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ABSTRACT

yield of the following crop (Wagger and Mengel, 1993).
Winter cover crop residues can affect soil water dynamics by reducing runoff, increasing infiltration, and reducing evaporation, all of which may ultimately benefit crop
yield (Unger and Vigil, 1998). Conversely, WCC can also
compete with the crop by using soil water during active
growth (Munawar et al., 1990).
Legumes and grasses have been used extensively as
WCC (Frye et al., 1988; Smith et al., 1987; Wagger and
Mengel, 1993). In general, at the time of killing, legume
WCC provide less biomass with narrower carbon to
nitrogen (C/N) ratios than grass WCC (Doran and
Smith, 1991) at the time of WCC killing. Because of their
narrow C/N ratio, legume residues usually decompose
faster, releasing inorganic N into the soil that becomes
available for the following crop (Varco et al., 1989; Wagger, 1989). Lal et al. (1991) recognized that weather conditions considerably influence biomass production of
WCC and subsequent decomposition of the residues,
strongly affecting N release. Therefore, N supplied by
WCC can be quite variable among studies (Frye et al.,
1988). Successful management of the cropping system
involves synchrony between release of N from WCC
and demand for inorganic N from the following crop
(Huntington et al., 1985).
Agricultural practices such as N fertilization, tillage,
chemical desiccation, or mechanical killing of WCC can
affect growth and yield of the following crop (Reeves,
1994). Furthermore, the effects are highly variable when
differences among studies, which represent different agricultural practices, locations and years (i.e., different
soil types and climates) are considered. Thus, different
environments and managements are a major source of
variability and have important implications for crop response to WCC (Power and Biederbeck, 1991).
The contrasting results and the large volume of evidence of the effects of WCC on corn yield determine
the need for a comprehensive quantitative review (Frye
et al., 1985; Huntington et al., 1985; Kuo and Jellum,
2000; Larson et al., 1998; Wagger, 1989). To our knowledge, there are few reviews that combine independent
studies using quantitative methods to relate the impact
of management practices and environmental effects on
crop yield. Ainsworth et al. (2002) evaluated the effects
of high CO2 treatments on soybean [Glycine max (L.)
Merr.] physiology, growth, and yield. Looking at different cropping systems, Marra and Kaval (2000) compared
the relative profitability of organic and no-till with that
of conventional systems. These studies used meta-analytic methods that have been widely applied in other
disciplines, such as the medical, physical, and behavioral
sciences (Cooper and Hedges, 1994), and recently in
the ecological sciences (Curtis and Wang, 1998; Gurevitch and Hedges, 1999; Osenberg et al., 1999).

Extensive research on the use of winter cover crops (WCC) under
different agricultural practices in the USA and Canada has shown
both negative and positive effects on subsequent corn (Zea mays L.)
yield. These contrasting results determine the need for a comprehensive quantitative review. The objective of this study was to use metaanalytic methods to summarize and quantitatively describe the effects
of WCC on corn yield based on peer-reviewed published research.
Thirty-six studies were included in the analysis representing different
regions of the USA and Canada under different agricultural practices
(i.e., species, fertilization, kill date, tillage, etc.). The effect-size used
to compare studies was the response ratio, calculated as yield of corn
following WCC over yield of corn following no cover. Biculture WCC
increased corn yield by 21%, but there is greater variation due to the
small number of studies in this group. Overall, grass WCC neither
increased nor decreased corn yields and this response was not dependent on the use of N fertilizer. Legume WCC increased corn yield
by 37% when no nitrogen (N) fertilizer was applied and this benefit
decreased with application of N fertilizer.

