
Agronomy	 Journa l 	 • 	 Volume	107, 	 I s sue	4	 • 	 2015	 1401

crop economics, Production & Management

Processing	Snap	Bean	Variety	Responses	to	Applied	Nitrogen	
and	Irrigation	in	the	North	Central	United	States

Yi	Wang,	Matthew	D.	Ruark,*	Amanda	J.	Gevens,	Don	T.	Caine,	
Amanda	L.	Raster,	Nicholas	J.	Goeser,	and	Alvin	J.	Bussan

Published in Agron. J. 107:1401–1410 (2015)
doi:10.2134/agronj14.0406
Copyright © 2015 by the American Society of Agronomy, 5585 Guilford 
Road, Madison, WI 53711. All rights reserved. No part of this periodical 
may be reproduced or transmitted in any form or by any means, electronic or 
mechanical, including photocopying, recording, or any information storage 
and retrieval system, without permission in writing from the publisher.

aBstract
Irrigated processing snap bean (Phaseolus vulgaris L.) production in Wisconsin, mostly in the central sands region, ranks fi rst in both 
yield and harvested hectarage in the U.S. However, there is little information assessing N need across processing snap bean varieties 
under diff erent irrigation strategies on sandy soils. Th e objective of this study was to determine the eff ects of N rate and irrigation 
on yield, pod quality, and other agronomic traits across diff erent varieties with known diff erences in nodulation. Results indicated 
that nodulating varieties such as DMC04-95 consistently produced higher yields than the non-nodulating variety Huntington by 3.5 
to 4.3 Mg ha–1. Yield and pod quality responses to in-season supplemental N fertilizer at the rates of 0 to 135 kg ha–1 varied across 
varieties. In each year, Huntington responded the most to N fertilizer, and had the lowest harvest index and the poorest pod quality. 
Reduced irrigation on sandy soils did not signifi cantly reduce yield and pod quality when applied in minimal quantities suffi  cient to 
avoid permanent drought stress during blossom and pod set. Across years, the optimal in-season N rate was 90 kg N ha–1. Th is, together 
with the 22 kg N ha–1 applied as starter fertilizer, suggests 112 kg N ha–1 is the optimal N rate for irrigated snap beans on sandy soils 
in the central sands region of Wisconsin. Th is rate is greater than recommended from previous studies conducted in other soil types, 
and may be warranted only when high yielding varieties are grown.
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Snap	bean,	also	known	as	green	bean	or string 
bean, is an important vegetable crop for human nutrition 
and a good source of protein, fi ber, vitamins, and minerals 
(Abou EI-Yazied, 2011; Kelly and Scott, 1992; Ndegwa et 
al., 2006). Annual production of snap and dry bean exceeds 
21 million Mg and represents more than half of the world’s 
total food legume production (Miklas et al., 2006). According 
to USDA’s National Agricultural Statistics Service (USDA, 
NASS, 2012), in 2012 36% of U.S. snap bean production was 
grown for fresh market, and 64% was grown for processing, of 
which 40% was from Wisconsin.

Unlike snap bean, soybean [Glycine max (L.) Merr.] has been 
grown successfully without addition of N fertilizer (Osborne 

and Riedell, 2006; Wesley et al., 1998), while snap bean yield 
(total pod) and quality can nearly always be enhanced with 
increased levels of N fertilizer (Graham 1981; Mahmoud et 
al., 2010; Mbeke et al., 2014; Piha and Munns 1987; Salinas-
Ramírez et al., 2011). An N budget, developed from numer-
ous research studies, shows that soil mineral and biologically 
fi xed N are generally suffi  cient to supply N needs for soy-
bean yields up to 3.6 Mg ha–1. As soybean yield increases to 
4.9 Mg ha–1 and higher, supplemental N is needed (Salvagiotti 
et al., 2009). In addition, soybean yield response to fertilizer N 
has been inconsistent at economically acceptable levels (Barker 
and Sawyer, 2005; Gan et al., 2003; Schmitt et al., 2001), while 
the value of N to snap bean yields occur under most conditions 
(Phillips et al., 2002). Th is is refl ected in current N fertilizer 
recommendations for green bean production in Wisconsin, 
which range between 22 and 67 kg ha–1 depending on soil 
organic matter percentage and yield goal (Bussan et al., 2013). 
Nodulation in snap bean varies among varieties (Kellman et al., 
2005), but there is not suffi  cient research that compares opti-
mal N rates among nodulating and non-nodulating varieties.

Snap bean responds variably to inoculation, depending on 
intrinsic characteristics of the host plant. Poor nodulation may 
become problematic. Nodulation promiscuity (nodulation with 
a wide range of rhizobial strains; Martinez-Romero, 2003) and 
sensitivity to other nodulation-limiting factors, such as high 
rates of N fertilizer (application levels above 25 kg N ha–1 or 
more; Bekunda et al., 2010), low or high temperatures (lower 
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than 12°C or higher than 33°C; Graham, 1981; Zhang et al., 
1996), and soil water potential (with specific nodule activity 
reduced by almost 90% in drought stressed plants; Serraj et al., 
1999; Sprent, 1976), can all affect nodulation outcomes.

