Environ. 58:289–298. doi:10.1016/S0034-4257(96)00072-7

Hashemi, M., A. Farsad, A. Sadeqhpour, S.A. Wels, and S.J. Herbert. 2013. 
Cover-crop seeding date influence on fall nitrogen recovery. J. Plant Nutr. 
Soil Sci. 176:69–75. doi:10.1002/jpln.201200062

Hatfield, J.L., L.D. McMullen, and C.S. Jones. 2009. Nitrate-nitrogen patterns 
in the Raccoon River Basin related to agricultural practices. J. Soil Water 
Conserv. 64:190–199. doi:10.2489/jswc.64.3.190

Hoorman, J.J. 2009. Using cover crops to improve soil and water quality. Ohio 
State Univ. Ext. Agric. and Nat. Resour., Columbus, OH.



1494 Soil Science Society of America Journal

Hoorman, J.J., R. Islam, A. Sundermeier, and R. Reeder. 2009. Using cover crops 
to convert to no-till. AEX-540-09. Ohio State Univ. Ext. Agric. and Nat. 
Resour., Columbus, OH.

Johnson, T.J., T.C. Kaspar, K.A. Kohler, S.J. Corak, and S.D. Logsdon. 1998. Oat 
and rye overseeded into soybean as fall cover crops in the upper Midwest. J. 
Soil Water Conserv. 53:276–279.

Kaspar, T.C., and J.W. Singer. 2011. The use of cover crops to manage soils. In: 
J.L. Hatfield and T.J. Sauer, editors, Soil management: Building a stable 
base for agriculture. ASA and SSSA, Madison, WI. p. 321–337.

Kaspar, T.C., D.B. Jaynes, T.B. Parkin, and T.B. Moorman. 2012. Effectiveness of 
oat and rye cover crops in reducing nitrate losses in drainage water. Agric. 
Water Manage. 110:25–33. doi:10.1016/j.agwat.2012.03.010

Kessavalou, A., and D.T. Walters. 1997. Winter rye as a cover crop following 
soybean under conservation tillage. Agron. J. 89:68–74. doi:10.2134/agr
onj1997.00021962008900010011x

Kladivko, E.J., T.C. Kaspar, D.B. Jaynes, R.W. Malone, J. Singer, X.K. Morin, and 
T. Searchinger. 2014. Cover crops in the upper Midwestern United States: 
Potential adoption and reduction of nitrate leaching in the Mississippi 
river basin. Soil Water Conserv. 69:279–291. doi:10.2489/jswc.69.4.279

Kramberger, B., A. Gselman, M. Janzekovic, M. Kaligaric, and B. Bracko. 2009. 
Effects of cover crops on soil mineral nitrogen and on the yield and 
nitrogen content of maize. Eur. J. Agron. 31:103–109. doi:10.1016/j.
eja.2009.05.006

Krueger, E., T. Ochsner, M. Kantar, C. Sheaffer, and P. Porter. 2010. Growth 
stage at harvest of a winter rye cover crop influences soil moisture and 
nitrogen.  Crop Manag. doi:10.1094/CM-2010-1014-01-RS.

Krueger, E.S., T.E. Ochsner, P.M. Porter, and J.M. Baker. 2011. Winter rye 
cover crop management influences on soil water, soil nitrate, and corn 
development. Agron. J. 103:316–323. doi:10.2134/agronj2010.0327

Krueger, E.S., T.E. Ochsner, J.M. Baker, P.M. Porter, and D.C. Reicosky. 
2012. Rye-corn silage double-cropping reduces corn yield but improves 
environmental impacts. Agron. J. 104:888–896. doi:10.2134/
agronj2011.0341

Kuo, J., and E.J. Jellum. 2002. Influence of winter cover crop and residue 
management on soil nitrogen availability and corn. Agron. J. 94:501–508. 
doi:10.2134/agronj2002.5010

Lauer, J.G., P.R. Carter, T.M. Wood, G. Diezel, D.W. Wiersman, R.E. Rand, and 
M.J. Mlynarek. 1999. Corn hybrid response to planting date in the Northern 
Corn Belt. Agron. J. 91:834–839. doi:10.2134/agronj1999.915834x

Lawlor, P.A., M.J. Helmers, J.L. Barker, S.W. Melvin, and D.W. Lemke. 2007. 
Nitrogen application rate effect on nitrate-nitrogen concentration and 
loss in subsurface drainage for a corn-soybean rotation. ASABE 51:83–94. 
doi:10.13031/2013.24229

Malone, R.W., D.B. Jaynes, T.C. Kaspar, K.R. Thorp, E. Kladivko, L. Ma, D.E. 
James, J. Singer, X.K. Morin, and T. Searchinger. 2014. Cover crops in the 
upper Midwestern United States: Simulated effect on nitrate leaching with 
artificial drainage. J. Soil  Water Conserv. 69:292-305.

