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Soybean aphid growth rate and discrete daily increase rate were 
consistent for the two seasons (Table 1), resulting in population dou-
bling time of 9.64 d and 9.13 d, in 2011 and 2013, respectively. Peak 
aphid numbers in 2013 (Fig. 1b) were generally lower than 2011 (Fig. 
1a), however, aphid infestation was prolonged in 2013 (Fig. 2a and b). 
In 2011, the targeted CAD treatments of 0, 3,000, 8,000, and 13,000 

Fig. 1. Mean aphid number for KS4202 during the weekly evaluations in the grow-
ing season of 2011 (a) and 2013 (b) in each respective target CAD treatment.
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had an actual CAD mean of 163 ± 13; 4,354 ± 405; 8,313 ± 506; and 
13,776 ± 1,044, respectively. The actual CAD means in 2013 for the 
treatments of 0, 5,000, 13,000, and 22,000 CAD were 542 ± 62; 5,458 
± 330; 12,138 ± 234; and 22,303 ± 2,779. In untreated plots, CAD 
reached 44,959 ± 4,148 in 2011 and 38,174 ± 4,790 in 2013.

Fig. 2. CAD in the target treatments in 2011(a) and (b) 2013.
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KS4202 Yield Response to Soybean Aphids

There were no differences in total yield among 0 (control), 3,000, 
8,000, and 13,000 CAD treatments in 2011. However, untreated plots 
had a yield reduction of 13.33%, which was statistically different 
from the remaining treatments (Table 2). A similar pattern occurred 
in 2013, although there was not a significant difference in total yield 
among the treatments, even when soybean aphids were allowed to 
colonize the field throughout the season (Table 2). In the untreated 
plots, yield was reduced by 12.60% when compared to 0 CAD treat-
ments (P = 0.06), which is also consistent with the data from the pre-
vious season.

Yield parameters were also evaluated. In 2011, total pod weight, to-
tal seed weight, and total plant biomass for CAD treatments of 3,000, 
8,000, and 13,000 treatments were not statistically different from the 
0 CAD (control) treatment (Table 3). However, there was a signif-
icant reduction in those parameters when compared to untreated 
plots, where CAD levels were near 45,000. Although plants from 3,000 

Table 2. Estimated yield (ton/ha) for KS4202 under different CAD treatments in 2011 and 
2013

Treatment  CAD ± SEM  Yield ± SE  Yield reduction (%)a 

2011 
 0 CAD  163 ± 13  2.85 ± 0.10 a  — 
 3,000 CAD  4,354 ± 405.2  2.85 ± 0.00 a  0 
 8,000 CAD  8,313 ± 506.9  2.81 ± 0.04 a  1.40 
 13,000 CAD  13,776 ± 1,044  2.76 ± 0.06 a  3.15 
 Untreated  44,958 ± 4,148  2.47 ± 0.03 b  13.33 
2013 
 0 CAD  542 ± 62  3.49 ± 0.09 a  — 
 5,000 CAD  5,458 ± 330  3.43 ± 0.10 a  1.72 
 13,000 CAD  12,138 ± 234  3.29 ± 0.18 a  5.73 
 22,000 CAD  22,303 ± 2,779  3.21 ± 0.15 a  8.02 
 Untreated  38,174 ± 4,790  3.05 ± 0.20 a  12.60 

Means within the same column followed by the same letter are not statistically different  
(P > 0.05), LSD test.

a. Yield reduction (%) relative to aphid-free (control) plots for each growing season.
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CAD and untreated treatments had significantly fewer pods than the 
0 CAD treatment, no differences were observed when comparing 0 
CAD with 8,000 and 13,000 CAD treatments (Table 3). Untreated (P = 
0.01) and 3,000 CAD (P = 0.08) treatments also had fewer seeds than 
0 CAD treatment. Furthermore, the single seed weight for the 8,000 
and 13,000 CAD treatments did not differ from 0 CAD treatment, but 
the untreated treatment produced smaller seeds than 0 CAD treat-
ment (P = 0.01). Seeds from 3,000 CAD plots were approximately 8% 
heavier than seeds from control plot (Table 3), indicating that plants 
exposed to this treatment may be compensating for a reduction in 
seed number by producing heavier seeds and thus no differences 
were observed in total yield (Table 2).

Total biomass, number of pods, pod weight, number of seeds and 
total seed weight were not significantly different among any of the 
treatments in 2013 (Table 4), although single seed weight for un-
treated plots (CAD ~38,000) was significantly lower than 0, 5,000, 
13,000, and 22,000 CAD treatments.