Production of snap bean is best suited to friable, deep, and 
well drained soils high in organic matter (Kamanu et al., 
2012). The mineral N in the soil is mainly nitrate (NO3

–) and 
to a lesser extent ammonium (NH4

+). Nitrate is minimally 
adsorbed onto soil particles and can be readily leached as rain-
fall or irrigation water flows through sandy soil, leaving the 
root zone depleted of N (Wolkowski et al., 1995; Kamanu et 
al., 2012). In the central sands of Wisconsin, soil N availability 
tests are not recommended because the soil nitrate content 
changes rapidly (Wolkowski et al., 1995).

Moisture stress during flowering may cause blossoms or small 
pods to abort and fall off the plant, and consequently lead to a 
substantial decline in yields (Bussan et al., 2013). Moisture depri-
vation during pod development can also delay maturity causing 
small and shriveled pods. Thus, an effective irrigation program 
can ensure high yields and high pod quality, particularly on sandy 
soils in central Wisconsin (Bussan et al., 2013), where most of the 
state’s irrigated snap bean production is located. Ground water is 
used for agricultural irrigation in the central sands of Wisconsin. 
The groundwater table has dropped 1.8 m between 2002 and 
2010, which has been attributed, in part, to the abundance of 
irrigation in the region (Radatz et al., 2012). Therefore, using 
irrigation water efficiently without significant crop yield penalty 
is both economically and environmentally necessary.

Specific objectives of this research are to: (i) determine 
the response of pod yield and pod quality to N rates under 
standard and reduced irrigation strategies, (ii) compare these 
responses across several snap bean varieties (non-nodulating vs. 
noduating), and (iii) calculate the harvest index, partial factor 
productivity and agronomic efficiency for each variety across 
irrigation strategies and N rates.

Materials and Methods
Experiments were conducted at the Del Monte Foods 

Research Facility in Plover, WI, (44°27¢23² N; 89°32¢38² W) 

during the 2010, 2011, and 2012 growing seasons. The soil type 
was Plainfield loamy sand (mixed, mesic, Typic Udipsamment) 
with 1.0% organic matter and a pH of 6.7. Land used for this 
study has been historically managed in a 3-yr rotation of sweet 
corn (Zea mays L.), potato (Solanum tuberosum L.), and snap bean.

experimental design

The experimental design was a randomized complete 
block, strip-split plot design with four replications (Fig. 1). 
Randomization was restricted at the whole plot level due to 
the fixed nature of irrigation equipment. The size of the experi-
mental field in 2010 was 0.31 ha, and in 2011 and 2012 was 
0.39 ha. The whole plot factor was irrigation management and 
treatments were standard and reduced irrigation. The irrigation 
timing of the standard treatment was managed to avoid any 
drought stress. The timing of the reduced irrigation treatment 
was managed to allow plants to wilt under dry conditions when 
there was no rainfall but not to go past the point of permanent 
wilting. The whole plot was 13 by 61 m in 2010 and 16 by 61 m 
in 2011 and 2012. Irrigation was applied with a linear overhead 
irrigation system equipped with low pressure drop nozzles 
and the amount of irrigation was monitored by Del Monte 
agronomists based on daily field scouting. The strip-plot fac-
tor at the subplot level was snap bean variety and treatments 
included one commercial variety (Huntington) and three or 
four Del Monte varieties. Three varieties were studied in 2010 
(DMC04-88, DMC04-95, and DMC04-02), four varieties 
were studied in 2011 (DMC04-88, DMC04-95, X4699, and 
X5097), and four varieties were studied in 2012 (DMC04-88, 
DMC04-95, X4699, and X5330). Huntington is a publically-
available variety, but the Del Monte varieties are only available 
to farmers who sign contracts to grow for Del Monte. All Del 
Monte varieties were developed under low N conditions, and 
no varieties were inoculated with Rhizobium in this study. 
The size of the strip plot was 13 by 30.5 m in 2010 and 16 by 
30.5 m in 2011 and 2012. The strip-split plot factor at the 
sub-subplot level was N rate and treatment rates were 0, 45, 90, 
and 135 kg ha–1. Strip-split plots were 3.2 by 7.6 m in all 3 yr. 
For the 45, 90, and 135 kg ha–1 rates, 45 kg ha–1 was applied 

Fig.	1.	Field	map	in	2012	showing	the	strip-split	plot	experimental	design	of	this	study.	The	light	gray	area	indicates	standard	irrigation	and	the	
white	area	indicates	reduced	irrigation.	V1	to	V5	represent	the	five	planted	snap	bean	varieties	in	2012	and	N1	to	N4	represents	the	four	N	
rates	(0–135	kg	ha–1).
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at the V1 stage (Schwartz and Langham, 2010) with the 90 
and 135 kg ha–1 rates receiving another 45 kg ha–1 1 wk after 
V1 and the 135 kg ha–1 rate receiving 45 kg ha–1 2 wk after 
V1. The N source was ammonium nitrate and was side-dressed 
10 cm away from the row in a 15 cm band on the soil surface. 
All of the N applications occurred before pod set. For purposes 
of this study, discussion of N rates only refers to the amount 
of N applied post-planting, and does not include N applied as 
starter fertilizer. An application of a 3:1 mix of ammonium 
sulfate and urea as starter (22 kg of N ha–1) plus post-planting 
45 kg N ha–1 reflects the current N fertilizer guidelines on 
sandy soils in central Wisconsin.