N

atural resource conservation and profitable farming are essential goals in agriculture. Among conservation practices, the introduction of WCC to cropping systems has been recognized as a management
option for maintaining and enhancing soil and water
quality (Reeves, 1994). In terms of soil quality, WCC
are effective in protecting the soil against erosion (Langdale et al., 1991), improving soil structure (Dapaah and
Vyn, 1998), and enhancing soil fertility (Latif et al.,
1992; McVay et al., 1989). The use of WCC can also
improve water quality and N use efficiency by trapping
N in the biomass of WCC, thus reducing N losses from
cropping systems (Shipley et al., 1992; Thorup-Kristensen et al., 2003). The adoption of WCC by farmers
in the USA is limited, in part, by uncertainty about the
yield response of the crop planted after WCC (Larson
et al., 1998; Smith et al., 1987).
Winter cover crops can positively or negatively affect
the following crop by their influence on N and water
dynamics (Thorup-Kristensen et al., 2003). Positive effects of WCC on yield have been attributed to an increase in soil N availability through a build up of soil
organic matter and N mineralization during decomposition of WCC residues (Frye et al., 1988). On the other
hand, decomposition of WCC residues can lead to immobilization of N, adversely affecting the growth and
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Meta-analysis is a quantitative method for research
synthesis in which independent studies are combined to
estimate treatment effects and their variability (Hedges
and Olkin, 1985). This method can be advantageous
because it relies on quantitative information and allows
for testing of hypotheses that cannot be answered by a
single study (Cooper and Hedges, 1994). Additionally,
in agricultural research there is the potential for a substantial increase in statistical power because in single
studies there is a prevalence of small true differences,
small Type I errors (falsely rejecting a true null hypothesis) and few replications, which generate experiments
with low statistical power (large Type II Errors, failure
of rejecting a false null hypothesis) (Arnqvist and Wooster, 1995). A disadvantage of meta-analysis, as well as
of narrative reviews, is that some details of individual
studies are necessarily disregarded in exchange for
reaching general conclusions (Gurevitch and Hedges,
2001).
In meta-analysis, the two main sources of variation
are within- and between-studies (Gurevitch and Hedges,
1999). Within-studies variability is often represented by
the factors year and location, which are sometimes combined into the single factor, environment (Carmer et al.,
1989). Traditionally, the factor year has been considered
as fixed mainly because of the inability to solve statistical
models that included random factors before modern
statistical software (Piepho et al., 2003). Considering
year as fixed restricts the inference space to the levels
chosen in a particular study, which is of limited practical
interest. On the other hand, when year is considered as
random and only information from two or three years
is available, the variance component estimate for year
and the interactions with other factors are unreliable
(Littell et al., 1996). Therefore, when little information
is available, there are limitations to considering year as
either random or fixed. Using meta-analytic methods
has the advantage of including the random variability
due to year in the error but with a relatively larger
number of observations.
Between-studies variability is attributed to the different characteristics (i.e., soil type, weather, methodologies) among studies and is also included as part of the
meta-analysis (Raudenbush, 1994). Accounting for this
source of variability in the model allows for inferences
beyond the studies included in the analysis because
these studies are considered to be a random selection
from a larger population of potential studies (Raudenbush, 1994). Improving our understanding of the effects
of WCC on corn yield requires consideration of the
species used, the agricultural practices employed and
the regions where the experiments were conducted.
Meta-analytic methods allow for these considerations,
and thus can be useful in summarizing the effects of
WCC on corn yield.
The objectives of this review were: (i) to use metaanalytic methods to summarize and quantitatively describe the effects of WCC on corn yield, (ii) to examine
the effect of variables (e.g., tillage system, killing date,
N fertilization) that were included in the meta-analysis
to explain the variability of the response of corn yield
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following WCC, and (iii) to estimate the magnitude and
significance of the response of corn yield following WCC
in different regions and under different agricultural practices.
MATERIALS AND METHODS
Database Compilation
A literature search of primary research was conducted with
Silver-Platter (Ovid Technologies, New York) and Web of
Science (ISI, Philadelphia, PA) electronic databases, and
through location of studies included in the references of selected papers. We intended for a comprehensive review of all
relevant studies on the topic. The conditions for including a
paper were (i) reported corn yield data following WCC and
a control (i.e., no cover) in more than one environment (i.e.,
years and/or locations), (ii) the study was conducted in the
USA or Canada, and (iii) enough information was provided
to estimate the variance (error). On the basis of these criteria,
37 peer reviewed manuscripts were selected (Appendix A).

Estimating the Error of Each Individual Study
All of the papers included used standard methods for designing and conducting the experiments. The experimental
designs were randomized complete blocks (55%), split-plot
arrangements (30%), and others (15%) with replications ranging from three to six. Therefore, we assumed that the designs
and methods were homogeneous across studies and that they
produced similar sampling errors as suggested by Gurevitch
and Hedges (1999). The studies differed in the number of
years and locations in which the experiments were conducted.
This approach considered year or location as the true replication within each study and then obtained the standard deviation for the control (no cover) and the treatment group (WCC)
to use in the estimation of the within-studies variance (see
Eq. [3] below).

