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ABSTRACT Meta-analysis is an expression used to identify a set of statistical
techniques developed to provide an objective comparison of research results from
independent studies. A meta-analysis combines the results of several studies that address
a set of related research hypotheses. In this study, a meta-analysis was performed on the
relationship between the application rates of nitrogen fertilizer and the corn yield
response in order to understand the effects of climate (air temperature, rain) and
environmental conditions (latitude, soil surface textures). The database was constituted
by publications from Africa, Europe and America published between 2000 and 2009,
inclusively. The response ratios (RR) used to measure effect size indicated significant
positive response of corn yield. The climate influenced nitrogen requirements. Corn
grown on silt clay loams, and to a smaller extent on silt loams, was more responsive to
added N. The latitudes from 39°N to 42°N were the most favourable to corn N response.
During the first two months of corn growth, the effect of rain evenness on N response
was larger than that of temperature or precipitation. For the mid—season period, the effect
of precipitation was higher than the ones of temperature and rain evenness. For the last
part of the growing season, all three factors were of equal importance for N response.
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INTRODUCTION Growing conditions and field management are known to influence
corn yield response to nitrogen fertilization (Voss et al. 1970; Liang et al. 1991). Soil
type has a significant effect on corn yield variability (Liang and MacKenzie 1991) and
the yield response to nitrogen fertilization under low fertility conditions (Muchow and
Sinclair 1995). The latitude is another factor involved in corn yield responses (Chang
1981; Muchow et al. 1990). Weather (rainfall and temperature) impacts on corn (Zea
mays L.) yield and optimal nitrogen fertilization rates (Thompson 1975; Yamoah et al.
1998; Kahabka et al. 2004). A number of studies have focused on weather effects on
optimal N rates in order to improve nitrogen use efficiency and reduce the N losses
related to corn production (Andresen et al. 2001; Ma et al. 2005). Bondavalli and Colyer
(1970) suggested that precipitation during the first half of August and temperature during
the second half of May had significant effects on corn yield. Asghari and Hanson (1984)
concluded that crop heat units accumulation in June promoted corn yield response to
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nitrogen fertilization, while precipitations had no significant influence. In July,
precipitation increased, and crop heat units decreased, corn vyield response to N
fertilization. Teigen and Thomas (1995) and Jeutong et al. (2000) suggested that weather
conditions had more importance during July and August. Reeves et al. (1993) suggested
that high response to added N was related to adequate rainfall distribution.

Because they drive important soil and crop factors, temperature (impact on mineralization
and crop growth) and rain (impact on mineralization, crop growth, N losses through
leaching or denitrification) are often perceived as determinant in the success or failure of
a fertilizer N application. For a farmer, how to manage this weather-fertilizer interaction
is critical for both the profitability and the environmental impact of its corn growing
operation. In-season N application is an available alternative to “all-at-sowing” N
application. The former allows for considering the weather conditions that have prevailed
from sowing in the decision about N dose to apply. Yet, a better understanding of weather
effects on corn response to N fertilization is lacking because individual studies are each
made under a limited set of weather conditions that do not warrant a comprehensive
analysis of their own effects. Meta-analysis appears well suited for this matter as it is a
statistical method for research synthesis where separate studies can be combined to
estimate treatment effects and the causes of variability. The results of separate studies are
compared and averaged on a common scale of treatment effect (i.e., effect size)
(Gurevitch, Curtis et al. 2001).

The purpose of this paper was primarily to assess the impact on corn yield response to N
fertilizer application, of temperature and rainfall (quantity, uniformity) conditions
prevailing during different periods of the seasonal growing cycle.

MATERIALS AND METHODS
Database Compilation

Suitable peer-reviewed scientific papers were identified from electronic databases,
including Scopus and Google scholar. Only literature published between 2000 and 2009
was selected according to the following criteria: 1) corn yields and applied nitrogen rates
are reported for each experimental year; 2) the experimental designed was randomized
and included at least three replications; 3) an appropriate control (i.e. fertilizer with
nitrogen rate 0 kg ha™) was present; 4) all the experiments were not irrigated and in-
season fertilizer application was performed. On the basis of these criteria, 10 references
representing a total of 106 trials conducted over the years 1994 to 2005 were retained
(Appendix A). The necessary data were extracted from tables or from digitized figures by
the Image J 1.43 software (National Institutes of Health, USA). All the information was
classified and an electronic database was built using Excel®.