Table 3. Mean ± SEM of yield parameters of KS4202 under different CAD treatments har-
vested in 2011

Treatment  Total biomass/plant (g)  No. of pods/plant  Total pod weight/plant (g) 

0 CAD  18.87 ± 1.52 a  38.10 ± 3.95 a  11.95 ± 0.97 a 
3,000 CAD  17.40 ± 0.95 a  32.78 ± 1.55 bc  11.21 ± 0.70 a 
8,000 CAD  18.84 ± 0.80 a  37.48 ± 2.01 a  11.92 ± 0.56 a 
13,000 CAD  17.62 ± 0.52 a  35.70 ± 1.91 ab  11.37 ± 0.39 a 
Untreated  14.76 ± 0.51 b  30.98 ± 0.94 c  9.11 ± 0.31 b 

Treatment  No. of seeds/plant  Total seed weight/plant (g)  Single seed weight (g) 

0 CAD  74.38 ± 6.59 a  8.34 ± 0.60 a  0.113 ± 0.002 b 
3,000 CAD  65.93 ± 3.97 ab  7.95 ± 0.51 a  0.121 ± 0.001 a 
8,000 CAD  74.28 ± 3.63 a  8.38 ± 0.35 a  0.113 ± 0.003 b 
13,000 CAD  71.18 ± 3.58 a  7.98 ± 0.26 a  0.113 ± 0.003 b 
Untreated  58.68 ± 0.84 b  6.29 ± 0.25 b  0.107 ± 0.003 c 

Means within the same column followed by the same letter are not statistically different  
(P > 0.05), LSD test.
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KS4202 tolerance to soybean aphids was initially documented in 
greenhouse studies (Pierson et al. 2010, Marchi-Werle et al. 2017). 
Pierson et al. (2010) examined tolerance in the reproductive stages of 
KS4202, and found no impact on the average seed weight or number 
of seeds per pod in the presence of soybean aphids. Marchi-Werle et 
al. (2017) also reported KS4202 tolerance in the early vegetative and 
reproductive stages, where most of the yield parameters for plants 
infested during the V3 and R1 stages were unaffected at 1,000 or 
2,000 aphids per plant (corresponding range of 4,000–8,500 CAD). In 
field trials, Prochaska et al. (2013) corroborated the presence of tol-
erance in KS4202. Their research included multiple field seasons, and 
found that KS4202 tolerated soybean aphid feeding without the ex-
pected severe impact on yield. Moreover, KS4202 tolerance to silver-
leaf whitefly (Bemisia tabaci Genn.) feeding has been reported in Bra-
zil (Cruz et al. 2016).

To standardize the yield data from both years and permit a direct 
statistical comparison, the proportion of maximum yield (relatively to 
0 CAD treatment) was calculated (Fig. 3). An F-test indicated there 
was no significant difference in the proportion of maximum yield by 

Table 4. Mean ± SEM of yield parameters of KS4202 under different CAD treatments har-
vested in 2013

Treatment  Total biomass/plant (g)  No. of pods/plant  Total pod weight/plant (g) 

0 CAD  31.52 ± 3.41 a  53.50 ± 5.31 a  25.18 ± 2.88 a 
5,000 CAD  33.46 ± 2.90 a  56.70 ± 5.15 a  27.15 ± 2.52 a 
13,000 CAD  32.79 ± 3.46 a  56.25 ± 6.10 a  26.37 ± 3.04 a 
22,000 CAD  34.78 ± 4.43 a  59.08 ± 7.34 a  28.07 ± 3.91 a 
Untreated  32.87 ± 3.63 a  61.93 ± 6.53 a  26.61 ± 3.23 a 

Treatment  No. of seeds/plant  Total seed weight/plant (g)  Single seed weight (g) 

0 CAD  111.69 ± 11.75 a  19.54 ± 2.23 a  0.173 ± 0.005 a 
5,000 CAD  121.03 ± 11.49 a  21.05 ± 1.93 a  0.175 ± 0.005 a 
13,000 CAD  118.90 ± 13.30 a  20.46 ± 2.33 a  0.173 ± 0.004 a 
22,000 CAD  126.13 ± 16.61 a  21.79 ± 2.98 a  0.173 ± 0.005 a 
Untreated  127.95 ± 14.55 a  20.28 ± 2.47 a  0.158 ± 0.005 b 

Means within the same column followed by the same letter are not statistically different  
(P > 0.05), LSD test.
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CAD across seasons (P = 0.39), so 2011 and 2013 were included in one 
model. An inverse relationship between CAD and yield was detected 
(Fig. 3; F = 23.91; df = 1, 38; R2 = 0.37; P < 0.0001). The intercept of the 
equation y = −3.102E−6x + 1.001 passes through 100% of the propor-
tion maximum yield (Fig. 3); this indicates that linear regression was 
adequate to explain the relationship between yield loss-CAD. No ev-
idence of feeding by bean leaf beetle, Cerotoma trifurcata (Forster), 
or injury caused by other pests or diseases was observed, indicating 
that yield losses observed were caused by soybean aphid feeding.