Maltas, A., M. Corbeels, E. Scopel, J. Wery, and F.A. Macena da Silva. 2009. 
Cover crop and nitrogen effects on maize productivity in no-tillage 
systems of the Brazilian Cerrados. Agron. J. 101:1036–1046. doi:10.2134/
agronj2009.0055

McDonald, P.B., J.W. Singer, and M.H. Wiedenhoeft. 2008. Self-seeded cereal 
cover crop effects on interspecific competition with corn. Agron. J. 
100:440–446. doi:10.2134/agrojnl2007.0172

Meisinger, J.J., J.S. Schepers, and W.R. Raun. 2008. Crop nitrogen requirement 
and fertilization. In: J.S. Schepers, et al., editors, Nitrogen in agricultural 
systems. Agron. Monogr. 49. ASA, CSSA, and SSSA, Madison, WI. p. 
563–612.

Miguez, F.E., and G.A. Bollero. 2006. Winter cover crops in Illinois: Evaluation 
of ecophysiological characteristics of corn. Crop Sci. 46:1536–1545. 
doi:10.2135/cropsci2005.09.0306

Mirsky, S.B., M.R. Ryan, J.R. Teasdale, W.S. Curran, C.S. Reberg-Horton, J.T. 
Spargo, M.S. Wells, C.L. Keene, and J.W. Moyer. 2013. Overcoming weed 
management challenges in cover crop-based organic rotational no-till 
soybean production in the Eastern United States. Weed Technol. 27:193–
203. doi:10.1614/WT-D-12-00078.1

Moll, R.H., E.J. Kamprath, and W.A. Jackson. 1982. Analysis and interpretation 
of factors which contribute to efficiency of nitrogen utilization. Agron. J. 
74:562–564. doi:10.2134/agronj1982.00021962007400030037x

Moore, E.B., M.H. Wiedenhoeft, T.C. Kaspar, and C.A. Cambardella. 2014. Rye 

cover crop effects on soil quality in no-till corn silage-soybean cropping 
systems. Soil Sci. Soc. Am. J. 78:968–976. doi:10.2136/sssaj2013.09.0401

Nelson, D.W., and L.E. Sommers. 1982. Total carbon, organic carbon, and 
organic matter. In: D.L. Sparks, editor, Methods of soil analysis Part 3. 
SSSA Book Ser. 5. SSSA, Madison, WI. p. 961–1010.

Olson, K.R., S.A. Ebelhar, and J.M. Lang. 2010. Cover crop effects on crop 
yields and soil organic carbon content. Soil Sci. 175:89–98. doi:10.1097/
SS.0b013e3181cf7959

O’Reilly, K.A., J.D. Lauzon, R.J. Vyn, and L.L. Van Eerd. 2012. Nitrogen cycling, 
profit margins and sweet corn yield under fall cover crop systems. Can. J. 
Soil Sci. 92:353–365. doi:10.4141/cjss2011-065

Parkin, T.B., T.C. Kaspar, and J.W. Singer. 2006. Cover crop effects on the fate 
of N following soil application of swine manure. Plant Soil 289:141–152. 
doi:10.1007/s11104-006-9114-3

Pedersen, P. 2007. Soybean growth stages. Available at http://extension.agron.
iastate.edu/soybean/production_growthstages.html (accessed 23 Jan. 
2013). Iowa State Univ., Ames.

Qi, Z., and M.J. Helmers. 2010. Soil water dynamics under winter rye cover crop 
in Central Iowa. Vadose Zone J. 9:53–60. doi:10.2136/vzj2008.0163

Qi, Z., M.J. Helmers, R.D. Christianson, and C.H. Pederson. 2011. Nitrate-
nitrogen losses through surface drainage under various agricultural land 
covers. J. Environ. Qual. 40:1578–1585. doi:10.2134/jeq2011.0151

Raimbault, B.A., T.J. Vyn, and M. Tollenaar. 1990. Corn response to rye cover 
crop management and spring tillage systems. Agron. J. 82:1088–1093. 
doi:10.2134/agronj1990.00021962008200060012x

Ranells, N.N., and M.G. Wagger. 1997. Nitrogen-15 recovery and release by 
rye and crimson clover cover crops. Soil Sci. Soc. Am. J. 61:943–948. 
doi:10.2136/sssaj1997.03615995006100030033x

Rasse, D.P., J.R. Ritchie, W.R. Peterson, J. Wei, and A.J.M. Smucker. 2000. 
Rye cover crop and nitrogen fertilization effects on nitrate leaching 
in inbred maize fields. J. Environ. Qual. 29:298–304. doi:10.2134/
jeq2000.00472425002900010037x

Raun, W.R., and J.S. Schepers. 2008. Nitrogen management for improved use 
efficiency. In: J.S. Schepers et al., editors, Nitrogen in agricultural systems. 
Agron. Monogr. 49. ASA, CSSA, and SSSA, Madison, WI. p. 675–693.