Meta-Analysis

In this analysis, the natural log of the response ratio (RR) was used as the effect size
(Hedges et al. 1999; Gurevitch et al. 2001; Tonitto et al. 2006). The effect size for each
study was calculated as follows:

INRR=In(Xn/ Xo) 1)
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where In was the natural logarithm, X, and X, represented response mean values for
applied nitrogen fertilizer treatments and no nitrogen fertilizer treatments (i.e. control),
respectively. A response ratio (RR) higher than 1 indicates an increase in yield production
under nitrogen fertilization, and vice versa (Valkama et al. 2009). When studies are
assembled from the published literature, the random effects model is generally of greater
precision than the fixed effects model (Borenstein et al., 2009). In our study, the random
effects model was used in order to increase precision of the combined estimate of effects
size and to work from more balanced weights than for the fixed effect model. The total
heterogeneity of effects size among studies (Q;) was partitioned into within-group (Qw)
and between-group (Qp) heterogeneity (Hedges and Olkin 1985). Between-group
heterogeneity was attributed to the different characteristics (i.e., soil types, latitude and
weather factors). If the Qp, which follows a y? distribution, was larger than a critical value
and if the 95% Cls of estimates of effect size did not overlap with zero, the independent
variable was considered to have a significant influence on the response ratio (Xia and
Wan 2008). Statistical significance was tested at the P < 0.05 level. The meta-analysis
was performed as suggested by Borenstein et al. (2009) using Comprehensive Meta
Analysis V2 (National Institutes of Health, 2005), the mean value and variance of each
studies were calculated in Excel®.

Weather Data

The weather datasets were obtained directly from the authors through email solicitations.
Growing seasons, from sowing to harvest, were divided into 30-day periods as follows:
1%-30d (the first 30 days after sowing), 2"-30d, 3"-30d, 4™-30d and the rest of the season
S0 as to test the effect of weather on the response ratio during each period. The effects of
crop heat units (CHU) and rainfall distribution at those periods in the growing season
were determined from the average daily values of CHU, precipitation (PPT) and the
Shannon Diversity Index, respectively. Average daily values of CHU was calculated by
using the following formula (Bootsma et al. 2005):

Y max = 3.33 (Trmax - 10.0) - 0.084 (Tmax - 10.0)? (if Trmax < 10.0, Yomax = 0.0) )
Ymin = 1.8 (Tmin = 4.44) (lf Tmin < 4.44, Ymin = 0.0) (3)

Where Y max and Y in Were the contributions to CHU from average daily maximum (T max)
and minimum (Tmin) air temperatures, respectively. Average daily CHU was computed as
(Ymax + Ymin)/z-

The Shannon Diversity Index (SDI) gives an indication of the evenness of precipitation
events. An index equal to one implies complete evenness (i.e., equivalent amounts of rain
in each day of the period) and an index equal to zero implies complete unevenness (i.e.,
all rain in 1 day). SDI was found by Bronikowski and Webb (1996) as the best index in
terms of spread and sensitivity under different rainfall regimes. It is computed as follows:

— > piln(pi)

where SDI is rainfall diversity index during the period, pi is the fraction of rainfall
relative to the total rainfall in a given period and N is the number of days in the period.
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RESULTS AND DISCUSSION

For the whole database, the test of homogeneity was significant (Q; = 472.7 df = 105, P <
0.0001) so there was sufficient variability in the whole data to warrant further analysis by
the introduction of categorical variability. The dataset was analyzed for CHU,
precipitation, Shannon Index, soil classification, and latitude effects as follows. Between-
group homogeneity was evaluated (Table 1) and some main effects were considered
significant for CHU (1-30d, 2"-30d, 3"-30d and rest of the season), PPT (1%-30d, 2"-
30d, 3"-30d, 4™-30d,and rest of the season), SDI (1*-30d, 2"%-30d, 3"-30d, rest of the
season, in the whole growing season), soil classification, and latitude. However, some
tests of homogeneity were not significant for CHU (4™-30d and whole growing season)
PPT (whole growing season), and SDI (4™-30d). No further analyses were conducted for
these non-significant results.