The CAD treatment over two growing seasons in this study varied 
from 3,000 to 44,000. A visual comparison between CAD and propor-
tion of maximum yield from Ragsdale et al. (2007) multi-state study 
and this research is provided on Fig. 4. Ragsdale et al. (2007) calcu-
lated that soybean yield is reduced by 6.88% for every 10,000 aphid-
days accumulated for soybean aphid susceptible soybeans. In con-
trast, the slope of the regression obtained for KS4202 was −3.102 
× 10−6, indicating that yield was reduced by 3.10% (95% CI of 1.82–
4.38%) for every 10,000 aphid-days accumulated (Fig. 4), so yield loss 
in KS4202 is approximately 45% of the yield loss of the susceptible 
soybean varieties used in the Ragsdale et al. (2007) multi-state study.

Fig. 3. Percentage of maximum yield comparing aphid-free (control) plots with the 
target CAD treatments in 2011 and 2013 seasons. F = 23.91; df = 1, 38; P < 0.0001.
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Economic Injury Levels

The EILs calculated ranged from 526 to 2,050 aphids per plant (CAD 
= 8,580 to 16,898), averaging 1,177 aphids per plant (CAD = 9,699) 
(Table 5). Considering a generalized commodity price of $202.09/ton 
used by Ragsdale et al. (2007) and the control cost of $16.41/ha, the 
EIL for KS4202 is 1,041 per plant (Table 5), when under the same pa-
rameters is at most 684 aphids per plant in the aforementioned study.

The establishment of an ET prevents pest populations from reach-
ing the EIL (Pedigo et al. 1986). The ETs presented in the Ragsdale et 
al. (2007) multi-state study are based on the mean rate of soybean 
aphid population growth (r = 0.127), and provide a lead-time of 3–7 d 
to arrange curative action (i.e., apply insecticide). The soybean aphid 
growth rate is this study (Table 1; r = 0.074 and DT = 9.38) was lower 
than the multi-state average (r = 0.127 and DT = 6.8), but within the 
range reported by Ragsdale et al. (2007). Lead-time is particularly im-
portant with respect to soybean aphid because of the soybean aphid 
rapid population growth potential. Soybean aphid populations cannot 
only reach the EIL in a relatively short time, but also increase well be-
yond the EIL to levels that frequently result in yield losses >20%. How-
ever, even with a recommended lead-time of 7 d (Ragsdale et al. 2007, 
Hodgson et al. 2012), this can pose significant problems for farmers, 
where weather and scheduling delays, or even late decision-making 

Fig. 4. Comparisons of simple regressions of proportion of maximum 
yield (ton/ha) and CAD of soybean KS4202 and multi-state study by Rags-
dale et al. (2007).
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(i.e., initiating scouting after populations reach the ET) can result in 
treatment well after populations reach and exceed the EIL.

The higher EILs of soybean aphid tolerant varieties, such as KS4202, 
can help mitigate treatment delay problems by lengthening the treat-
ment lead-time. For example, the mean ET for soybean aphid from 
Ragsdale et al. (2007) is 273 aphids per plant with a corresponding 
mean EIL of 674 aphids per plant. The lead-time for aphid populations 
to increase from 273 aphids per plant to 674 aphids per plant is 7 d. 
For the soybean aphid tolerant KS4202, a corresponding lead-time 
would be on average 11 d. The time interval between scouting and 
employment of control strategies is of importance especially when 
dealing with pests of rapid growth rates and high economic impact. 
While most management tactics are employed within 7 d of determin-
ing the need, difficulties such as inclement weather, equipment mal-
function, or scheduling difficulties can delay insecticide application 

Table 5. EILs for soybean aphids on tolerant KS4202 soybean

Soybean market  Control cost  EIL: CAD                         EIL: aphids per planta 
price ($/ton)b  ($/ha)c    Growth rate = 0.074  Growth rate = 0.127 
   (Nebraska)  (Multi-state) 

