ABSTRACT
SULZBACHER-SCHARDONG, IGOR. Reevaluating and Refining Defoliation Thresholds in
North Carolina Soybeans (Under the direction of Dr. Dominic Reisig, Dr. Anders Huseth and Dr.
Rachel Vann).
Most part of the soybean grown in the US is full-season, where soybean is the single crop grown
in the land for that year. In contrast, some soybeans are grown under the double-cropped system,
where soybean is planted after winter wheat. Double-cropped soybeans are planted later in the
season and as a result have shorter period of vegetative growth leading to smaller plants with
lower biomass which normally leads to lower yields compared to full-season soybeans.
Moreover, defoliation is a common biotic factor that potentially reduces soybean yield by
reducing canopy light interception. In this sense, loss of photosynthetic tissue of double-cropped
soybeans could be detrimental to yield. Our goal was to reevaluate and refine the defoliation
threshold of North Carolina soybeans.
The first chapter of this thesis aimed to investigate the effects of defoliation in two reproductive
stages of double-cropped soybeans. Our results showed no difference on the impact of
defoliation on yield due to growth stages. Soybeans are able to tolerate high levels of defoliation
and significant yield loss was seen only at 66 and 100% defoliation. The defoliation threshold of
North Carolina is adequate for double-cropped soybeans.
The second chapter of the thesis aimed to investigate the effects of defoliation in two different
planting dates. The planting dates simulated full-season and double-cropped soybeans. Our
results show that full-season soybeans tolerated more defoliation compared to double-cropped

soybeans. We suggested a change in the defoliation threshold of full-season soybeans for North

Carolina.
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Chapter 1: Does defoliation affect yield of double-cropped soybeans?

Abstract

Double cropping soybean with winter wheat and soybeans has become a common practice growing
in the southern US. Double-cropping is where farmers harvest winter wheat, planted the previous
fall, and then plant soybeans in June or July. This differs from full-season soybean production
where soybeans are planted in April and May. Usually, soybeans planted double-cropped have
lower yields than full-season soybeans due to a shorter period of vegetative growth. Given the
short growing period, additional biotic and abiotic stressors can further reduce yields. In particular,
insect defoliation can reduce photosynthetic tissue which may cause additional yield loss, but this
has not been extensively explored. We hypothesized that defoliation during R5 (filling pods)
would cause more yield loss compared to defoliation during R2 (full bloom) in double cropped
soybeans. We planted soybeans in 2023 and 2024 during July and manually defoliated plants by
removing leaflets at R2 and R5. We compared defoliation levels at 0, 17, 33, 66 and 100% in a
factorial design. We evaluated seed yield (kgha'), yield components (number of pods per plant,
number of grain per pod and weight of 200 seeds), and the number of trifoliates that regrew after
the R2 defoliation. We did not see a difference in yield loss by defoliating at R5 and R2 in both
field seasons. Overall yield decreased as defoliation levels increased across both growth stages.
Yield components varied between years, but in general, the number of pods with two and three
seeds and weight of seeds was affected by growth stages and high defoliation levels. These findings
will be useful to refine thresholds for defoliating insects in North Carolina double-cropped

soybeans.



Introduction

The planted area of soybean (Glycine max (L.) Merr.) in the US during 2023 was 33.3
mil/ha, generating an estimated revenue more than 60 billion dollars (USDA NASS, 2024). In
North Carolina (NC) during 2023, soybean growers harvested ~664 ha, producing 2.5 million tons
of grain (USDA NASS 2024) mostly used to feed poultry and hogs. In the southern US, soybeans
are grown in two different systems, full-season and double-cropped. In the NC full-season system,
soybean is planted from April to early June; in contrast, in the NC double-cropped system, soybean
is planted in mid to late June following winter wheat harvest. Planting date can influence yield, as
well as pest pressure. For example, soybeans planted later in the season are often exposed to
harsher environmental factors compared to those planted earlier, which can impact yield (Morris
et al. 2021). Moreover, the southern US has favorable environmental conditions for multiple
soybean defoliating insect species, particularly during the late season, when double-cropped
soybean in NC bloom (Morris et al. 2021) and pest populations often exceed threshold levels.
Notable examples include corn earworm (Helicoverpa zea Boddie) (Reisig et al. 2017), soybean
looper (Chrysodeixis includens Walker) (Burleigh 1972, Beach and Todd 1986), velvetbean
caterpillar (Anticarsia gemmatalis Hibner) (McPherson et al. 1996), bean leaf beetle (Cerotoma

trifurcata Forst) (Kogan 1980), and green cloverworm (Hypena scabra F.) (Huseth et al. 2021).

One reason that double-cropped soybean might yield less is because the plant has a shorter
growing season, which reduces the time the plant spends in vegetative growth, ultimately reducing
photosynthetic capacity (Purcell et al. 2002, Bateman et al. 2020). Subsequently, double-cropped
soybean plants are often shorter, have less biomass compared to early-planted soybeans, and they
rarely close the canopy (Egli and Bruening 2000, Bateman et al. 2020). Canopy closure occurs

when the soybean plants cover the space between rows, maximizing sunlight capture. There is a



positive correlation between canopy estimated photosynthesis, which refers to plant CO2 depletion,
and yield. Hence, canopy closure during the vegetative stages is ideal to increase the
photosynthesis rate and to achieve maximum vyield potentials (Wells et al. 1982, Ashley and
Boerma 1989). In contrast to late-planted soybeans, early-planted soybean plants are often resilient
to the loss of photosynthetic tissue through compensation over time. For example, during the
reproductive growth stages, soybean plants can lose from 15 to 30% of the leaf tissue without
decreasing yield (Huff, 2020). However, the ability of soybean to tolerate tissue loss might be

different for later-plantings because the plants generally have less vegetative growth.

Soybean yield loss can depend on the timing of the defoliation event. For example, when
soybeans were defoliated at 25 and 50% at either V7 or R3 growth stages, the greatest yield loss
occurred at 50% defoliation during R3 (Teigen and Vorst 1975). In another study, yield loss was
greatest when soybeans were 100% defoliated between R2 and R6 growth stages. In two different
treatments of 100% defoliation at R2 and R5, yield loss increased from 15% to 75%, respectively
(Fehr et al. 1977). For this reason, thresholds for defoliating lepidopteran pests are often higher in
vegetative soybean stages than reproductive stages. For example, in Mississippi, the threshold for
soybean looper is 40 larvae sampled with the drop cloth before bloom and decreases to 20 larvae

after bloom (Huff 2020).