agronomic Practices

Snap bean was planted on 22 June 2010, 20 June 2011, and 19 
June 2012 at a seeding rate of 334,000 seeds per hectare. Seeds 
were treated with mefenoxam {(R,S)-2-[2,6-dimethylphenyl)-
methoxyacetylamino]-propionic acid methyl ester} (10.4 mL 
a.i. 100 kg–1), fludioxonil [4-(2,2-difluoro-1,3-benzodioxol-
4-yl)-1H-pyrrole-3-carbonitrile] (5.2 mL a.i. 100 kg–1), and 
thiamethoxam {3-[2-chloro-1,3-thiazol-5-yl)methyl]-5-methyl-
N-nitro-1,35-oxadiazinan-4-imine} (83.5 mL a.i. 100 kg–1) 
before planting. Seeds were not inoculated because (i) previous 
research done by the processor’s Research and Development 
team had indicated that varieties used in this study develop 
good natural nodulation when soil temperatures are above 10°C 
and (ii) there were no yield and quality responses of the variet-
ies when inoculation was conducted. All plots received starter 
fertilizer at a rate of 22 kg N ha–1 plus 88 kg P ha–1 and 88 kg K 
ha–1 band applied 5 cm below and 5 cm to the side of the seed. 
Metolachlor [(RS)-2-chloro-N-(2-ethyl-6-methyl-phenyl)-N-
(1-methoxypropan-2-yl) acetamide] (1.75 L ha–1), trifluralin 
[2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl)aniline] (1.16 L 
ha–1), and glyphosate [N-(phosphonomethyl)glycine] (1.16 L 
ha–1) were applied to the experiment after planting and before 
emergence for weed control. Any weeds that escaped control 
were pulled by hand and discarded. All varieties bloomed 
within 2 d in each year. The first day of blooming was on 25 July 
2010, 24 July 2011, and 23 July 2012 and pod set was observed 
approximately 21 d after bloom in every year. Final harvest was 
conducted by hand on 13 Aug. 2010, 16 Aug. 2011, and 13 Aug. 
2012. During the growing season, maximum and minimum 
air temperature and precipitation was recorded every day in a 
weather station located within 1 km of the field plot location. 
Drought stress was observed and noted when plants showed leaf 
and vine wilting without receiving water from precipitation or 
irrigation for five consecutive days during which daily maximum 
temperatures were at to or above 32°C.

data collection
Nodulation of different varieties was evaluated as either pres-

ent or absent on three randomly selected plants within the two 
guard rows (row 1 and 4) in each strip-split plot for two times 
between the R3 and the R5 stage (Schwartz and Langham, 
2010) in each year. R3 stage occurred after 45 or 46 d after 
planting in each year and R3 to R5 stages lasted for about 7 
to 8 d. At harvest, whole plants (aboveground biomass includ-
ing pods) were collected from 1.5 m within the two inside 
rows (row 2 and 3) in every strip-split-plot to determine yield. 
Pods were removed from the aboveground biomass and were 
weighed separately. Before separation, 10 plant subsamples were 
collected, pods were separated from the aboveground biomass, 
both parts were weighed and then dried at 60°C to determine 
dry matter content. For the same 10 plant subsamples, seeds 
were removed from pods and each part was weighed separately 
to determine fresh seed weight percentage of sieve size 5 (bean 
diameter is between 0.95 cm [but not including] and 1.07 cm) 
of the total fresh pod weight. Seed weight percentage of sieve 
size 5 is an important indicator of snap bean maturity and 
processing quality, and it is commonly recognized by the indus-
try that the best quality occurs when the number is <10.0% by 
weight of pods (Don Caine, personal communication, 2012).

data analysis

Harvest index (HI) was calculated within each plot as the 
harvested pod dry matter yield divided by the total dry matter 
in the aboveground biomass (pods + vegetative biomass). The 
N partial factor productivity (PFP) and agronomic efficiency 
(AE) were calculated within each plot:

PFP = YN/N applied

AE = (YN – Y0)/N applied

where YN and Y0 are pod yield in N application plots and N0 plots.
Analysis of variance were performed using the PROC MIXED 

procedure in SAS (SAS Institute, 2011) to evaluate the significance 
of applied N rate, irrigation, and variety selection on harvested 
pod fresh yields, seed weight percentage of total pod weight, 
harvest index, partial factor productivity, and AE. Fixed effects 
included irrigation, variety selection, N rates, and their two-way 
or three-way interactions. Random effects included replicated 
blocks within a field. Data from different years were separately 
analyzed and presented due to significant interaction between year 
and treatment effects. Means were compared using Fisher’s LSD 
test at a = 0.05. Since yield responses to N rates for varieties with 

Fig.	2.	Daily	maximum	(solid	lines)	and	minimum	(dashed	lines)	temperatures	during	the	snap	bean	growing	season	in	(a)	2010,	(b)	2011,	and	(c)	
2012.	Blooming	date	in	each	year	was	marked	with	an	arrow	symbol.	The	8-d	dry	period	in	2010	and	2012	were	marked	with	horizontal	braces.
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observed nodulation were different in 2012 than 2010 and 2011, 
additional ANOVA was performed only on the nodule-forming 
varieties (DMC04-88, DMC04-95, X4699, X5330).

results
Precipitation, irrigation, and nodulation

The patterns of daily maximum and minimum temperature 
changes, together with the precipitation record, differed over 
years (Fig. 2). An 8-d dry period occurred right after blossom 
on 25 July 2010 in the field with reduced irrigation (Fig. 2a). 
Similarly, the same field in 2012 had a noticeable 8-d dry period 
with daily maximum temperature consistently greater than 32°C 
and almost no rainfall, and this period occurred 2 wk before 
blossom on 23 July 2012 (Fig. 2c).