202.09  16.41  8,580  612  1,041 
  24.51  12,656  902  1,536 
  32.94  16,898  1,205  2,050 
220.46  16.41  7,892  563  958 
  24.51  11,628  829  1,411 
  32.94  15,517  1,106  1,883 
238.83  16.41  7,310  522  887 
  24.51  10,759  767  1,306 
  32.94  14,348  1,023  1,741 
376.66  16.41  4,753  340  577 
  24.51  6,940  495  843 
  32.94  9,216  657  1,119 
416.66  16.41  4,328  309  526 
  24.51  6,305  450  765 
  32.94  8,362  597  1,015 
Mean    9,699  691  1,177 

a. For comparison purposes, the EILs in aphids per plant were calculated based upon the 
growth rates observed during 2011 and 2013 in Concord, NE (r = 0.074) and the multi-
state growth rate (r = 0.127) from Ragsdale et al. 2007.

b. Market price in $/bu equivalents are $5.50, 6.00, 6.50, 10.25, and 11.34, respectively.
c. Control cost in $/ac equivalents are $6.64, 9.92, and 13.33, respectively.
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and result in economic loss. In this case, the advantage of using tol-
erant plants is the flexibility to schedule chemical control.

Different from other insect-pests, the soybean aphid ET is a compre-
hensive value based on the population doubling time (Ragsdale et al. 
2007). This means that even when commodity price is high, ET is con-
stant. Considering that the damage boundary (i.e., lowest pest popula-
tion that causes measurable yield loss) for soybean aphids is estimated 
at about 4,000–5,000 CAD or 485 to 600 aphids per plant, control ac-
tions beforehand would adversely affect natural enemies (Tilmon 2014). 
In the case of soybean aphids, the ET established has been set high 
enough to permit maximum response by natural enemies and avoid 
unnecessary insecticide interventions (Ragsdale et al. 2007), but at the 
same time is set to be lower than the damage boundary.

Although a case can be made for keeping the practical and widely 
adopted soybean aphid ET (273 aphids per plant) and benefiting from 
the more flexible insecticide application lead-time associated with a 
soybean aphid tolerant soybean, increasing the ET could be argued. 
For example, assuming that soybean aphid population growth of r 
= 0.0127 and a lead-time of 7 d, the average ET for KS4202 is 476 
aphids per plant (based on the range of commodity prices and con-
trol costs), when the same calculations resulted in an average of 198 
aphids per plant in Ragsdale et al. (2007). As a basic component of 
decision making in pest management, the ET is set to guide growers 
on when to take control action. Redefining (i.e., increasing) the ET for 
tolerant soybeans would result in delayed control applications and 
possibly fewer applications and associated costs. Although insecti-
cide resistance has not been confirmed in the United States, it’s cru-
cial to consider the impacts of repeated exposure of these chemicals 
as aphids have a high capacity of reproduction and dispersion (Mc-
Cornack et al. 2004, Zhang et al. 2008). In that sense, the use of tol-
erance in general may result in reduced insecticide application. This 
has long-term benefits, as minimizing chemical control enhances the 
conservation of natural enemies. The establishment of a strong pred-
ator and parasite community enhances soybean aphid IPM, extend-
ing soybean aphid biological control even after winged forms return 
to the overwintering host (Yoo et al. 2005).

Future research should focus on the implementation of KS4202 as 
a platform to backcross antibiotic/antixenotic (single or pyramided) 
genes. The combination of tolerance with traits that are biologically 
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detrimental or affect soybean aphid’s host preference may provide a 
more stable management approach by keeping its population below 
economic damaging levels. Although, in theory, it is possible that tol-
erance could affect herbivore performance (Stinchcombe 2002), re-
searchers generally believe that arthropods on tolerant plants experi-
ence lower selection pressure than those on antibiotic or antixenotic 
plants, which minimizes the likelihood of the emergence of a virulent 
population (biotype) (Stinchcombe 2002, Smith 2005). Tolerant plants 
would not need the same level of antibiosis or antixenosis as non-tol-
erant plants when considering the total effect of the resistant plant on 
the insect, and may be more durable because it is conferred by a col-
lection of plant characteristics (Smith 2005). Even if virulent aphid pop-
ulations emerge in response to the higher pressure imposed by anti-
biotic and antixenotic traits, the aphid tolerant background in these 
plants is likely to prevent substantial yield losses.

The integration of tolerant plants into IPM programs is a valuable 
tactic that remains underexplored. Difficulties in identifying tolerance 
mechanisms for incorporation in breeding programs or perhaps the 
ability of harboring large insect populations may have caused toler-
ance to receive little attention. This work represents the first attempt 
to develop EILs for aphid-tolerant soybeans and provides support for 
the proper deployment use of tolerance in the field.
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