Statistical Analysis
The categorical variables identified as possible moderators
of the response variable were: WCC [no cover (NC), legume,
grass or biculture], N fertilizer rate (NFR: range 0–300 kg N
ha⫺1), kill date (days before corn planting: 0–6, 7–13, ⬎ 13 d),
tillage system [no-till (NT) and conventional tillage (CT)],
region [Southeast, Northeast, eastern Canada, North Central,
Great Plains, Southwest, Northwest, according to Power and
Biederbeck (1991)], and yield variable (grain or biomass).
The species included in the legume group were (in order of
decreasing abundance): hairy vetch (Vicia villosa Roth), crimson clover (Trifolium incarnatum L.), white clover (Trifolium
repens L.), red clover (Trifolium pratense L.), and others. The
species included in the grass group were (in order of decreasing
abundance): cereal rye (Secale cereale L.), wheat (Triticum
aestivum L.), oats (Avena sativa L.), annual ryegrass (Lolium
multiflorum Lam), and others. The biculture group included
various combinations of the legume and grass species mentioned above. Hairy vetch and cereal rye were present in
almost 50% of the studies. Nitrogen fertilizer rate was considered as a categorical variable and was coded in three levels
(0–99, 100–199, ⬎ 200 kg N ha⫺1). The selection of these
categories was arbitrary and allowed similar studies to be
compared as suggested by Ainsworth et al. (2002).
The dependent variable was the ratio between corn yield
(grain or biomass) receiving a legume, grass, or biculture WCC
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treatment to corn yield from plots with NC and this was used to
evaluate the effect of WCC on corn yield (Hedges et al., 1999).
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RR ⫽

[1]

This response ratio (RR) was also used by Frye et al. (1985)
and Kuo and Jellum (2000) to compare yields of corn with
and without hairy vetch and by Olson et al. (1986) to compare
interseeding vs. no interseeding of rye in continuous irrigated corn.
The response ratio for each ith study was transformed as
suggested by Hedges et al. (1999) for normality.

Li ⫽ ln (RR)

[2]

where ln is the natural logarithm.
The variance (vi) for each ith study was calculated as in
Hedges et al. (1999)

SD 2WCC
SD 2NC
vi ⫽
⫹
2
nWCC * Y WCC nNC * Y 2NC

[3]

where SD 2WCC , nWCC , Y 2WCC and SD 2NC , nNC , Y 2NC are the squared
standard deviation, the sample size, and the squared mean for
WCC and NC, respectively.
A mixed model was used in the statistical analysis as suggested by Ainsworth et al. (2002), Curtis and Wang (1998),
and Gurevitch and Hedges (2001). The total variance was
calculated as the sum of the between-studies (ˆ 2 ) and the
within-studies variance (v *i ⫽ ˆ 2 ⫹ vi ). The within-studies
variance was calculated by Eq. [3] and the between-studies
variance was calculated as suggested by Hedges et al. (1999)

Qt ⫺ (k ⫺ 1)
k

k

兺 wi ⫺

i⫽1

兺w

i⫽1
k

[4]

兺 wi

where k is the number of studies, wi is the inverse of the
within-studies variance (wi ⫽ 1/vi) and Qt is the weighted total
sums of squares for Li calculated as
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2

k

k
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p

2

兺w.j (L.j)2 ⫺
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.j

p

兺w.j

[6]

where WCC has p levels (i.e., j ⫽ biculture, grass, legume).
The degrees of freedom for Qb are equal to the levels of
each categorical variable – 1. The third step involved the
subdivision of the data set into the levels of those categorical
variables that were significant at ␣ ⫽ 0.05 in the second step.
Thus, the first step of the analysis was repeated within the
levels of significant categorical variables. For the subgroup
analysis ␣ ⫽ 0.01 was used to protect against Type I errors
(Gates, 2002). Weighted means were calculated following
Hedges et al. (1999)
k

L* ⫽

兺 w*i Li
i⫽1
k

兺 w*i
i⫽1

[7]

and 95% confidence limits as

L* ⫺ z␣/2 SE(L*) ⱕ  ⱕ L* ⫹ z␣/2 SE(L*)

[8]

where ␣ ⫽ 0.05 and z␣/2 is the value corresponding to the
standard normal distribution (1.96) and the standard error,
SE(L*), was calculated as

SE(L*) ⫽

冪兺

1

k

[9]

w*i

i⫽1

2
i

i⫽1

Qt ⫽

冢兺w L 冣
p

Yield WCC YWCC
⫽
Yield NC
YNC

ˆ 2 ⫽

tween-group (Qb) and within-group (Qw), such that Qt ⫽ Qb ⫹
Qw (Hedges and Olkin, 1985).

k

兺 wi

[5]

i⫽1

The analysis proceeded in three steps following methods
analogous to ANOVA (Hedges and Olkin, 1985). In the first
step, the Qt statistic was calculated for the entire data set by
Eq. [5]. The Qt statistic follows a chi-square distribution with
k – 1 degrees of freedom. This first step is analogous to the
omnibus F test in ANOVA and is interpreted as an indication
of the homogeneity of the Li s in the entire data set. If this
test is significant at ␣ ⫽ 0.05, there is enough evidence to
conclude that the Li s are not homogeneous and therefore
categorical variables can be introduced to explain this significant variability. The second step involved the calculation of
the between-studies variance using Eq. [4] and the betweengroup homogeneity analysis, partitioning the total weighted
sums of squares in each categorical variable. The categorical
variables investigated in this study were WCC, NFR, kill date,
tillage system, region, and yield variable. In this second step,
the weighting factor was the inverse of the total variance
(w *i ⫽ 1/v*i ) (Gurevitch and Hedges, 2001). In this way, the
total weighted sums of squares (Qt) were partitioned in be-