The 2010 growing season had overall precipitation of 
45 cm from planting until harvest (Fig. 3a). In 2011, 34 cm 
of precipitation occurred from planting to harvest (Fig. 3d). 
Comparatively, 2012 was a drier year, receiving only 14 cm of 
rainfall during the entire growing season (Fig. 3g). Plants under 
standard irrigation received 3, 6, and 18 cm of irrigation water in 
2010, 2011, and 2012, respectively (Fig. 3b, 3e, and 3h). Plants in 
field with reduced irrigation received 1, 3, and 14 cm of irrigation 
water in 2010, 2011, and 2012, separately (Fig. 3c, 3f, and 3i). 
Snap bean under standard irrigation never displayed signs of soil 
moisture stress, indicated by plant wilting, during weekly scout-
ing through the whole growing season. The field with reduced 
irrigation sporadically showed signs of mild drought stress due to 
hot and dry weather conditions but no permanent or fatal plant 
wilting or senescence was observed.

During scouting that occurred between the R3 and R5 growth 
stages in each year, no nodules were observed on the Huntington 
variety across N rates. All other varieties formed nodules under all 
N rates, and each sampled plant had at least 10 nodules.

Pod Yield

Pod yield from the standard irrigation treatment was 15 
and 9% greater than reduced irrigation treatment in 2010 and 
2012 respectively, however, the yield difference between the 

Fig.	3.	(a,	d,	g)	Precipitation	and	(b,	e,	h)	irrigation	records	(cm)	of	standard	irrigation	treatment	and	(c,	f,	i)	reduced	irrigation	treatment	in	(a,	b,	
c)	2010,	(d,	e,	f)	2011,	and	(g,	h,	i)	2012.	Blooming	date	of	the	snap	bean	varieties	in	each	year	was	marked	with	an	arrow	symbol.

Table	1.	Pod	yield	(Mg	ha–1)	and	ANOVA	results	of	different	
snap	bean	varieties.

Treatments 2010 2011 2012
–––––––––––––		Mg	ha–1 –––––––––––––

Irrigation	(I)
			Standard 22.9A† 17.9A 29.5A
			Reduced 20.0B 17.7A 27.1B
Variety	(V)
			Huntington 18.2C 17.0BC 27.3BC
			DMC04-88 22.3AB 16.2C 28.8AB
			DMC04-95 23.6A 21.3A 31.1A
			DMC04-02 21.7B
			X4699 16.2C 28.6B
			X5097 18.4B
			X5330 25.9C
N	Rate	(N)	kg	ha–1

			0 18.0C 13.2C 25.5C
			45 20.4B 16.3B 27.7B
			90 23.1A 20.4A 30.2A
			135 24.3A 21.3A 30.0A

ANOVA
––––––––––––––––  P	>	F –––––––––––––––

Source	of	variation
			I 0.011 0.615 0.018
			V <0.001 <0.001 <0.001
			I×V 0.963 0.818 0.111
   N <0.001 <0.001 <0.001
			I×N 0.685 0.055 0.437
			V×N <0.001 <0.001 0.003
			I×V×N 0.024 0.491 0.455
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	
letter	are	not	significantly	different	(a	=	0.05).
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two irrigation treatments was not significant in 2011 (Table 
1). The 90 kg ha–1 N rate out-yielded 0 and 45 kg ha–1, but not 
135 kg ha–1, consistently across irrigation practices, all variet-
ies and years (Table 1). In all 3 yr, DMC04-95 exhibited the 
highest yield among other varieties, and DMC04-88 was the 
second highest in 2010 and 2012. Huntington had the lowest 
yield in 2010, but its yields were not significantly different from 
DMC04-88 and X4699 in 2011 and X5330 in 2012 (Table 1).

In all 3 yr, yields were affected by the interaction between 
variety and N rate (Tables 1 and 2). In 2010 there was a three-
way interaction between the main effects (Table 1), which was 
likely the result of the different yield responses of DMC04-95 
to 135 kg N ha–1 rate between the two irrigation treatments 
(Table 2). In 2012, the significant two-way interaction between 
variety and N rates should be due to significant yield increase 
of Huntington from 0 to 45 kg N ha–1 (Tables 1 and 2). The 
influences of N application rate on yield varied by variety and 
year. For Huntington, the statistically greatest yield was from 
90 kg ha–1 in 2010 and 2011, and from 45 kg ha–1 in 2012 (Table 
2). For varieties that nodulated, in 2010 and 2011 the statistically 
greatest yield was most often from 90 kg ha–1 (Table 2), although 
in 2012 no statistical increases above 0 kg ha–1 were determined 
when each variety was evaluated separately. However, consider-
ing the significant two-way interaction between variety and 

N rates in 2012 (Table 1), and Huntington’s significant yield 
increase from 0 to 45 kg N ha–1 (Table 2), additional ANOVA 
was conducted only on nodulating varieties (DMC04-88, 
DMC04-95, X4699, X5330). This analysis showed that the 
greatest yield was from 90 hg ha–1, and the variety × N rates 
interaction was not significant (Table 3). The yields at the 0 kg 
N ha–1 rate were quite variable across varieties (Table 2). For 
example, Huntington on average yielded 30 to 50% less than 
DMC04-88 and DMC04-95 through all 3 yr (Table 2).