Table 1. Between-group homogeneity analysis (Q,) for all the categorical variables of N
response in the review

Categorical variable Q¢ df P-value
CHU in 1%-30d 11.92 4 0.018
CHU in 2"-30d 52.73 3 <0.0001
CHU in 3"-30d 9.54 2 0.008
CHU in 4™-30d 0.01 2 0.917
CHU in Rest 72.31 4 <0.0001
CHU in the whole growing season 4.63 3 0.201
PPT in 1*-30d 12.79 4 0.012
PPT in 2"-30d 27.32 4 <0.0001
PPT in 3"-30d 35.77 5 <0.0001
PPT in 4™-30d 12.36 3 0.006
PPT in Rest 18.55 2 <0.0001
PPT in the whole growing season 1.68 3 0.642
SDI in 1%-30d 41.12 6 <0.0001
SDI in 2"-30d 53.72 5 <0.0001
SDI in 3"-30d 18.24 5 0.003
SDI in 4™-30d 9.18 6 0.164
SDI in Rest 69.48 6 <0.0001
SDI in the whole growing season 10.30 3 0.016
Soil classification 21.57 3 <0.0001
Latitude 31.47 3 <0.0001

The effects of soil type and latitude

Silt clay loams, and to smaller extent silt loams, impacted on N responses despite
considerable variability in response ratios (Fig. 1a). Loams (few studies represented) and
sandy loams were less conducive to N responses.
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Figure 1. Response ratio and 95% confidence interval a) for the four types of soils and; b)
for the latitude.

The test of between group homogeneity for the latitude levels was significant (Q; = 31.4,
df = 3, P < 0.0001). The N dosage was effective in increasing corn yield at all latitude
levels compared to the no-nitrogen control but the degree of variability was also
considerable. Latitudes from 39°N to 42°N which include the USA Corn Belt were the
most favourable to corn N response (Fig. 1b).

Table 2 Response ratio (RR) and 95% confidence intervals (C.I. in parentheses) at five
periods during the season of the influence of corn heat units (CHU) levels on yield
response to fertilizer N doses.

Period Corn heat units (CHU) levels and corresponding RR and (C.1.)
<400 400~599  600~799 800~999 > 1000 Overall
1"-30d 15 1.3 1.6 1.6 1.2 14

(1.2;,1.7) (1.214)  (1.4:1.8) (1.4;1.8) (1.0;1.4) (1.3;1.5)
600~799  800~999  1000~1500 > 1500 Overall

2_30d 15 1.6 1.2 1.0 1.4
(1.4:16) (15:1.7) (1.0;1.4) (0.9:1.1) (1.3;1.4)
600~799  800~999 > 1000 Overall

39-30d 1.3 1.6 1.2 1.4
(1.3;1.5) (1.4:1.7) (1.0;:1.4)  (1.3;1.5)
600~699  700~799  800~999  Overall

4"-30d 1.4 1.5 15 1.4
(1.3;1.5) (1.4;1.6) (1.2;1.8)  (1.4;1.5)
<400 400~599 600~799  800~999 > 1000 Overall

Rest 1.6 1.2 15 2.2 1.3 1.4
(15:1.8) (1.1;1.3) (1.4:1.6) (1.8;2.7) (1.1;1.6)  (1.3;1.4)
<3000 3000~3499 3500~3999 4000~4499 Overall

Whole 1.4 1.4 15 1.9 1.4
(1.3;1.6)  (1.3;15) (1.3;1.6) (1.4;2.6)  (1.4;1.5)
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The effects of Corn Heat Unit