However, a complex of defoliating insect species are often present in fields which
complicates the application of single insect species thresholds (Hunt and Baker 1982). An
advantage of a general defoliation threshold is that it accounts for all defoliator species
simultaneously. This is also important because the number of insects per unit injury varies between
insect stage and host plant. For instance, soybean looper larvae consume most soybean leaf tissue

during the 5" and 6" instars (Reid and Greene, 1973). In addition, soybean looper larvae can



consume varying amounts of tissue depending on resistance levels of the cultivar (Moonga and
Davis 2016). These nuanced differences in yield loss potential suggest more general defoliation

thresholds may be easier to implement.

A disadvantage of defoliation thresholds is that they may allow insect defoliators to molt
into large instars, while pest management practitioners wait for larvae to consume enough tissue
to reach the economic threshold. Large larvae consume more leaf area than smaller larvae and are
less sensitive to insecticides (Yu, 1983; Perini et al., 2019). Moreover, the visual estimation of
defoliation thresholds can lead to over- or under-estimation which directly affect insecticide use
decisions. However, the ease of applying a defoliation threshold with the integration of new
technologies, such as Unmanned Aerial Vehicles or cellphone apps, may improve the precision

defoliation estimation in soybean fields.

While the interaction of defoliation and management practices, such as row spacing, plant
density and growth habit, has been well-studied (Fehr et al., 1977; Hammond et al., 2000; Thrash,
et al., 2021a), there is limited research on the relationship between planting date and defoliation.
One recent study shows that complete defoliation of soybeans at the V4 growth stage results in
varying yield impacts depending on the planting date, with a more pronounced effect in late planted
soybeans (Thrash, et al., 2021b). In another study, thresholds based on leaf area index
measurement were similar between double-cropped and full-season soybean (Malone et al. 2002).
In NC, the first research with defoliation was published in 1943, when soybeans were grown as
pasture. Unfortunately, the growth stage when the defoliation was performed in this study was not

recorded (Gibson et al. 1943).

The current defoliation threshold for NC soybean is 30% prior to bloom and 15% after

bloom (Reisig 2018). These thresholds are based on research finding that 33% defoliation at



several distinct growth stages significantly reduced soybean yield both prior to, or after, bloom
(Todd and Morgan 1972). We designed a replicated small plot experiment to examine the impact
of defoliation at two distinct reproductive growth stages on the yield of double-cropped soybean.
Based on published research (Fehr et al. 1977, Board et al. 2010), we hypothesized that defoliation

at R5 would reduce yield and yield components more when compared to defoliation at R2.

Materials and methods

We planted a small-plot experiment at the Upper Coastal Plain research station in Rocky
Mount, North Carolina (35.894544, -77.672064) in 2023 and 2024. We planted the determinate
soybean cultivar AG56XF2 (variety 01091800, LOT: CH2SGA13, Bayer, St. Louis, MO) with a
Wintersteiger Plot seeder XXL (Wintersteiger, Ried im Innkreis, Austria) on 6 July in 2023 and
on 9 July in 2024 to simulate a common double-cropped soybean planting date. The plot size was
1.5 x 7.62 m, 4 rows spaced at 0.38 m. We planted soybean at a rate of 247,000 seeds/ha and we
counted all the plants in the two middle rows of each of the plots to record plant density when
plants were in R1.

In both field seasons of 2023 and 2024 weeds were chemically managed using started NC
State Cooperative Extension recommendations.

In 2023, the field was irrigated with 50.8 mm of water delivered with a traveling irrigation
gun (Cornell Pump LLC, Clackamas, OR) on 2 August to prevent yield losses due to drought. We
used the insecticides chlorantraniliprole, 175.55 ml/ha (2.5 oz/ac) (Prevathon, DuPont,
Wilmington, DE) on 8 August and lambda-cyhalothrin at 140.44 ml/ha (2.0 oz/ac) (Warrior II,
Syngenta, Greensboro, NC) on 19 September to eliminate insect pests that might have confounded

the results.



In 2024, we also sprayed thiamethoxam + lambda-cyhalothrin at a rate of 280.88 ml/ha
(Endigo, Syngenta, Greensboro, NC), emamectin benzoate at a rate 842.64 ml/ha (Denim,
Syngenta, Greensboro, NC) and bifenthrin at a rate of 72.08 ml/ha (Bifen, Adama, Pasadena, TX)
on 17 June and 10 July to reduce insect pests.

Simulated defoliation and data sampling

We evaluated two factors, growth stage (R2 and R5) and level of defoliation (0, 17, 33, 66,
100%). We hand-defoliated (either by pinching with hands or using scissors) every plant in the
two middle rows of the plots when soybeans were in the growth stages of R2 (full bloom) or R5
(filling pods). Our treatments consisted of 0, 17, 33, 66, 100% defoliation. For the 17% defoliation
treatment, we pulled one leaflet from every other trifoliate on all plants. For the 33% defoliation
treatment, we pulled one leaflet from every trifoliate on all plants. For the 66% defoliation
treatment, we pulled two leaflets from every trifoliate on all plants. For the 100% defoliation
treatment, we pulled all the trifoliate on all plants. Some plots had skips in the middle rows because
of poor soybean emergence. In those cases, we hand-defoliated two adjoining rows that had a plant
population at the recommended rate for North Carolina. In 2023, the experiment was arranged as
a full-factorial randomized complete block design with 5 replications. Due to low plant population
in 2024, we set up the experiment as an unbalanced randomized complete block design with 4
replications.

In 2023 and 2024, the defoliation at R2 resulted in the regrowth of trifoliates on the plant.
To assess this, we counted trifoliates of defoliated treatments at R5, assuming that trifoliates with
missing leaflets had been present on the plant during the R2 defoliation event. In the 17%
defoliation treatment, we systematically removed every other trifoliate. Therefore, in the

assessment, we counted the number trifoliates missing a leaflet and multiplied that number by two



to estimate total trifoliates presence at the growth stage of R2, when we defoliated the soybean
plants.

We took aerial images from the experiment when plants were at R6 (pod filled) with an
unmanned aerial vehicle (UAV) (DJI Mavic 3M, Da-Jian Innovations, Shenzhen, China). The
flights were programmed in DJI Pilot 2 to capture RGB and 4-band multispectral data at 35 meters
altitude. The imagery was processed in Agisoft Metashape (Agisoft, St. Petesburg, Russia) using
default parameters for alignment, dense cloud, model building, and orthomosaic creation. We
quantified the number of pixels of soil, shadow, vegetation that was not soybeans and soybean leaf
area using ArcGIS (version 10.8.; 2020, ESRI, Redlands, CA) to estimate relationship between
defoliation treatments and canopy coverage.