The mean response ratio and the confidence limits were
obtained by computing the antilog in Eq. [8]. The data were
analyzed visually for outliers by a funnel plot (Fig. 1) as suggested by Gates (2002). In Torbert et al. (1996), yields for the
no N fertilizer treatment in study year 1990 were nearly zero;
therefore, these values were excluded from the analysis. A
summary of the methods for meta-analysis is included in Appendix B.
Categorical variables that were deemed significant in the
between group homogeneity analysis (Eq. [6]) were included
in an analysis analogous to regression methods following StPierre (2001). The dependent variable Li was regressed over
NFR as the continuous explanatory variable. The variables
WCC and NFR were included because they explained significant variation in the between-group homogeneity analysis for
categorical variables. Studies were considered to have a random intercept, slope, and covariance (St-Pierre, 2001). Winter
cover crop treatment was used as the categorical variable. The
main effects of WCC, NFR and the WCC ⫻ NFR interaction
were investigated (Appendix B). The weighting factor was
the total variance (w *i ⫽ 1/v *i ).
The statistical model was:

Lij k ⫽ ␤o ⫹ si ⫹ WCCj ⫹ ␤1 NFRk ⫹ ␤2 WCC ⫻
NFR j k ⫹ bi NFR k ⫹ e ij k
where Lij k ⫽ natural logarithm of the response ratio in the
ith STUDY, receiving jth level of factor WINTER COVER
CROP (WCCj) and kth level of factor NITROGEN FERTILIZER RATE (NFR k). ␤O ⫽ overall intercept across all studies
(fixed effect). si ⫽ random effect due to the ith level of
STUDY. Assumed identically and independently distributed
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Fig. 1. Variance (vi) associated with each of the observations included in the meta-analysis against the natural logarithm of the response ratio
[ln(yield of corn following winter cover crops/yield of corn following no cover)] (Li).

(i.i.d.) N(0, 2s) WCCj ⫽ fixed effect due to the jth level of
factor WCC ( j ⫽ biculture, grass, legume). ␤1 ⫽ regression
coefficient for the continuous variable NFR k. ␤2 ⫽ regression
coefficient for the interaction WCC ⫻ NFR j k . bi ⫽ random
effect due to the ith level of STUDY on the regression coefficient ␤1 e ij k ⫽ is the within-study error assumed i.i.d. N(0, 2).
The statistical analysis was performed by SAS (SAS Institute, 2000) following methods suggested by Shadish and Haddock (1994), St-Pierre (2001), and Wang and Bushman (1999).
The MEANS and MIXED procedures of SAS were used (SAS
Institute, 2000).

RESULTS AND DISCUSSION
In the first step of the analysis, the test of homogeneity
for the entire data set was significant (Qt ⫽ 428.7, df ⫽
161, p ⬍ 0.0001). Thus, there is sufficient variability in
the entire data set to warrant further analysis by the
introduction of categorical variables. In the second step,
the between-studies variance was calculated ( 2 ⫽ 0.0087)
and the between-group homogeneity analysis was conducted (Table 1). The results of the second step showed
that the main effects of WCC, NFR, and region were
significant. Since WCC accounted for a significant proportion of the variability, the third step of the analysis
was conducted by subdividing the analysis into the three
levels of WCC: biculture, grass, and legume (Fig. 2).

Winter Cover Crops
The test of homogeneity within biculture WCC was
not significant so no further analyses were conducted

within this group (Qt ⫽ 8.06, df ⫽ 9, p ⫽ 0.528). For
biculture WCC, the mean response ratio was 1.215, with
a 95% confidence interval that did not encompass one
(Fig. 3). Thus, it can be inferred that corn following
biculture WCC yielded 21.5% more than following NC
on average. The wide confidence interval was the result
of the limited number of studies (10) that included biculture WCC (Ranells and Wagger, 1997). Biculture WCC
can produce larger amounts of dry biomass than grass
or legume WCC alone (Clark et al., 1994; Kuo and
Jellum, 2002; Sullivan et al., 1991), providing benefits
associated with reduced soil erosion and improved weed
management. Kuo and Jellum (2002) suggested that the
larger dry biomass production of biculture WCC in their
study was mainly due to the higher combined seeding
rate than grass or legume WCC alone. The amount of
dry biomass reported by Clark et al. (1997) was also
higher for biculture WCC and strongly depended on
kill date, ranging from 433 kg ha⫺1 in January to 6326
Table 1. Between-group homogeneity analysis for all the categorical variables included in the review.
Categorical Variable
WCC
Tillage System
Kill date
NFR
Yield Variable
Region