Reddy, K.N. 2003. Impact of rye cover crop and herbicides on weeds, yield, and 
net return in narrow-row transgenic and conventional soybean (Glycine 
max). Weed Technol. 17:28–35. doi:10.1614/0890-037X(2003)017[00
28:IORCCA]2.0.CO;2

Reddy, K.N. 2001. Effects of cereal and legume cover crop residues on weeds, 
yield, and net return in soybean (Glycine max). Weed Technol. 15:660–
668. doi:10.1614/0890-037X(2001)015[0660:EOCALC]2.0.CO;2

Reese, C.L., D.E. Clay, S.A. Clay, A.D. Bich, A.C. Kennedy, S.A. Hansen, and J. 
Moriles. 2014. Winter cover crops impact on corn production in semiarid 
regions. Agron. J. 106:1479–1488. doi:10.2134/agronj13.0540

Reinbott, T.M., S.P. Conley, and D.G. Blevis. 2004. No-tillage corn and grain 
sorghum response to cover crop and nitrogen fertilization. Agron. J. 
96:1158–1163. doi:10.2134/agronj2004.1158

Ruffo, M.L., D.G. Bullock, and G.A. Bollero. 2004. Soybean yield as affected by 
biomass and nitrogen uptake of cereal rye in winter cover crop rotations. 
Agron. J. 96:800–805. doi:10.2134/agronj2004.0800

Sainju, U.M., and B.P. Singh. 2008. Nitrogen storage with cover crops and 
nitrogen fertilization in tilled and nontilled soils. Agron. J. 100:619–627. 
doi:10.2134/agronj2007.0236

Sainju, U.M., B.P. Singh, W.F. Whitehead, and S. Wang. 2007. Accumulation 
and crop uptake of soil mineral nitrogen as influenced by tillage, cover 
crops, and nitrogen fertilization. Agron. J. 99:682–691. doi:10.2134/
agronj2006.0177

Salmerón, M., R. Isla, and J. Cavero. 2011. Effect of winter cover crop species 
and planting methods on maize yield and N availability under irrigated 
Mediterranean conditions. Field Crops Res.  123:89–99. doi:10.1016/j.
fcr.2011.05.006

SAS Institute. 2009. SAS System for Windows Release 9.3.1. SAS Inst., Cary, NC.
Sawyer, J.E., and G.W. Randall. 2008. Nitrogen rates. In: UMRSHNC (Upper 

Mississippi River Sub-basin Hypoxia Nutrient Committee). Final Report: 
Gulf Hypoxia and Local Water Quality Concerns Workshop. ASABE, St. 
Joseph, MI. p. 59–71.

Sawyer, J.E., A.P. Mallarino, R. Killorn, and S.K. Barnhart. 2008. A general guide 
for crop nutrient and limestone recommendations in Iowa. PM 1688. Iowa 
State Univ. Coop. Ext. Serv., Ames.



www.soils.org/publications/sssaj 1495

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

Shipley, P.R., J.J. Meisinger, and A.M. Decker. 1992. Conserving residual corn 
fertilizer with winter cover crops. Agron. J. 84:869–876. doi:10.2134/agro
nj1992.00021962008400050020x

Singer, J.W., and K.A. Kohler. 2005. Rye cover crop management affects grain 
yield in a soybean-corn rotation. Crop Manag. doi:10.1094/CM-2005-
0224-02-RS: (accessed 20 Nov. 2012).

Singer, J.W., T. Kaspar, and P. Pedersen. 2005. Small grain cover crops for corn 
and soybean. Publ. PM 1999. Iowa State Univ. Ext., Ames.

Snyder, C.S., and J.J. Meisinger. 2012. Capturing residual soil nitrogen with 
winter cereal crops. Ref. 12091. Inter. Plant. Nutrition Inst., Norcross, GA.

Snyder, C.S., and T.W. Bruulsema. 2007. Nutrient use efficiency and effectiveness 
in North America: Indices of agronomic and environmental benefit. Ref. 
07076. Inter. Plant. Nutrition Inst., Norcross, GA.

Soil Survey Staff. 1999. Soil taxonomy: A basic system of soil classification 
for making and interpreting soil surveys. 2nd ed. USDA-NRCS Agric. 
Handb. 436. U.S. Gov. Print. Office, Washington, DC.

Staver, K.W., and R.B. Brinsfield. 1998. Using cereal grain winter cover crops 
to reduce groundwater nitrate contamination in the mid-Atlantic coastal 
plain. J. Soil Water Conserv. 53:230–240.