When plants reached R8 (full maturity) we sampled 10 plants per plot to evaluate yield
components (number of pods, number of seeds per pod, weight of 200 seeds). To measure the
weight of 200 seeds, we dried the seeds in an oven at 60°C for 72 hours and then weighed them.
We harvested the two defoliated rows of each plot with a Wintersteiger Quantum Pro small-plot
combine (Wintersteiger). We standardized plot-level yields to 13% moisture.

Data analysis

To determine if there was an effect of defoliation level and growth stage affecting soybean
yield using an analysis of variance with general linear mixed models (PROC GLIMMIX, SAS
2013), selecting the distribution that best fit the data being analyzed. We used Tukey HSD for
mean separation analysis and following data analysis. For yield analysis, we considered yield as
the dependent variable, and growth stage, defoliation level and their interaction as independent
variables; we included replicate as a random effect. For yield component analysis, we considered

number of pods with one, two, three, total number of pods and the weight of the 200 seeds as



dependent variables and growth stage, defoliation and their interaction as independent variables;
we included replicate as random effect. For trifoliate analysis, we considered the amount of whole
trifoliate (trifoliate with three leaflets) as dependent variable and defoliation level as independent
variable. For the canopy coverage analysis, we considered the proportion of soybean leaf area by
soils, shadow, vegetation that was not soybeans as dependent variable and growth stage,
defoliation and their interaction as independent variable; we included replicate as a random effect.

The data was analyzed separately for each field season due to variation in the datasets.

Results for field season 2023

Yield was significantly reduced due to defoliation (Table 1). As defoliation level increased,
soybean yield tended to decrease. Soybean yield was significantly reduced at the 100% defoliation

level relative to other defoliation levels (Table 2).

For the yield components, the number of pods with one seed was not significantly affected
by defoliation during the R2 and R5 growth stages (Table 1). However, the interaction of growth
stage and defoliation was significant for the number of pods with two and three seeds (Table 1).
Non-defoliated and 33% and 66% defoliation levels at R5 soybean had the highest number of pods
with two seeds, but were not significantly different from the 33% and 66% defoliation levels at R2
and 17% defoliation level at R5. The number of soybean pods at the 17%, 33%, 66% and 100%
defoliation levels at R2 and at the 17% defoliation level at R5 were not significantly different, but

were significantly greater than the 100% defoliation level at R5 (Table 3).

Non-defoliated and the 33% defoliation level at R5 soybean had the highest number of
pods with three seeds, but were statistically similar to the 17%, 33%, 66% defoliation levels at R2

and soybeans at the 17% defoliation level at R5. The 66% defoliation at R5 had fewer pods with



three seeds compared to non-defoliated treatments and the 33% defoliation level at R5, but
statistically similar to 17, 33, 66% defoliation levels at R2 and the 17% defoliation level at R5.
Soybeans at the 100% defoliation level at R2 had more pods compared to 100% defoliation level
at R5, both produced fewer pods with two seeds than any other defoliation levels for both growth

stages (Table 3).

The total number of pods significantly differed among defoliation treatments. The total
number of pods tended to decrease as defoliation increased (Table 1). Soybean at the 100%
defoliation level (315.76 + 30.2 SE pods) had fewer total pods compared to any other defoliation
level. Soybeans at the 17% defoliation level (539.52 + 51.3) had fewer total pods compared to
non-defoliated soybeans (708.8 + 67.3), but a statistically similar number than the 33% (678.51 £

64.4) and 66% (658.87 + 62.5) defoliation levels.

The interaction of growth stage and defoliation was significant for average seed weight
(Table 1). Non-defoliated soybeans had the highest seed weight, but were statistically similar to
17, 33, 66% defoliation at R2 and 17% defoliation at R5. Soybeans at the 33% defoliation at R5
had seed weight that was statistically similar defoliation levels at R2. However, the seed weight
was significantly greater than the 66% and 100% defoliation levels at R5. Soybeans at the 100%
defoliation level at R2 had similar seed weight compared to the 66% defoliation level at R5, but a

higher seed weight than the 100% defoliation level at R5 (Table 3).

The number of trifoliate leaves that regrew following defoliation tended to increase as
defoliation increased (Table 1). The total average of trifoliate leaves that regrew was 16.83 *
8.28SE. Soybean plants at the 100% (23.02 + 1.18 SE trifoliates) had statistically similar trifoliates
compared to 66% (19.26 + 1.02) defoliation level. Soybean plants at the 33% (15.5 + 0.85)

defoliation level had similar amount of trifoliates compared to 66%, but less than 100% defoliation
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level. Soybean plants at the 17% (10.6 £ 0.67) defoliation level had significantly lower trifoliates

compared to any other defoliation level.

An interaction of growth stage and defoliation was significant for canopy coverage (Table
1). Soybean at the 100% defoliation level at R5 had a lower canopy coverage compared to any

other levels of defoliation and growth stages (Table 3).

Results for field season 2024

In 2024, soybean yield was significantly reduced due to defoliation (Table 1). Soybean
yield was significantly reduced at the 66% and 100% defoliation levels relative to other defoliation

levels (Table 2).

For the yield components, the interaction of growth stage and defoliation was significant
for the number of pods with one, two and three seeds (Table 1). Soybeans at the 66% defoliation
level at R5 produced the highest number of pods with one seed, similar to 33% defoliation level at
R5. Non-defoliated soybeans and the 17%, 33%, 66%, 100% defoliation levels at R2 and the 17%,
33% defoliation levels at R5 had a statistically similar number of pods with one seed. However,
they had more pods with one seed than the 100% defoliation level at R5, and fewer than the 66%
defoliation level at R5. Soybeans at the 100% defoliation level at R5 had a statistically similar

number of pods compared to 66% and 100% defoliation level at R2 (Table 4).

Non-defoliated soybeans had the highest number of pods with two seeds, but a statistically
similar number to 33% defoliation level at R2. Soybeans at the 17% and 33% defoliation level at
R5 and the 17% 33% and 66% defoliation levels at R2 had a statistically similar number of pods
with two seeds. However, they had more pods with two seeds than 66% defoliation level at R5 and

the 100% defoliation level at both growth stages, but fewer compared to non-defoliated soybeans.
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Soybeans at the 17% defoliation level at R2 had more pods with two seeds compared to the 100%
defoliation level at R2 and the 66%, 100% defoliation level at R5. Soybeans at the 66% defoliation
level at R2 had a statistically similar number of pods with two seeds compared to the 66%
defoliation level at R5. However, they had more pods with two seeds than the 100% defoliation
level at both growth stages. Soybeans at the 100% defoliation level at R2 had more pods with two

seeds than the 100% defoliation level at R5 (Table 4).