Df

Qb

p-value

2
1
2
2
1
4

67.38
1.88
2.44
9.02
0.05
21.87

⬍0.0001
0.170
0.294
0.011
0.816
0.0002

WCC ⫽ winter cover crops, NFR ⫽ nitrogen fertilizer rate.
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Fig. 2. Natural logarithm of the response ratio [ln(yield of corn following winter cover crops/yield of corn following no cover)](Li) for biculture
(10 observations), grass (68 observations) and legume (82 observations) winter cover crops. The horizontal bars are the variance.

kg ha⫺1 in early May. Therefore, proper management
of biculture WCC involves optimum selection of seeding
rate and kill date, which will affect the chemical composition of the residue (Ruffo and Bollero, 2003) and ultimately control the rate of decomposition and the subsequent release of N to the corn crop. On the basis of our
quantitative review, the effect of biculture WCC on
corn yield is positive. However, the large size of the
confidence interval of the response ratio (Fig. 3) suggests that adequate management practices (e.g., seeding
rate, planting and killing date, tillage) to enhance positive effects and minimize negative effects on corn yield
have not yet been established mainly because of the
limited number of studies. Biculture WCC have the
advantages of effectively sequestering soil N, which de-

creases the potential for N loss and supplying N to the
following crop, thus providing benefits associated with
both grass and legume WCC (Thorup-Kristensen et al.,
2003). However, this cannot be conclusively derived
from our review.
The test of homogeneity within grass WCC was not
significant so no further analyses were conducted within
this group (Qt ⫽ 62.19, df ⫽ 70, p ⫽ 0.735). For grass
WCC, the mean response ratio was 0.99 with a 95%
confidence interval that encompassed one; thus, corn
following grass WCC yielded the same as following NC
(Fig. 3). This resulted from 71 observations in 26 independent studies (Fig. 2). Although the use of grass WCC
did not increase corn yield, the inclusion of grass WCC
in the rotation could still be beneficial where the priority
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Fig. 3. Mean response ratio [yield of corn following winter cover crops/yield of corn following no cover (RR)] and 95% confidence interval
(horizontal bars) for the three levels of winter cover crop (WCC).

is improving soil properties and/or reducing nitrate
(NO3–N) losses. For example, cereal rye has proven
effective in increasing soil organic N after 9 yr of continuous use (Kuo and Jellum, 2000) and has also been
effective in conserving N fertilizer within the cropping
system, preventing losses that could cause NO3–N contamination of groundwater (Shipley et al., 1992; ThorupKristensen et al., 2003). Grass WCC provide environmental services but fail to increase corn yield; therefore,
they are suitable in cropping systems after harvesting
corn and before planting a crop that would not rely on
N fertilizer (e.g., soybean). As suggested by Ruffo et
al. (2004), grass WCC can effectively retain soil NO3–N
in the system without the risk of N immobilization for
the following crop.
For legume WCC the test of homogeneity was significant (Qt ⫽ 293.5, df ⫽ 81, p ⬍ 0.0001) and the betweenstudies variance (ˆ 2) was estimated to be 0.017. The
mean response ratio was 1.24 with a 95% confidence
interval that did not encompass one (Fig. 3). Corn following legume WCC yielded 24% more than following
NC. This resulted from 80 observations in 30 independent studies (Fig. 2). Since the test of homogeneity was
significant, subgroup analysis was conducted to evaluate
categorical variables within legume WCC (Table 2). The
between-group homogeneity analysis within legume
WCC showed that the main effect of kill date and region
accounted for some of the variation but they were not
considered significant at ␣ ⫽ 0.01. The main effect of
NFR significantly affected the response of corn to legume WCC (Table 2).
The between-group homogeneity analysis for NFR
within legume showed that the response ratio decreased
as NFR increased (Fig. 4). When the N fertilizer rate
used was 0 to 99 kg ha⫺1, the increase in corn yield was
estimated to be 34% greater than following NC. This
yield increase was only 17% when the N fertilizer rate