Pod Quality

Seed weight of sieve size 5 was not influenced by irrigation 
treatments in any of the 3 yr (Table 4). In 2010, there was a 
significant interaction between variety and N fertilizer rates. 
DMC04-88, DMC04-95, and DMC04-02 had a negative 
response in the percentage to increased N application rates 
except that of DMC04-95 at 135 kg N ha–1, while Huntington 
responded positively when N rate was elevated from 45 to 
90 kg ha–1 (Fig. 4). In 2010 DMC04-88 had the greatest value, 
indicating the poorest processing quality, compared with those 
of other varieties at 0, 45, and 90 kg N ha–1 (Fig. 4). No inter-
actions between the main effects occurred in 2011 and 2012 
(Table 4) and Huntington had the lowest value in both years 
(Table 4). The N rate of 135 kg ha–1 had lower percentage than 

Table	2.	Pod	yield	(Mg	ha–1)	of	each	snap	bean	variety	under	different	N	application	rates	(kg	ha–1)	for	each	irrigation	treatment	(2010)	or	
across	irrigation	treatments	(2011	and	2012).

Variety
N	Rate,	kg	ha–1

0 45 90 135
––––––––––––––––––––––––––––––––––––––––––––	Mg	ha–1	––––––––––––––––––––––––––––––––––––––––––––

2010	(Standard	irrigation)
Huntington 11.4C† 17.8B 23.2AB 25.9A
DMC04-88 19.9B 23.7AB 24.5AB 26.7A
DMC04-95 23.4B 24.9AB 25.2AB 26.1A
DMC04-02 21.5B 21.7B 25.4A 24.8A
LSD	(0.05)‡ 8.4 5.9 ns§ ns

2010	(Reduced	irrigation)
Huntington 10.7B 14.5B 20.5A 21.4A
DMC04-88 19.3B 19.7B 20.6AB 23.8A
DMC04-95 19.6B 22.3AB 25.8A 21.4AB
DMC04-02 18.0B 18.9AB 19.6A 24.0A
LSD	(0.05) 7.4 7.8 6.2 ns

2011
Huntington 10.5C 15.5B 20.3A 21.8A
DMC04-88 12.2C 16.2AB 18.2A 18.1A
DMC04-95 16.3B 18.9B 23.5A 26.4A
X4699 13.0C 14.6BC 18.0AB 19.3A
X5097 14.4B 16.5B 22.0A 20.9A
LSD	(0.05) 4.2 4.3 4.0 3.7

2012
Huntington 20.3B 27.6A 29.6A 31.8A
DMC04-88 26.5A 28.9A 30.4A 29.5A
DMC04-95 29.9A 29.7A 33.4A 31.3A
X4699 26.8A 26.2A 31.4A 29.8A
X5330 24.00A 25.9A 26.5A 27.4A
LSD	(0.05) 6.1 ns 6.9 ns
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	letter	are	not	significantly	different	(a		=	0.05).
‡	LSD:	least	significant	difference	values	across	varieties	within	each	N	rate	and	year.
§ ns:	nonsignificant	at	the	a	=	0.05	significance	level.
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0 kg ha–1 in 2011 and 0 and 45 kg ha–1 in 2012 (Table 4). It is 
noted that in 2010, except for Huntington, all the other variet-
ies under each N application rate consistently displayed seed 
weight percentage with sieve size 5 higher than 10.0%, sug-
gesting reduced pod processing quality, while in 2012, all the 
values were lower than 10.0%, indicating that pod processing 
quality in this year was better than in 2010 (Table 4).

harvest index

The HI of each variety varied across the 3 yr (Table 5). For 
example, the value of DMC04-95 in 2010 was above 0.45 
but it was only 0.25 in 2011 and 0.38 in 2012 (Table 5). The 
DMC04-95 variety had the greatest HI value compared to 
other varieties in 2010 and 2012, although DMC04-88 had 
a statistically similar HI in 2010. No differences in HI were 
observed among varieties in 2011. The HI of the Huntington 
was typically the lowest across years (Table 5). Similarly, no 
difference between 0 and 45 kg ha–1 of N was observed on HI. 
The effects of N rate on snap bean HI varied across years: 90 
and 135 kg ha–1 of N increased the HI over zero N in 2011 and 
only 135 kg ha–1 of N was greater than zero N in 2012 (Table 5).