Non-defoliated soybeans had the highest number of pods with three seeds, but statistically
similar numbers to the 33% defoliation level at R2. Soybeans at the 17, 33 and 66% defoliation
levels at R2 and the 17% and 33% defoliation levels at R5 had a statistically similar number of
pods with three seeds. However, there were fewer pods with three seeds than the non-defoliated
soybeans and more than the 100% defoliation level at both growth stages. Soybeans at the 17%
and 66% defoliation levels at R2 and the 33% defoliation level at R5 produced a statistically similar
number of pods. However, they had more pods with three seeds than the 100% defoliation level at
both growth stages. Soybeans at the 33% and 66% defoliation levels at R5 had a statistically similar
number of pods with three seeds, but more than the 100% defoliation level at both growth stages.
Soybeans at the 100% defoliation level at R2 produced more pods with three seeds than the 100%

defoliation level at R5 (Table 4).

The interaction of growth stage and defoliation was significant for the average total number
of pods (Table 1). Soybeans with any level of defoliation at R2, non-defoliated soybeans, and those
at 33% the defoliation level at RS had more total pods than soybeans at the 17, 66 and 100%
defoliation levels at R5. Soybeans defoliated the 100% defoliation level at R5 had fewer pods

compared to other levels of defoliation and non-defoliated soybeans (Table 4).
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Defoliation levels significantly influenced the average seed weight across both R2 and R5
growth stages. Average seed weight tended to decrease as defoliation increased (Table 1).
Soybeans at the 100% defoliation level averaged 28.12g + 0.93SE, and this weight was lower than
the non-defoliated (34.04 + 1.13 SE g), 17% (33.77 + 1.00SE g), 33% (33.88 + 1.12 SE g), and

66% (31.37 + 1.04 SE g) defoliation levels (data not reported in tables).

Defoliation levels did not influenced significantly the number of trifoliate leaves regrown

(Table 1). The total average of trifoliate leaves that regrew was 13.97 £ 6.28 SE.

The interaction of growth stage and defoliation was significant for canopy coverage (Table
1). Non-defoliated soybeans more canopy coverage compared to all other levels of defoliation for
both growth stages. Soybeans at the 17, 33, 66 and 100% defoliation levels at R2 had a higher
canopy coverage compared to the 33, 66 and 100% defoliation levels at R5. Soybeans at the 17%
defoliation level at R5 and at the 66% and 100% defoliation levels at R2 had a statistically similar
level of canopy coverage. Soybeans at the 33% and 66% defoliation levels at R5 had similar
canopy coverage, statistically more compared to the 100% defoliation level at R5, which had the

lowest canopy coverage compared to any other defoliation level for both growth stages.

Discussion

Our study is the first to investigate soybean defoliation threshold for double-cropped
soybean planting timing across multiple defoliation levels and reproductive growth stages in the
Southeastern US. Previous research on this topic was conducted in different regions of the US and
focused on a single defoliation level or only one soybean growth stage (Goli and Weaver, 1986;
Thrash, etal., 2021b). We hypothesized that defoliation at R5 would have a greater negative impact
in double-cropped soybean yield when compared to defoliation at R2. We observed that overall

yield reduction from defoliation was independent of soybean growth stage (R2 and R5). However,
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overall yield loss was observed at both the 66% and 100% defoliation levels. These results are
consistent with previous studies demonstrating soybeans tolerance and compensation to
defoliation, as well as the impacts on yield and yield components depending on defoliation level
and growth stage (Todd and Morgan 1972, Turnipseed 1972, Teigen and Vorst 1975). Our research
also confirms that the defoliation threshold of 15% for soybeans in the reproductive growth stages

in North Carolina is adequate for double-cropped soybeans.

Yield impacts did not vary between defoliation treatments conducted at the R2 and or R5
growth stages. This partially agree with previous studies showing that differences in yield loss
decreases with lower defoliation levels and can vary depending on growth stage and planting date.
For example, Fehr et al. (1977) found that in one out of three locations, full-season soybean
defoliated 100% at R2 (full bloom) had a yield loss of 43% while soybean defoliated at R5 had a
yield loss of 88% (Fehr et al. 1977). However, a smaller variation in yield between growth stages
is observed at defoliation levels below 100% for early and late-planted soybeans. In another study,
early-planted soybeans defoliated 33% two weeks after first bloom (~R2) and 6 weeks after first
bloom (~R5) had a yield loss of 17% and 23%, respectively (Todd and Morgan 1972). Moreover,
double-cropped soybeans in South Carolina at 67% defoliation at R2 and R5 had similar yield
losses (Turnipseed 1972). Furthermore, yield loss was only documented between R3 and R5 at 63%
defoliation when early-planted soybeans grown under irrigation and adequate fertilization were
defoliated across a range of defoliation levels (Owen et al. 2013). In conclusion, there are mixed
results on soybean response to defoliation levels and it may vary depending on planting dates and
growth stages only at high levels, supporting our results that double-cropped soybeans exhibited

similar yield responses to defoliation regardless of reproductive growth stage.
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Our results show that dry-land double-cropped soybeans are able to tolerate high levels of
defoliation, similar to full-season soybeans. Normally full-season soybean produces more leaf
biomass and entirely closes canopy so that light is efficiently intercepted before it hits the soil
compared to double-cropped soybean. Therefore, full-season soybean should be able to benefit
from greater vegetative biomass to compensate for vegetative tissue removal compared to double-
cropped soybean. Despite this, the yield reduction in double-cropped soybeans reported in this
study aligns with previous findings on full-season soybeans, suggesting that planting date might
not moderate the effects of defoliation. Our results show that loss of leaf tissue of double-cropped
soybean influences yield only at high levels. Moreover, late planted soybeans (mid-June, similar
to double-cropped), had higher yield loss from defoliation compared to early planted (early-April,
similar to full-season) across several planting dates but with a single level of defoliation (Thrash
et al, 2021b). Future studies could directly compare defoliation intensity by planting date, full and
double-crop timing, to better understand compensatory responses under the same environmental
conditions. This could be tested with trials comparing planting dates and defoliation levels at
reproductive stages leading to new insights on soybeans response to defoliation with different

source strength.