High N responses were obtained in the range 600~999 CHU in the first three periods
which represents neither low, now high CHU accumulation. Yield responses to added N
were affected by CHU except at CHU > 1500 in the 2"%-30d period (Table 2). The highest
N response in the 3™-30d period was obtained at CHU from 800 to 999 with a mean
response ratio of 1.6. Thus, medium CHU in that period would increase the effect of N
fertilization. At later periods (4™ — 30 d and rest of season), relatively high CHU
accumulations were generally conducive to N response. For the whole growing season,
CHU in the range 4000 - 4499 resulted in average corn yield response about 46% greater
than at any lower CHU accumulation. The largest response ratio in the periods “rest of
season” and “whole season” were also characterized by the largest confidence intervals.
Hence, other factors such as rainfall and soil type may also determine the importance of
the response ratio in any particular situation.

The effects of precipitation (PPT)

The test of between-group homogeneity for PPT effects on N response was significant for
every 30 d-period, except for the whole growing season (Table 1). High N responses
were obtained for medium PPT at the 1st, 2nd, and 3rd-30 d periods, and for higher PPT
at later periods (Table 3). When PPT at the 3"-30d period was in the 150 to 199 mm
range, corn yield response to N was 2.6 times greater than that of the control (no
nitrogen). This period of 3"-30 d appears as a critical one. For each additional 200 mm of
precipitations, yield response to N increased by ~25% for the “rest of season” period.

Table 3. Response ratio (RR) and 95% confidence intervals (C.I., in parentheses) at five
periods during the season of the influence of precipitation (PPT) levels on yield response
to fertilizer N doses.

Period Precipitation mm (PPT) levels and corresponding RR and (C.1.)
<50 50~99 100~149 150~199 250~299 Overall

1"-30d 1.5 1.3 1.6 1.4 1.2 1.4
(1.41;1.71) (1.3;1.4) (1.41.8) (1.2:1.6) (1.0;1.4) (1.3;1.5)
<50 50~99 100~149 150~199 200~249 Overall

2"_30d 1.6 1.3 15 1.6 1.2 1.4
(1.5:1.9) (1.1;14) (1.4:16) (1.418) (1.1;1.3) (1.4,15)
<50 50~99 100~149 150~199 200~249 Overall

3-30d 1.3 15 14 2.6 1.7 1.4

(1.2,1.3)  (1.416) (1.3:1.6) (1.9:35) (1.3;2.2) (1.3;1.5)

<50 50~99  100~149 150~199 Overall

4" _-30d 1.3 1.6 1.5 1.6 15
(1.2;1.4) (1.417) (1.2;1.9) (1.4:1.7) (1.4;1.5)

<200  200~399 400~600 Overall

Rest 1.2 1.6 2.0 1.4
(1.1;1.4) (L4;17) (1.6225) (1.3;15)

<200 200~399 400~600 >1000 Overall

Whole 1.4 1.4 1.4 1.7 1.4
(1.2;1.6) (1.3;1.5) (1.3;1.5) (1.3;21) (1.4;15)

The effects of Shannon Diversity Index

The Shannon Diversity Index was an important determinant of N response, especially
during 1*-30d, 2"%-30d and the rest or the season periods (Table 4) with RR up to 2.2, 2.2
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and 2.5, respectively. The effects of SDI at the 3™-30 d period on crop response to added
N are likely affected by other factors since all mean RR showed wide confidence
intervals. For that particular period, increases of SDI generally corresponded to increases
of corn yield response to added N. At the 4™-30 d period, crop responses were better
when SDI was neither very low, nor very high. For the whole growing season, the largest
mean RR was found for SDI 0.600 ~ 0.649 (Table 4). At most stages, the SDI most likely
stimulated response to N dose in the range of 0.45 to 0.65. This suggests that an equal
number of days with rain and days without rain produced the highest corn response to
added N.