Strock, J.S., P.M. Porter, and M.P. Russelle. 2004. Cover cropping to reduce 
nitrate loss through subsurface drainage in the Northern U.S. Corn Belt. J. 
Environ. Qual. 33:1010–1016. doi:10.2134/jeq2004.1010

Swanson, S.P., and W.W. Wilhelm. 1996. Planting date and residue rate effects 
on growth, partitioning, and yield of corn. Agron. J. 88:205–210. 
doi:10.2134/agronj1996.00021962008800020014x

Tabaglio, V., A. Marocco, and M. Schulz. 2013. Allelopathic cover crop of rye for 
integrated weed control in sustainable agroecosystems. Italian J. Agron. 8:35–40.

Teillet, P.M., K. Staenx, and D.J. Williams. 1997. Effects of spectral, spatial, 
and radiometric characteristics on remote sensing vegetation indices of 
forested regions. Remote Sens. Environ. 61:139–149. doi:10.1016/S0034-
4257(96)00248-9

Thelen, K.D., and R.H. Leep. 2002. Integrating a double-cropped winter annual 
forage into a corn-soybean rotation. Crop Manage. doi.:10.1094/CM-
2002-1218-01-RS

Tollenaar, M., M. Mihajlovic, and T.J. Vyn. 1993. Corn growth following cover 
crops: Influence of cereal cultivar, cereal removal, and nitrogen rate. Agron. 
J. 85:251–255. doi:10.2134/agronj1993.00021962008500020017x

Tonitto, C., M.B. David, and L.E. Drinkwater. 2006. Replacing bare fallows with 
cover crops in fertilizer-intensive cropping systems: A meta-analysis of crop 

yield and N dynamics. Agric. Ecosyst. Environ. 112:58–72. doi:10.1016/j.
agee.2005.07.003

USDA. 2012. Crop progress and condition: Corn in Iowa. Available at 
http://www.nass.usda.gov/Charts_and_Maps/Crop_Progress_&_
Condition/2012/IA_2012.pdf USDA, Washington, DC (accessed 07 
Jan. 2013; verified 19 Aug. 2015).

USEPA. 2007. Nitrates and nitrites. Toxicity and exposure assessment for 
children’s health. TEACH chemical summary. USEPA and ATSDR, 
Washington, DC. 

Vaughan, J.D., and G.K. Evanylo. 1998. Corn response to cover crop species, 
spring desiccation time, and residue management. Agron. J. 90:536–544. 
doi:10.2134/agronj1998.00021962009000040016x

Van Roekel, R.R., and J.A. Coulter. 2011. Agronomic responses of corn to 
planting date and plant density. Agron. J. 103:1414–1422. doi:10.2134/
agronj2011.0071

Vyn, T.J., J.G. Gaber, K.J. Janovicek, and E.G. Beauchamp. 2000. Cover crop 
effects on nitrogen availability to corn following wheat. Agron. J. 92:915–
924. doi:10.2134/agronj2000.925915x

Wagger, M.G. 1989. Cover crop management and nitrogen rate in relation to 
growth and yield of no-till corn. Agron. J. 81:533–538. doi:10.2134/agro
nj1989.00021962008100030028x

Warrington, I.J., and R.A. Norton. 1991. An evaluation of plant growth and 
development under various daily quantum integrals. J. Am. Soc. Hortic. 
Sci. 116:544–551.

Westgate, L.R., J.W. Singer, and K.A. Kohler. 2005. Method and timing of rye 
control affects soybean development and resource utilization. Agron. J. 
97:806–816. doi:10.2134/agronj2004.0223

Williams, J.D., C.R. Crozier, J.G. White, R.P. Sripada, and D.A. Crouse. 2007. 
Comparison of soil nitrogen tests for corn fertilizer recommendations 
in the Humid Southeastern USA. Soil Sci. Soc. Am. J. 71:171–180. 
doi:10.2136/sssaj2006.0057

Wortmann, C.S., D.D. Tarkalson, C.A. Shapiro, A.R. Dobermann, R.B. 
Ferguson, G.W. Hergert, and D. Walters. 2011. Nitrogen use efficiency of 
irrigated corn for three cropping systems in Nebraska. Agron. J. 103:76–
84. doi:10.2134/agronj2010.0189

Zhang, J., A.M. Balckmer, J.W. Ellsworth, P.M. Kyveryga, and T.M. Blackmer. 
2008. Luxury production of leaf chlorophyll and mid-season recovery 
from nitrogen deficiencies in corn. Agron. J. 100:658–664. doi:10.2134/
agronj2006.0154

Zotarelli, L., L. Avila, J.M.S. Scholberg, and B.J.R. Alves. 2009. Benefits of vetch 
and rye cover crops to sweet corn under no-tillage. Agron. J. 101:252–260. 
doi:10.2134/agronj2008.0033x