Soybean may compensate to low levels of defoliation with an increase in yield. Sometimes
the loss of leaves allow sunlight to reach the bottom of the canopy and likely eliminate leaves that
cost more than contribute to yield (Quijano and Morandi, 2011; Thrash, et al., 2021b). However,
we did not see this in our results. Although not significantly different, soybean at the lowest
defoliation level applied in our experiments had lower yield compared to non-defoliated soybeans.
There are several factors that can influence soybean yield loss from defoliation, such as

environment and plant population. Our 2024 field season was relatively dry during key points of
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crop development. For example, planting conditions were not optimal for the double-cropped
timing in 2024. After planting in 2024, rain, followed by hot temperatures, caused the sandy soil
surface to seal (soil crusting). This limited the emergence of cotyledons and resulted in suboptimal
plant densities in some of our plots. Suboptimal plant density could potentially increase yield loss
due to defoliation, as plants grown in low densities need to recover a greater amount of leaf area
than those at normal densities to compensate for defoliation (Thrash, et al., 2021a). Additionally,
double-cropped soybeans have a short period of vegetative growth and, as mentioned previously,
may not close the canopy, potentially limiting the compensatory capacity of the soybean stand
(Morris et al. 2021). Because of this, we opted to defoliate the two rows that had the closest plant
population to the recommendation for double-cropped soybean grown in North Carolina in each
plot. As a result, some of these rows were on border rows, and may have received more light than
plots with defoliation in the middle two rows. That may have led to the high variation in the 2024
experiment possibly explaining the numerically high yield loss in the 17 and 33% defoliation plots.
However, we also note that these yields were not significantly different than the 0% defoliation

treatments (Table 4).

We hypothesized that soybeans with higher defoliation levels would produce fewer pods
compared to those of lower defoliation levels. This hypothesis is based on the understanding that
photosynthate sink size (average total number of pods and seed number in each pod) is positively
related to photosynthetic rate and negatively related to the concentration of carbohydrates, nitrogen
and phosphorous in the leaves (Kollman et al. 1974). Our results supported this hypothesis, as the

average total number of pods generally decreased as defoliation level increased.

We hypothesized that the number of seeds per pod and average total number of pods would

be higher in R2 than R5. This is because soybeans at R5 have fully-formed pods, meaning that the
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number of pods and number seeds per pod is already set. In contrast, soybeans at R2 might
compensate for defoliation by regrowing leaves or delaying leaf senescence, increasing pod
numbers, or increasing number of seeds per pod (Haile et al. 1998). The number of pods with one
seed and the average total number of pods in 2024 and the number of pods with two, three seeds
for both years varied between growth stages (R2 and R5) and defoliation level. Plants defoliated
at R2, and soybeans at the 66% and 100% defoliation levels produced more new leaves compared
to other defoliation levels. This aligns with our yield components results, suggesting a
compensatory growth response at higher defoliation levels. However, we did not observe the
delayed leaf senescence in our trials, suggesting that double-cropped soybeans might compensate
only producing new leaves, but not by delaying maturity. Finally, similar to previous studies (Haile
et al. 1998, Li et al. 2005), we only measured compensatory growth for during the reproductive

stages for high levels of defoliation.

We expected that soybeans defoliated at R5 would compensate by increasing seed weight
more compared to those defoliated at R2. This is because pods are fully formed on the plant by
R5, and are theoretically unable to compensate by increasing the number of pods or seeds. This
contrasts with the response of plants defoliated at R2. During this growth stage, they could
potentially increase the number of pods by not aborting as many flowers, increase number of seeds
per pod, increase the number of seeds, or increase seed weight. Therefore, it would be logical that
plants defoliated at R5 might compensate by increasing higher levels of seed weight compared to
those defoliated at R2. However we did not see this in our results. In fact, soybean at R2
compensated for defoliation by increasing seed weight at higher levels compared to those at R5.
In 2023, seed weight was reduced in plants at the 100% defoliation level at R2 and at the 33%, 66%

and 100% defoliation levels at R5. In 2024, only the 100% defoliation level reduced seed weight,
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and this was independent of growth stage. These results align with previous literature where seed
weight is lower at R5 compared to R2 in plots that were defoliated at the 100% level (Todd and
Morgan 1972, Fehr et al. 1977). At 100% defoliation, a soybean plant loses its main source of
photosynthetic tissue and the growth stage influences how the plant responds to this loss. Soybean
plants at R2 are still flowering and early in the reproductive stages. After defoliation, they are able
to better respond by growing vegetative tissue in response to defoliation (Haile et al. 1998). We
observed that soybeans regrew trifoliate across defoliation levels at R2 (Tables 3 and 4). However,
soybean plants at R5 are filling up pods with seeds, and are not as able to respond to defoliation
with vegetative growth. At this stage, soybean ceases vegetative growth and begins translocating
carbohydrates to filling up pods (Egli 2017). Therefore, R5 soybean plants without leaves rely on
carbohydrates produced or stored by other tissue, like stems, pods, and perhaps roots, to fill up
pods with seeds. However, these tissues only contribute with around 13 and 14% of seed weight,
with leaves contributing the most to seed weight (Cho et al. 2023). This explains why seed weight
was so low in our 100% defoliation plots. Overall, our results suggest that the ability of soybeans
to compensate for high levels of defoliation through seed weight is limited at R5 due to reduced
source strength, whereas leaf regrowth at R2 potentially contributes to higher seed weight and

improved recovery of yield.

Our study sought to evaluate the current defoliation thresholds of North Carolina across
planting dates. Double-cropped-soybeans usually have lower yield potential compared to full-
seasons soybeans; however, our results show that they are able to tolerate high levels of defoliation
at different reproductive growth stages. In general, the impact of defoliation on number of pods
with one, two, three seeds was higher in soybeans at R5 compared to those at R2, but this was

mainly evident at 66% and 100% defoliation, suggesting that the compensatory leaf regrowth
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improves the response of soybeans defoliated at R2. Soybeans at R5 increase seed weight in
response to defoliation, while they did at R2. This suggests that soybean at R5 is not as efficient
to compensate for high levels of defoliation, as soybean at R5. In conclusion, our results suggest
that the 15% defoliation threshold set for North Carolina should stay the same for double-cropped

soybeans.