Table 4 Response ratio (RR) and 95% confidence intervals (C.1., in parentheses) at five
periods during the season using the Shannon Diversity Index (SDI)

Period Shannon Diversity Index (SDI) levels and corresponding RR and (C.1.)

<04  0.4~045 0.45~05 05~0.55 0.55~0.6 0.6~0.65 0.65~0.69 Overall

1*-30d 1.9 15 2.2 1.3 1.6 1.5 1.2 1.4
(1.6;23) (1.2;1.7) (17,29 (1.2,1.4) (1419 (1.316) (1.1;1.3) (1.3;15)
<0.4 0.45~0.5 0.5~0.55 0.55~0.6 0.6~0.65 0.65~0.69 Overall

2"-30d 1.4 1.1 2.2 15 1.4 1.4 1.4
(1.2;1.6) (1L.0;1.2) (1.8;27) (1.3;4.7) (1315 (1315 (1314
<0.4 0.4~0.45 0.45~05 0.5~0.55 0.55~0.59 0.6~0.65 Overall

3"-30d 1.2 14 14 1.6 1.7 1.6 1.4
(1114 (1314 (12,15 (1.418) (1519 (1.419 (1415
<04  0.4~0.45 0.45~045 0.5~0.55 0.55~0.6 0.6~0.65 >0.70 Overall

4"-30d 1.3 15 15 1.6 1.3 1.5 1.3 15
(1.1;15) (1317 (1416 (1418 (1116 (1417 (1015 (1.415)
<04 04~045 045~05 05~0.55 0.55~0.6 0.6~0.65 0.65~0.69 Overall

Rest 1.7 1.4 1.2 2.5 1.3 14 1.3 1.4
(1.6;1.8) (1.3;1.6) (1.1;1.2) (1.8;3.3) (1L.1;15) (1.3;1.6) (1.2;,15) (1.3;1.5)
0.55~0.6 0.6~0.65 0.65~0.69 0.7~0.75  Overall

Whole 15 1.6 1.3 1.4 1.4
(1.3;1.7) (1418 (1.2;14) (1.3;16) (1415

CONCLUSION

The meta-analysis of selected corn response to added N using literature data showed that:
1) weather effects had a great influence on corn yield response to added N; 2) the largest
response ratios were associated with the widest confidence intervals, suggesting
interactions with other factors; 3) during the first 60 days, effects of SDI on crop response
was larger compared to CHU and PPT; for the mid—season period (3rd-30d), the effects
of PPT and SDI were more important than the one of CHU. During that period, even and
moderate rain events stimulate the effects of N fertilization. For the rest of the growing
season, those three factors were equally important; for the season as a whole, CHU had
the largest effect; 4) soil types and latitude impacted on the probability of response. The
mid-season period appeared critical since this is the most active period for corn growth.
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APPENDIX A

Table 1, Publication, years covered by trials, bibliographical source of the studies
included in the meta-analysis database

Publication Year Source Num_bers
of trials
Canadian Journal of Plant Science
Ma, Dwyer et al. 2003  1997~2000 83 (2): 241-247 21
Ma, Subedi et al. 2005 2000~2002  Agronomy Journal 97(2): 462-471 8
_ Soil Science Society of America
Chen, Kost et al, 2008  2002~2005 Journal 72 (5): 1464-1470 24
Dellinger, Schmidt et 2005 Agronomy Journal 100(6):1546- 5
al. 2008 1552
. Cereal Research Communications
Izsaki,ki,Z 2007 2004~2005 35(4):1701-1711 6
Loecke, 'Eggf‘an etal- 5000-2001  Agronomy Journal 96(1):214-223 6
Miao, gf)‘é'ga etal. 5000-2001  Agronomy Journal 98(1): 129-140 8
Viswakumar, Mullen N Journal of Plant Nutrition 31(11):
et al. 2008 2002~2005 1063-1974. 8
Gungu'a’zgggun etal. 1996, 1998 World J. Agric. Sci 1: 1-5, 8
Stevens, Hoeft et al. _ Agronomy Journal 97(4): 1046-
2005 1994~1996 1053 12
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