was increased to 100 to 199 kg ha⫺1, and there was no
significant difference when the N fertilizer rate was 200
kg N ha⫺1 or higher. The lesser response to higher NFR
suggests that the most important contribution of legume
WCC is the N mineralized from the residue decomposition (Smith et al., 1987). This analysis also suggests that
the amount of N supplied by legume WCC is considerable, since the yield increase was 17% and did not encompass zero even at NFR in the range 100 to 199 kg
ha⫺1. However, the fact that application of N fertilizer
decreased the response ratio of legume WCC does not
necessarily imply that the sole contribution of legume
WCC was N supply (Bruce et al., 1991). There are examples where legume WCC have improved the yield potential of corn without decreasing N requirements for
achieving optimum corn yield (Clark et al., 1995; Ebelhar et al., 1984; Frye et al., 1988). This may indicate
that legume WCC can provide additional non-N related
beneficial effects even at considerably high fertilizer N
rates (Fig. 5). Legume WCC may provide benefits such
as supply of nutrients other than N, improved soil properties, soil moisture conservation, and reduction of pests,
pathogens, and weeds (Thorup-Kristensen et al., 2003).
When these non-N beneficial effects exist it is difficult
to establish a clear distinction among them because they
are likely to interact. For example, legume WCC residue
Table 2. Between-group homogeneity analysis for all the categorical variables included in the review within legume winter cover
crop.
Categorical variable

df

Qb

p-value

Tillage
Kill date
NFR
Yield Variable
Region

1
2
2
1
4

2.59
6.40
10.93
0.002
9.55

0.107
0.040
0.004
0.964
0.048

␣ ⫽ 0.01 was used for protection against Type I errors.
NFR ⫽ nitrogen fertilizer rate.
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Fig. 4. Mean response ratio [yield of corn following winter cover crops/yield of corn following no cover (RR)] and 95% confidence interval
(horizontal bars) for the three levels of nitrogen fertilizer rate (NFR) within legume.

may improve water use efficiency resulting in higher
soil N uptake even at comparable levels of inorganic
soil N availability (Frye et al., 1988).

Region
In the region analysis, 83 observations were from experiments in the Southeast, 39 in the Northeast, 24 in
eastern Canada, 11 in the North Central, five in the
Northwest, and one in the Great Plains. This latter region was excluded from the analysis because only one
observation was available. Furthermore, the frequencies
of legume and grass observations are almost equal in

each region. The test for between group homogeneity
for region was significant (Table 1). More importantly
when compared with a response ratio of 1 (i.e., corn
yield after no WCC equals corn yield after WCC), the
Northeast and Southeast confidence intervals did not
encompass one; thus, they were significantly different
from the control. Conversely, eastern Canada, the North
Central, and the Northwest did encompass one. The
region analysis has implications for the suitability of
WCC for different environments (Fig. 6). In the Southeast and Northeast the response was similar (15% increase). This reflects the potential of WCC in these

Fig. 5. Relationship between the response ratio [yield of corn following winter cover crops/yield of corn following no cover (RR)] and nitrogen
fertilizer rate (NFR) for biculture, grass, and legume winter cover crops.
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Fig. 6. Response ratio [yield of corn following winter cover crops/yield of corn following no cover (RR)] and 95% confidence interval (horizontal
bars) for the five levels of region. The regions are: eastern Canada (ECAN), North Central (NCE), Southeast (SE), Northeast (NE), and
Northwest (NW).

regions for increasing corn yields and providing environmental benefits (Power and Biederbeck, 1991). Corn
grown in eastern Canada and the North Central USA
had marginal benefits from the use of WCC. In these
regions, growing seasons are shorter and WCC are
planted late in the fall. Late fall WCC growth is limited
and spring growth is generally interrupted by corn planting (Tollenaar et al., 1992). This narrow window for
plant growth restricts WCC biomass production and the
associated benefits of WCC. In the Northwest, benefits
of WCC are more uncertain, but there may likely be
a great potential for increase in corn yield (Kuo and
Jellum, 2000).

WCC yielded 37% more than following NC. The slope
for legume WCC statistically differed from zero (95%
confidence limits: ⫺0.0023; ⫺0.0011). For biculture and
grass WCC, the response ratio tended to increase with
increasing NFR, whereas for legume WCC the response
ratio decreased (Fig. 5). In this analysis, corn yields
following grass WCC were comparable to NC with a
very slight (not statistically significant) decrease at low
NFR (Fig. 5). The fact that NFR did not explain much
of the variability found within grass WCC does not mean
that corn following grass WCC did not respond to N.
Rather, it indicates that it responded in a similar fashion
as corn following NC.
The yield response of corn in this study is similar to
a hypothetical model presented in Smith et al. (1987).
This model predicts that corn following legume WCC
yields more than following NC at low N rates, that this
difference diminishes as NFR increases, and finally that
yields are comparable at high NFR. Strikingly, this analysis showed that yields are comparable only at very high
NFR (Fig. 5). Even though NC can achieve yields similar
to legume WCC at very high NFR, beneficial effects
beyond N supply should not be disregarded. One con-