19

References

Ashley DA, Boerma HR. 1989. Canopy photosynthesis and its association with seed yield in
Advanced Generations of a Soybean Cross. Crop Science.
29(4):cropsci1989.0011183X002900040044x.
https://doi.org/10.2135/cropsci1989.0011183X002900040044x

Bateman NR, Catchot AL, Gore J, et al. 2020. Effects of planting date for soybean growth,
development, and yield in the Southern USA. Agronomy. 10(4):596.
https://doi.org/10.3390/agronomy10040596

Beach RM, Todd JW. 1986. Comparison of soybean looper (lepidoptera: noctuidae) populations
in soybean and cotton/soybean agroecosystems. Journal of Entomological Science. 21(1):21-25.
https://doi.org/10.18474/0749-8004-21.1.21

Board JE, Kumudini S, Omielan J, et al. 2010. Yield response of soybean to partial and total
defoliation during the seed-filling period. Crop Science. 50(2):703-712.
https://doi.org/10.2135/cropsci2009.03.0128

Burleigh JG. 1972. Population dynamics and biotic controls of the soybean looper in Louisiana.
Environmental Entomology. 1(3):290-294. https://doi.org/10.1093/ee/1.3.290

Cho YB, Stutz SS, Jones SI, et al. 2023. Impact of pod and seed photosynthesis on seed filling
and canopy carbon gain in soybean. Plant Physiology. 193(2):966-979.
https://doi.org/10.1093/plphys/kiad324

Egli DB. 2017. Yield components - regulation by the seed. In: Seed biology and yield of grain
crops. (CABI Books). p. 77-118. https://doi.org/10.1079/9781780647708.0077

Egli DB, Bruening WP. 2000. Potential of early-maturing soybean cultivars in late plantings.
Agronomy Journal. 92(3):532-537. https://doi.org/10.2134/agronj2000.923532x

Fehr WR, Caviness CE, Vorst JJ. 1977. Response of indeterminate and determinate soybean
cultivars to defoliation and half-plant cut-off. Crop Science. 17(6):913-917.
https://doi.org/10.2135/cropsci1977.0011183X001700060024x

Gibson RM, Lovvorn RL, Smith BW. 1943. Response of soybeans to experimental defoliation.
Agronomy Journal. 35(9):768-778.
https://doi.org/10.2134/agronj1943.00021962003500090003x

Goli A, Weaver DB. 1986. Defoliation responses of determinate and indeterminate late-planted
soybeans. Crop Science. 26(1):156-159.
https://doi.org/10.2135/cropsci1986.0011183X002600010036x

Haile FJ, Higley LG, Specht JE. 1998. Soybean cultivars and insect defoliation: yield loss and
economic injury levels. Agronomy Journal. 90(3):344-352.
https://doi.org/10.2134/agronj1998.00021962009000030006x



20

Hammond RB, Higley LG, Pedigo LP, et al. 2000. Simulated insect defoliation on soybean:
influence of row width. Journal of Economic Entomology. 93(5):1429-1436.
https://doi.org/10.1603/0022-0493-93.5.1429

Huff M. 2020. Refinement and validation of soybean looper (Chrysodeixis includens) (Walker)
thresholds in Mississippi soybeans (Glycine max (L.) Merr.). Mississippi State University.
https://scholarsjunction.msstate.edu/td/3750.

Hunt TN, Baker JR. 1982. Insect and related pests of field crops: Some important, common and
potential pests in North Carolina. Raleigh, NC: North Carolina Agricultural Extension Service.

Huseth AS, Koch RL, Reisig D, et al. 2021. Current distribution and population persistence of
five lepidopteran pests in U.S. soybean. Journal of Integrated Pest Management. 12(1):11.
https://doi.org/10.1093/jipm/pmab004

Kogan M. 1980. Insect problems of soybean in the United States. In: World soybean research
conference 1l: Proceedings. 2nd ed. Boulder, Colorado: Westview Press. p. 897.

Kollman GE, Streeter JG, Jeffers DL, et al. 1974. Accumulation and distribution of mineral
nutrients, carbohydrate, and dry matter in soybean plants as influenced by reproductive sink size.
Agronomy Journal. 66(4):549-554.
https://doi.org/10.2134/agronj1974.00021962006600040021x

Li XJ, An P, Inanaga S, et al. 2005. Mechanisms promoting recovery from defoliation in
determinate and indeterminate soybean cultivars. Journal of Food, Agriculture & Environment.
https://doi.org/10.1234/4.2005.681

Malone S, Ames Herbert D Jr, Holshouser DL. 2002. Relationship between leaf area index and
yield in double-crop and full-season soybean systems. Journal of Economic Entomology.
95(5):945-951. https://doi.org/10.1093/jee/95.5.945

McPherson RM, Ruberson JR, Hudson RD, et al. 1996. Soybean maturity group and incidence of
velvetbean caterpillars (Lepidoptera: Noctuidae) and mexican bean beetles (Coleoptera:
Coccinellidae). Journal of Economic Entomology. 89(6):1601-1607.
https://doi.org/10.1093/jee/89.6.1601

Moonga MN, Davis JA. 2016. Partial life history of Chrysodeixis includens (Lepidoptera:
Noctuidae) on summer hosts. Journal of Economic Entomology. 109(4):1713-1719.
https://doi.org/10.1093/jee/tow156

Morris TC, Vann RA, Heitman J, et al. 2021. Maximizing soybean yield by understanding
planting date, maturity group, and seeding rate interactions in North Carolina. Crop Science.
61(6):4365-4382. https://doi.org/10.1002/csc2.20603

Owen LN, Catchot AL, Musser FR, et al. 2013. Impact of defoliation on yield of group IV
soybeans in Mississippi. Crop Protection. 54:206-212.
https://doi.org/10.1016/j.cropro.2013.08.007



21

Perini CR, Arnemann JA, Cavallin L de A, et al. 2019 Oct 1. Challenges in chemical
management of soybean looper (‘Chrysodeixis includens’) using several insecticides. Australian
Journal of Crop Science. [accessed 2024 Mar 22].
https://search.informit.org/doi/abs/10.3316/informit.928915220485970.

Purcell LC, Ball RA, Reaper JD, et al. 2002. Radiation use efficiency and biomass production in
soybean at different plant population densities. Crop Science. 42(1):172-177.
https://doi.org/10.2135/cropsci2002.1720

Quijano A, Morandi EN. 2011. Post-flowering leaflet removals increase pod initiation in
soybean canopies. Field Crops Research. 120(1):151-160.
https://doi.org/10.1016/j.fcr.2010.09.009

Reid JC, Greene GL. 1973 Sep 1. The soybean looper: pupal weight, development time, and
consumption of soybean foliage. Florida Entomologist.:203—-206.

Reisig D. 2018. Insect management. In: North Carolina soybean production guide. North
Carolina State University College of Agriculture and Life Sciences. p. 125-156.
https://content.ces.ncsu.edu/north-carolina-soybean-production-guide/soybean-insect-
management.