Harvest index was impacted by the interaction between 
variety and N application rate across years (Table 5). Effects of 
supplemental N fertilizer on increasing HI were only apparent 
in Huntington (Fig. 5). Responses of other varieties to dif-
ferent N application rates were variable in different years, but 
there were no significant differences between effects of 0 and 
45 kg ha–1 N rates (Fig. 5).

Partial factor Productivity and 
Agronomic Efficiency

The PFP decreased as N rate increased in all 3 yr and was 
greater with standard irrigation compared to non-irrigated in 
2010 and 2012 (Table 6). The DMC04-95 had the greatest PFP 
of all varieties in all years, which was significantly greater than 
Huntington and DMC04-02 in 2010, Huntington, DMC04-
88, X4699, X5097 in 2011, and X5330 in 2012 (Table 6). 
There was a significant effect interaction between variety and 
N rate, but only in 1 yr (2010, Table 6).

The AE was affected only by variety selection in 2010 and by 
interaction between variety selection and N application rates in 

2011 and 2012 (Table 7). Influences of different N application 
rates on AE of different varieties varied across years (Table 7). 
Huntington showed the highest AE, higher than 100 kg kg–1, 
at all three N rates under both irrigation treatments (Table 
7). In comparison, X4699 in 2011 and 2012 as well as DMC 
04-95 in 2012 showed lower AE values (Table 7).

discussion
Nodulating varieties (the Del Monte varieties used in this 

study) consistently outyielded non-nodulating Huntington and 
the differences were the most pronounced under zero or low 
N (45 kg ha–1) conditions. In addition, yields of the varieties 
on which nodules were present were much greater than yields 
reported in previous snap bean studies (e.g., Quintana et al., 
1999; Phillips et al., 2002), all of which were <15 Mg ha–1. 
Our results indicate that snap bean varieties that are selected 
under low N conditions allow nodulation even without seed 
inoculation and have increased the yield potential of this crop. 
However, there was a lack of consistency in all the agronomic 
parameters from year to year in this study, making it clear that 
yield goals and economic productivity will be difficult to pre-
dict for snap bean production on sandy soils.

Snap bean varieties studied here displayed different capaci-
ties to develop N-fixing symbiosis. The low pod yield, poor seed 
qualities, low HI of Huntington at 0 N rate, as well as its high 
AE (higher than 100 kg kg–1) and significant yield response 

Table	3.	2012	pod	yield	(Mg	ha–1)	and	ANOVA	results	under	dif-
ferent	N	application	rates	(kg	ha–1)	of	snap	bean	varieties	that	
have	observed	nodulation	(DMC04-88,	DMC04-95,	X4699,	and	
X5330).	Data	averaged	across	irrigation	treatments.

Treatments 2012
Mg	ha–1 

N	Rate	(N)	kg	ha–1

			0 26.8C†
			45 27.7BC
			90 30.4A
			135 29.5AB

ANOVA
P	>	F 

Source	of	variation
			V <0.001
   N <0.001
			V×N 0.680
†	Means	followed	by	the	same	letter	are	not	significantly	different	(a	=	0.05).

Table	4.	Seed	weight	percentage	(%)	of	total	pod	weight	and	
ANOVA	results	of	different	snap	bean	varieties.

Treatments 2010 2011 2012
––––––––––––––		%	––––––––––––––

Irrigation	(I)
			Standard 12.9A† 8.5A 6.4A
			Reduced 12.0A 7.5A 5.3B
Variety	(V)
			Huntington 7.2D 4.8C 4.6C
			DMC04-88 16.6A 7.5B 5.5BC
			DMC04-95 14.9B 8.2B 6.5A
			DMC04-02 11.1C
			X4699 7.2B 6.8A
			X5097 12.5A
			X5330 5.9AB
N	Rate	(N)	kg	ha–1

			0 13.2A 7.3B 6.1A
			45 12.6AB 8.0AB 6.2A
			90 12.0B 7.9AB 5.8AB
			135 12.1B 9.0A 5.2B

ANOVA
––––––––––––– P	>	F –––––––––––––

Source	of	variation
			I 0.090 0.041 0.001
			V <0.001 <0.001 <0.001
			I×V 0.011 0.745 0.346
   N 0.005 0.082 0.105
			I×N 0.560 0.778 0.779
			V×N 0.002 0.991 0.349
			I×V×N 0.437 0.561 0.524
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	
letter	are	not	significantly	different	(a	=	0.05).
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Fig.	4.	Seed	weight	percentage	of	different	snap	bean	varieties	(diamond	for	Huntington,	box	for	DMC04-88,	circle	for	DMC04-95,	and	triangle	
for	DMC04-02)	at	different	N	application	rates	in	2010.	Data	were	combined	across	irrigation	treatments.	Error	bars	indicated	the	standard	
errors	for	eight	replications	under	each	combination	of	treatments.

Table	5.	Harvest	index	and	ANOVA	results	of	different	snap	
bean	varieties.