Regression
In the regression analysis, variables that explained
significant variation in the between-group analysis (Table 1) were selected. The main effect of WCC and the
WCC ⫻ NFR interaction were significant (Table 3).
The intercept for grass WCC did not differ statistically
from one (Table 3). When no N fertilizer was applied
(NFR ⫽ 0), corn following biculture WCC yielded 17%
more than following NC, and corn following legume

Table 3. Analysis of variance and estimates for the regression parameters illustrating the relationship between the response ratio (RR)
and two explanatory variables [winter cover crops (WCC) and nitrogen fertilizer rate (NFR)].
ANOVA
Source
WCC
NFR
WCC⫻NFR

F

p Value

68.26
0.07
53.90

⬍0.0001
0.7901
⬍0.0001

Intercept

Lower CL†

Upper CL

Slope

Lower CL

Upper CL

1.168
0.962
1.367

1.003
0.896
1.278

1.360
1.032
1.462

0.000934
0.000428
⫺0.00169

⫺0.00092
⫺0.00015
⫺0.00226

0.00279
0.001003
⫺0.00112

Parameter estimates
WCC
Biculture
Grass
Legume

† CL ⫽ 95% confidence limits.
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cern about the use of WCC has been the possible increase in production risk by increasing variability in
corn yields when compared with NC (Larson et al.,
1998). Although there is variability in the response of
corn (Fig. 5), legume WCC consistently increase corn
yields compared with NC, especially at low NFR.
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CONCLUSIONS
This quantitative review used meta-analytic methods
to show that WCC have a great potential to increase or
to maintain corn yields. However, increasing corn yields
may not be the only incentive for adoption of WCC by
farmers. Winter cover crops can also provide environ-

mental benefits that make WCC suitable for enhancing
N and water use efficiency in a corn cropping system.
The evidence in this review showed that biculture
WCC had positive effect on corn yield. However, additional studies should be conducted to fine tune suitable
management practices associated with biculture WCC.
Grass WCC had an overall neutral effect on corn yield.
In addition, the other categorical variables showed no
significant effect when analyzed within the grass WCC
group. Legume WCC had an overall positive effect on
corn yield even at high NFR and consistently increased
corn yield at lower NFR. This result is important if
environmental concerns about the use of N fertilizer or
soil erosion are considered priorities.

APPENDIX A
Table A1. Reference, year, location of the study, and winter cover crop (WCC) used for each study included in the meta-analysis database.
Publication

Year

Location

Bowen et al.
Clark et al.
Clark et al.
Corak et al.
Decker et al.
Drury et al.
Eckert
Ewing et al.
Fleming et al.
Frye et al.
Hivley and Cox
Holderbaum et al.
Holderbaum et al.
Johnson et al.
Jones et al.
Kuo and Jellum
Kuo and Jellum
Mitchell and Teel
Moschler et al.
Mt. Pleasant and Scott
Ott and Hargrove
Power et al.
Raimbault et al.
Roberts et al.
Sainju and Singh
Sarrantonio et al.
Scott et al.
Sullivan et al.
Tollenaar et al.
Tollenaar et al.
Torbert et al.
Utomo et al.
Varco et al.
Vaughan and Evanylo
Vyn et al.
Vyn et al.
Wagger

1991
1994
1997
1991
1994
2003
1988
1991
1981
1985
2001
1990a
1990b
1998
1998
2000
2002
1977
1967
1991
1989
1991
1990
1998
2001
1988
1987
1991
1992
1993
1996
1990
1989
1999
1999
2000
1989

IN
Coastal Plain and Piedemont, MD
Coastal Plain and Piedemont, MD
Lexington, KY
Coastal Plain and Piedemont, MD
Ontario, Canada
Wooster, OH
Saratoga and Rocky Mount, NC
GA
Lexington, KY
NY
Salisbury, MD
Salisbury, MD
Ames, IA
Hickory Corners, MI
Puyallup, WA
Puyallup, WA
Georgetown, DE
VA
Aurora, NY
GA
Lincoln, NE
Ontario, Canada
Milan, TN
Fort Valley, GA
Aurora, NY
Aurora, NY
Blacksburg, VA
Ontario, Canada
Ontario, Canada
AL
Lexington, KY
Lexington, KY
Whitethorne and Orange, VA
Ontario, Canada
Ontario, Canada
McLeansville, NC

WCC†
G,
G,
G,
L
G,
L
G
L
L
G,
G,
L
L
G
G,
G,
G,
G,
G,
G,
G,
L
G
G,
L
L
G,
G,
G
G
G,
G,
L
G,
G,
G,
G,

† G: grass winter cover crop, L: legume winter cover crop, B: biculture winter cover crops.