Reisig D, Suits R, Burrack H, et al. 2017. Does florivory by Helicoverpa zea (Lepidoptera:
Noctuidae) cause yield loss in soybeans? Journal of Economic Entomology. 110(2):464-470.
https://doi.org/10.1093/jee/tow312

Teigen JR, Vorst JJ. 1975. Soybean response to stand reduction and defoliation. Agronomy
Journal. 67(6):813-816. https://doi.org/10.2134/agronj1975.00021962006700060022x

Thrash BC, Catchot AL Jr, Gore J, Cook D, Musser FR, Irby T, Krutz J, et al. 2021a. Effects of
soybean planting date on yield loss from defoliation. Journal of Economic Entomology.
114(2):993-997. https://doi.org/10.1093/jee/toaa280

Thrash BC, Catchot AL Jr, Gore J, Cook D, Musser FR, Irby T, Krutz J. 2021b. Effects of
soybean plant population on yield loss from defoliation. Journal of Economic Entomology.
114(2):702-709. https://doi.org/10.1093/jee/toaa279

Todd JW, Morgan LW. 1972. Effects of hand defoliation on yield and seed weight of soybeans.
Journal of Economic Entomology. 65(2):567-570. https://doi.org/10.1093/jee/65.2.567

Turnipseed SG. 1972. Response of soybeans to foliage losses in South Carolina. Journal of
Economic Entomology. 65(1):224-229. https://doi.org/10.1093/jee/65.1.224

USDA NASS. 2024. National Agricultural Statistics Service. United States Department of
Agriculture. https://quickstats.nass.usda.gov/results/OCF80335-B86D-3B3E-BO6F-
EF3ED83B09D2.



Wells R, Schulze LL, Ashley DA, et al. 1982. Cultivar differences in canopy apparent
photosynthesis and their relationship to seed yield in soybeans. Crop Science. 22(4):886-890.
https://doi.org/10.2135/cropsci1982.0011183X002200040044x

Yu SJ. 1983. Age variation in insecticide susceptibility and detoxification capacity of fall
armyworm (Lepidoptera: Noctuidae) larva. Journal of Economic Entomology. 76(2):219-222.
https://doi.org/10.1093/jee/76.2.219

22



23

Table 1.1 Two way ANOVA statistical values for soybean yield, pods with 1, 2, 3 seeds, total
number of pods, weight of 200 seeds and regrown trifoliates by defoliation levels, growth stage
and their interaction for 2023 and 2024. *data significant different with P-value < 0.05. ** P-value

<0.001, *** P-value < 0.0001.

2023 2024
Depe_ndent Independent variable Df F P-value Df F P-value
variable
Growth stage (GS) 1, 40 0.44 0.5087 1,30 1.12 0.2976
Yield Defoliation level (DL) 4,40 19.92 <0.0001*** | 4,30 5.88 0.0013*
GS*DL 4,40 0.36 0.8325 4,30 1.93 0.1309
GS 1, 36 2.52 0.1209 1,28 7.38 0.0112*
Pods with 1 seed DL 4, 36 1.15 0.3509 4,28 6.92 0.0005**
GS*DL 4, 36 0.72 0.5850 4,28 5.30 0.0026**
GS 1,36 0.01 0.9071 1,28 49.16 <0.0001***
Pods with 2 seeds DL 4, 36 10.49 <0.0001*** | 4,28 85.11 <0.0001***
GS*DL 4, 36 3.05 0.0289* 4,28 12.54 0.0025*
GS 1,36 12.05 0.0015* 1,32 37.48 <0.0001***
Pods with 3 seeds DL 4,36 4577 <0.0001*** | 4,32 40.49 <0.0001***
GS*DL 4, 36 7.52 0.0002** 4,32 7.39 <0.0002**
GS 1, 36 0.07 0.7995 1,28 991 0.0038*
Total Sgénsber of DL 4,36 1583 <0.0001*** | 4,28 5895 <0.0001***
GS*DL 4, 36 2.45 0.0632 4,28 5.04 0.0034*
GS 1,36 51.30 <0.0001*** | 1,32 3.85 0.0586
We'%zgg; 200 DL 4,36 5431 <0.0001*** | 4,32 624  0.0008**
GS *DL 4, 36 31.94 <0.0001*** | 4,32 1.99 0.1205
Trifoliate regrown DL 3,15 22.21 <0.0001*** | 3,12 2.68 0.00918
GS 1, 36 37.95 <0.0001*** | 1,28 28.18 <0.0001***
Soybean coverage DL 4,36 32.20 <0.0001*** | 4,28 84.80 <0.0001***
GS *DL 4, 36 29.82 <0.0001*** | 4,28 17.95 <0.0001***
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Table 1.2 Double-cropped soybean yield and percent yield loss in 2023 and 2024 by defoliation
level. Yield loss was calculated as a percentage compared to the 0% defoliation level in each year.
Letters represent posthoc Tukey HSD mean separations at 95% confidence level.

Year Defloliation Yield + SE (kg/ha) Average percent
evel loss
0 4550.0 + 396.7 a 0
17 3919.6 £341.7 a 13.83%
2023 33 3539.4 £ 308.5 a 22.21%
66 3206.4 £ 2795 a 29.53%
100 1660.3 £ 144.76 b 63.25%
0 4713.1+799.4 a 0
17 2962.6 £ 416.1 ab 37.02%
2024 33 3597.8 + 610.2 abc 22.52%
66 1878.8 + 295.0 bc 60.14%

100 1792.4 +281.49c 61.97%




Table 1.3 Interactions of growth stages and defoliation levels influencing soybean yield components in 2023. Letters represent posthoc

Tukey HSD mean separations at 95% confidence level.

Growth Defoliation  Number of pods Number of pods Weight of 200 Coverage
Stage Level with two seeds with three seeds seeds (pixels)
0 418.0 + 58.6a 239.0 £ 36.9a 25.1+0.9ab 50+1a

17 268.3 + 37.6bc 166.8 + 25.9ab 24.5 + 0.8abc 4.4 +0.8ab

R2 33 306.8 + 43.0abc 226.1 + 34.9ab 24.6 + 0.8abc 4.4 +0.8ab

66 327.7 £ 45.9abc 192.5 £ 29.8ab 23.7 £ 0.8abc 4.4 +0.8ab

100 238.5 + 33.4c 77.7+12.4c 22.4 +0.8cd 4.1+0.8ab

0 365.0 + 51.1ab 202.3 £ 31.3ab 26.2 +0.9a 3.9+0.7ab

17 300.9 + 42.1abc 186.4 + 28.9ab 25.0 £ 0.9ab 3.9+0.7ab

R5 33 405.4 + 56.8a 235.5 + 36.4a 23.0 £ 0.8bc 3.5+ 0.6ab

66 437.9+61.3a 156.4 + 24.4b 20.2+0.7d 2.6 £ 0.5ab

100 144.9 £ 20.3d 20.2 £+ 3.6d 11.6 + 0.4e 0.1+0.0c
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Table 1.4 Interactions of growth stages and defoliation levels influencing soybean yield components in 2024. Letters represent posthoc

Tukey HSD mean separations at 95% confidence level.