Treatments 2010 2011 2012
Irrigation	(I)
			Standard 0.368A† 0.229A 0.314A
			Reduced 0.366A 0.213A 0.306A
Variety	(V)
			Huntington 0.274C 0.196A 0.258C
			DMC04-88 0.425A 0.214A 0.316B
			DMC04-95 0.447A 0.250A 0.376A
			DMC04-02 0.323B
			X4699 0.215A 0.319B
			X5097 0.230A
			X5330 0.282BC
N	Rate	(N)	kg	ha–1

			0 0.354A 0.190B 0.293B
			45 0.362A 0.208AB 0.312AB
			90 0.372A 0.247A 0.307AB
			135 0.381A 0.239A 0.329A

ANOVA
––––––––––––––––– P	>	F –––––––––––––––––

Source	of	variation
			I 0.815 0.308 0.451
			V <0.001 0.138 <0.001
			I×V 0.512 0.511 0.773
   N 0.225 0.001 0.004
			I×N 0.054 0.296 0.139
			V×N 0.002 0.050 0.026
			I×V×N 0.142 0.768 0.250
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	
letter	are	not	significantly	different	(a=	0.05).

Table	6.	Partial	factor	activity	(kg	kg–1)	and	ANOVA	results	of	
different	snap	bean	varieties.

Treatments 2010 2011 2012
––––––––––––––		kg	kg–1 ––––––––––––––

Irrigation	(I)
			Standard 320A† 250A 412A
			Reduced 277B 250A 374B
Variety	(V)
			Huntington 260C 245BC 394AB
			DMC04-88 308AB 233BC 402A
			DMC04-95 330A 294A 423A
			DMC04-02 295B
			X4699 256B 386AB
			X5097 222C
			X5330 359B
N	Rate	(N)	kg	ha–1

			0
			45 457A 365A 618A
			90 258B 227B 338B
			135 181C 158C 223C

ANOVA
––––––––––––––––  P	>	F ––––––––––––––––

Source	of	variation
			I 0.015 0.992 0.024
			V <0.001 <0.001 0.003
			I×V 0.802 0.960 0.352
   N <0.001 <0.001 <0.001
			I×N 0.023 0.239 0.123
			V×N <0.001 0.133 0.339
			I×V×N 0.584 0.578 0.177
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	
letter	are	not	significantly	different	(a	=	0.05).
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from 0 to 45 kg ha–1 N application in all 3 yr (Tables 2 and 
7, Fig. 4 and 5) were the result of its inability to form nodules 
for biological N-fixation symbiosis. In comparison, varieties 
that formed nodules showed higher yield, quality, and HI at 
0 kg N ha–1, as well as nonsignificant yield response from 0 to 
45 kg ha–1 N fertilizer (Table 2, Fig. 4 and 5). These results sug-
gest N fixation of the nodulating varieties may be equivalent in 
terms of yield response to a low N application rate (45 kg ha–1). 
Ham et al. (1975) and Israel and Burton (1997) found similar 
results with soybean, reporting that response to N fertilizer 
was greater in the non-nodulated soybean breeding lines than 
the nodulated breeding lines.

For varieties that nodulated in this study, our results showed 
that 112 kg ha–1 (90 kg N ha–1 plus 22 kg N ha–1 as starter fertil-
izer) was the N rate that most often achieved the greatest yields. 
Salvagiotti et al. (2008) summarized data showing that in high-
yielding environments with no visually apparent constraints, 

soybean yield responded to applied N because the increased 
sink size and N requirement of a high-yielding soybean crop 
surpassed the N supply naturally available from biological N 
fixation. The significantly greater yield of DMC04-88, DMC04-
95, X4699, and X5097 at 90 or 135 kg N ha–1 compared to at 0 
N in all 3 yr could suggest that although biological N fixation is 
the lowest cost source of N, the actual yield response of a legume 
crop to N fertilizer application depends on the yield potential 
of the production environment and any constraints that could 
reduce associated N demand. Therefore, the question of how the 
biological N fixation system can be managed to achieve full yield 
potential with optimal supplemental N input will be critical to 
the economic and environmental sustainability of snap bean 
production in the future.

Application of supplemental N fertilizer appears to be an 
economically viable management practice in comparison to 
merely relying on biological N fixation. For example, in 2011 
the yield increase for DMC04-88 from 45 to 90 kg N ha–1 was 
2.05 Mg ha–1, but not significant at a = 0.05, while the yield 
increase for DMC04-95 was 4.61 Mg ha–1 (which was sig-
nificant at α = 0.05). The average price for N fertilizer in 2011 
was US$0.61 kg–1 (USDA, NASS, 2012), and 45 kg ha–1 of N 
fertilizer cost $27 ha–1. The average price for processing snap 
bean in Wisconsin was $0.27 kg–1 (USDA, NASS, 2012), and 
thus yield increases of 2.05 and 4.61 Mg ha–1 could be valued 
$554 ha–1 and $1245 ha–1, respectively. This demonstrates 

Fig.	5.	Harvest	index	of	different	snap	bean	varieties	at	different	
N	application	rates	in	(a)	2010,	(b)	2011,	and	(c)	2012.	Data	were	
combined	across	irrigation	treatments	in	each	year.	Error	bars	
indicated	the	standard	errors	for	eight	replications	under	each	
combination	of	treatments.

Table	7.	Agronomic	efficiency	(kg	kg–1)	and	ANOVA	results	of	
different	snap	bean	varieties.