APPENDIX B
This is a summary of the steps for conducting the metaanalysis of the effects of winter cover crops on corn yield.
Additionally, SAS editors are included.
1. Select all the papers that fit a priori criteria from an
extensive literature search.
2. Create a database with these papers.
3. Select an appropriate effect-size (Eq. [1]).
4. Calculate Li (natural logarithm of the response ratio,
Eq. [2]) and vi (within studies variance, Eq. [3]).
5. Calculate weighted sums of squares (Eq. [5]).

/**** HOMOGENEITY ANALYSIS ****/
TITLE ‘WEIGHTED TOTAL SUMS OF SQUARES’;
ods listing close;
proc mixed data ⫽ Meta method ⫽ type3;
weight W;
model L ⫽ ;
ods output type3 ⫽ SumsS;
data test;
set SumsS;
Qprob ⫽ 1-probchi(SS, DF);
ods listing;

L
L, B
L, B
L

L
L

B
L
L, B
L, B
L, B
L
L
L
L, B
L
L
L
L, B
L
L
L
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proc print data ⫽ test; var Source DF SS
Qprob;run;

levels of significant sources of variation (Eq. [7], [8]
and [9]).

SAS EDITOR:
proc mixed data ⫽ metareg ratio ic;WEIGHT
WEIGHT;
class study WCC;
model L ⫽ WCC NFR WCC*NFR/solution outp ⫽
check1 cl;
random intercept NFR/type ⫽ un subject ⫽
study solution g gcorr;
lsmeans WCC/at NFR ⫽ 0 pdiff;
run;
Estimating parameters:
proc mixed data ⫽ metareg ratio ic; WEIGHT
WEIGHT;
class study WCC;
model L ⫽ WCC WCC*NFR/noint solution outp ⫽
check cl;
random intercept NFR/type ⫽ un subject ⫽
study solution g gcorr;
run;
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6. Calculate between-studies variance (Eq. [4]).

/**** CALCULATING THE VARIANCE BETWEEN
STUDIES ****/
TITLE ‘CALCULATING THE VARIANCE BETWEEN
STUDIES’;
ods listing close;
proc means data ⫽ Meta0 sum; var W Wsq;
output out ⫽ bvar sum ⫽ sumw1 sum1wsq;
data bvar2;
merge bvar test;
CF ⫽ sumw1-(sum1wsq/sumw1);
betvar ⫽ (SS-DF)/CF;
ods listing;
proc print data ⫽ bvar2;var betvar;run;
7. Calculate between-studies sums of squares (Eq. [6]).

/**** CALCULATING BETWEEN-GROUP
HOMOGENEITY ANALYSIS ****/
TITLE ‘WINTER COVER CROPS’;
ods listing close;
proc mixed data ⫽ Meta method ⫽ type3;
weight WSTAR;
class WCC;
model L ⫽ WCC;
ods output type3 ⫽ SumsS;
data test;
set SumsS;
Qprob ⫽ 1-probchi(SS, DF);
ods listing;
proc print data ⫽ test; var Source DF SS
Qprob; run;

SELECTED SAS OUTPUT:
Covariance Parameter Estimates
Cov Parm
Subject
Ratio
Estimate
UN(1,1)
UN(2,1)
UN(2,2)
Residual

Study
Study
Study

5.2673
⫺0.04050
0.000353
1.0000

0.01535
⫺0.00012
1.03E-6
0.002914

Type 3 Tests of Fixed Effects
Num
Den
Effect
DF
DF
F Value
Pr ⬎ F

8. Identify significant sources of variation.
9. Break down the analysis in the levels of the significant
sources of variation and repeat steps 5, 6, and 7.
10. Estimate weighted means and confidence intervals for

WCC
Nitro
Nitro*WCC

2
1
2

105
14
105

68.26
0.07
53.90

⬍.0001
0.7901
⬍.0001

Estimating Parameters:
Effect

Type

Estimate

StdErr

DF

Alpha

Lower

Upper

Type
Type
Type
Nitro*Type
Nitro*Type
Nitro*Type

Bi-cultu
Grass
Legume
Bi-cultu
Grass
Legume

0.1503
⫺0.03904
0.3047
0.000959
0.000428
⫺0.00170

0.07685
0.03573
0.03396
0.000943
0.000290
0.000281

105
105
105
105
105
105

0.05
0.05
0.05
0.05
0.05
0.05

⫺0.00209
⫺0.1099
0.2374
⫺0.00091
⫺0.00015
⫺0.00225

0.3026
0.03180
0.3721
0.002828
0.001003
⫺0.00114
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