Treatments 2010 2011 2012
––––––––––––––	kg	kg–1 ––––––––––––––

Irrigation	(I)
			Standard 59.3A† 71.1A 54.7A
			Reduced 46.4A 66.7A 33.0A
Variety	(V)
			Huntington 110A 102A 117A
			DMC04-88 40.4B 67.3B 39.6B
			DMC04-95 35.6B 71.9AB 15.5B
			DMC04-02 25.6B
			X4699 43.0B 15.6B
			X5097 60.2B
			X5330 31.7B
N	Rate	(N)	kg	ha–1

			0
			45 54.6A 68.3AB 48.1A
			90 57.2A 79.1A 52.8A
			135 46.8A 59.2B 30.6A

ANOVA
––––––––––––––– P	>	F –––––––––––––––

Source	of	variation
			I 0.301 0.588 0.244
			V <0.001 0.001 0.001
			I×V 0.009 0.170 0.587
   N 0.443 0.026 0.055
			I×N 0.646 0.266 0.229
			V×N 0.291 0.076 0.005
			I×V×N 0.226 0.983 0.796
†	Within	each	treatment	factor	and	year,	means	followed	by	the	same	
letter	are	not	significantly	different	(a	=	0.05).
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that if everything else stays the same, applying 45 kg of supple-
mental N fertilizer per hectare can bring about net profits of 
$526 ha–1 for DMC04-88 and $1217 ha–1 for DMC04-95 to 
the growers. Therefore, relatively small yield increases (smaller 
than our ability to determine if they were significant increases) 
have high economic returns. The AE was mathematically the 
greatest with 90 kg ha–1 compared to both 45 and 135 kg ha–1 
across varieties (Table 7). Combined, the AE and economic cal-
culations suggest both an agronomic and economic benefit to 
applying an additional 45 kg ha–1 of N. However, the ultimate 
fate of this extra N applied on sandy soils (e.g., how much N 
was leached or how much suppression of N fixation occurred) 
has not been quantified.

The only trade-off that needs to be considered with reduced 
water use in snap bean production is economic loss due to lower 
yields. In this study, reduced irrigation resulted in decreased 
pod yields in 2 of 3 yr (Table 1), but did not affect pod quality 
in any given year (Table 4). In 2011, yield was not significantly 
penalized by reduced irrigation and 108,000 L of water was 
saved (data not shown). Reduced irrigation has been widely 
investigated as an alternative strategy for making more sustain-
able use of irrigation water as well as achieving optimization of 
labor, energy, and land use efficiency in multiple crops (Payero 
et al., 2005; Geerts and Raes, 2009), this is of special impor-
tance to the central sands region of Wisconsin and other places 
where irrigated agricultural practices have been implicated in 
decreased ground water tables. The work of Karam et al. (2005) 
and Sincik et al. (2008) have shown that soybean is amenable 
to reduced irrigation without significant yield decline if there 
is no water stress occurring during the pod-filling stage. Those 
findings could also apply to snap bean crops because they are 
both among the most important members of the Phaseoleae 
legume crops (McClean et al., 2010). Therefore, reduced irriga-
tion has potential for best management practices of snap bean, 
but recommendations must be developed to provide specific 
approaches, stages of crop growth, and climatic conditions to 
minimize risk for reduced yields and related consequences.

Water stress right after plant blooming has a larger negative 
impact on final pod yield than stress before blooming. The soil 
moisture stress in 2010 occurred right after the plant started to 
blossom, but the stress in 2012 was 2 wk before blossom (Fig. 
2 and 3). The timing of the drought periods resulted in a dif-
ference in pod yield and quality in these 2 yr: higher yield and 
better pod quality in 2012 whereas lower yield and poorer pod 
quality in 2010 (Tables 1 and 4). Korte et al. (1983) showed 
that an occurrence of drought stress during early reproductive 
growth may increase flower and pod abortion, thus decreasing 
pod yield. Likewise, other legume crops specifically soybean are 
also most sensitive to water stress during the pod-filling period 
(Momen et al., 1979; Cox and Jolliff, 1986). Consequently, as 
long as the plants received the amount of water that they need 
during early reproductive period, a short-term soil moisture 
stress during vegetative growth may not cause substantial yield 
and quality loss. Future study needs to be conducted to inves-
tigate if more frequent irrigation with lesser amounts at each 
application is necessary to achieve optimal yields on sandy soils.

conclusions
Yield, pod quality, and other agronomic parameters of snap 

bean varieties that nodulated were greater than the variety that 
did not nodulate. Reduced irrigation, with no drought stress 
occurring during snap bean pod set stages, will not substantially 
impact yield and other agronomic parameters. Overall, optimal 
agronomic production of high-yielding irrigated snap bean on 
sandy soils requires 112 kg ha–1 of N (90 kg ha–1 in-season plus 
22 kg ha–1 starter). Although bred under N limiting conditions, 
nodulation of high-yielding snap bean varieties cannot fully 
support the entire demand of N to achieve maximal yield, thus 
increasing the liklihood that supplemental N will be needed. The 
ultimate fate of the applied N and its direct effects on N fixa-
tion was not investigated in this study and remains unknown. 
While 112 kg ha–1 of N allows growers to produce economically 
optimum yields, alternative N management practices, in concert 
with continued development of new varieties with enhanced 
nodulation are required to limit the effect of irrigated snap bean 
production on groundwater quality.
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