Number of

Growth Defoliation Pods with one  Number of pods ds with Total number of Coverage
Stage Level seed with two seeds pods wi pods (pixels)
three seeds
0 148.3 + 14.1c 651.5 + 57.2a 85.1 +8.8a 886.1 + 72.2a 91.6 +31.9a
17 146.8 £ 12.5¢ 518.3 + 41.3cd 529+5.2¢c 718.5 £ 53.2bc 26.5+£9.2b
R2 33 165.1 + 15.7bc 640.7 £ 56.3ab 77.0£8.1ab 885.4 + 72.2a 24.6 £ 8.5b
66 137.1 + 13.1cd 446.3 £ 39.2de 50.3 + 5.6¢ 634.0 + 52.1c 20.6 £ 6.5b
100 137.3 £ 13.1cd 268.1 + 23.5f 22.8 +3.1e 429.0 + 35.7d 16.4 + 5.2bc
0 157.7 +15.0bc =~ 548.1 + 48.1abc 57.6 £6.3bc  764.9+62.5abc  16.2 + 5.6bc
17 169.8 £ 14.5bc  535.5 + 42.7bcd 62.5 £ 6.0bc 767.7 £ 56.8ab 9.9+ 3.4c
R5 33 195.7 + 18.7ab 526.4 + 46.2bcd 47.3 +5.4cd 771.4 £ 63.1ab 35+1.2d
66 234.7 £ 22.4a 384.0 + 33.7e 342+4.2d 655.3 + 53.8bc 2.3+0.8d
100 110.7 + 10.5d 151.5 + 13.3¢ 6.0 £ 1.3f 269.2 + 23.0e 0.1+£0.0e
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Supplementary material

Figure 1. Precipitation and max temperature in Rocky Mount, NC, 2023. July 6 was the planting
date of double-cropped soybean.
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Chapter 2 - Defoliation effects on full season and double crop soybean yields

Abstract

Double-cropping Soybeans behind winter wheat harvested in June or July is a common production
practice in the Southeast USA. This contrasts full-season soybean production where soybeans are
planted earlier in April and May. Usually, double-cropped soybeans do not yield as high as full-
season soybeans due to a shorter period of vegetative growth. Further loss of photosynthetic tissue
by defoliating insects might differently affect yield loss in double-cropped relative to full-season
soybeans, but this has not been extensively explored. We hypothesized that defoliation during R5
(filling pods) would cause more yield loss in doubled cropped soybeans compared to full season
soybeans. To explore this, we planted soybeans either in May or July, simulating full-season and
double-cropped planting dates, and manually defoliated plants by removing leaflets at R5. We
compared 0, 17, 33, 66 and 100% defoliation levels in a factorial design. We evaluated yield, yield
components (number of pods per plant, number of seeds per pod, total number of seeds, and weight
of 200 seeds) and canopy coverage. Full-season soybeans had a higher overall yield compared to
double-cropped soybeans. Across both planting dates, yield decreased as defoliation levels
increased. Some yield components were reduced, but only at high defoliation levels. Across
planting dates, seed was heavier in full-season soybean compared to double-cropped soybeans.
Overall, the impacts of defoliation changed at high levels of defoliation between these two planting
dates. These findings will be useful to refine thresholds for defoliating insects in southeastern US

soybeans.
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Introduction

Soybean (Glycine max (L.) Merr.) is an important United States (US) crop. The harvested
area of US soybean increased from 586.7 mil/ha to 659.6 mil/ha from 2013 to 2023. Most of the
soybean is grown in a full-season system, where soybean is planted as a single crop in the field for
the entire growing season. However, some of the soybean is grown in a double-cropped system,
where soybean is planted later in the season after the harvest of a winter crop, primarily wheat
(Triticum aestivum (L).em Thell.) (LeMahieu and Brinkman 1990). The harvested area of double-
cropped soybeans in the US increased from 7.4 and 14.2 mil/ha from 2013 to 2023, respectively
(USDA NASS 2024). In North Carolina, approximately 80% of soybeans are grown in a full-
season system (planted in mid-April to May), while the remainder are double-cropped (planted in
Mid-June to July) (USDA NASS 2024).

Planting date affects soybeans plant growth and development. For example, soybean plants
in a full-season system are typically taller and have a higher biomass compared to soybeans in a
double-cropped system. Full-season soybeans fields often reach canopy closure (when the soybean
leaves entirely shade the soil between the rows) before double-cropped soybean fields, affording
them better interception of solar radiation for improved overall photosynthesis in the plant. In
contrast, planting later in the season allows less time for soybean fields to reach canopy closure.
As a result, some double-cropped soybean fields do not completely close the canopy, reducing
overall photosynthesis in the plant and, potentially, yield (Bateman et al. 2020, Morris et al. 2021).

Defoliation in response to insects is a common biotic stress on soybeans, reducing growth
rate, source strength (photosynthetic active tissue) and yield (Board and Harville 1998). Plants in
both a full-season and double-cropped system are more sensitive to defoliation during the

reproductive growth stages (Fehr et al. 1981, Catchot et al. 2018). Both planting date and maturity
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group can influence when soybean transitions from vegetative to reproductive growth and,
therefore, can influence the impact of defoliation as a biotic stressor of soybean. Maturity group
indicates how long the soybean plant stays in the vegetative stages, which varies according to
temperature and photoperiod (day length). On the other hand, planting date affects the length of
the days and growing degree days that the soybean plant will receive to in the growing season.
Because soybeans respond to night length (scotoperiod) to reach reproductive stages, nights
following the longest day of the year (June 20) stimulate flowering, as night length increases past
this point. For instance, in North Carolina, a maturity group four soybean variety planted on May
13 (full-season timing) and on Jun 18 (double-cropped timing), flowered on Jun 26 and Jul 29,
respectively; a maturity group five soybean variety planted on the same dates flowered on Jul 10
and on Aug 30, respectively (Morris et al. 2021). This demonstrates that double-cropped soybeans
tend to reach reproductive stages later in the season, potentially exposing them to hotter and more
stressful environmental conditions during these critical stages compared to full-season soybeans
(Morris et al. 2021).

Common soybean insect defoliators are mostly polyphagous and multivoltine, with
population dynamics that vary across the season (Kogan, 1977). For example, soybean looper
(Chrysodeixis includens Walker) seasonally migrates in a pattern that may be related to the
availability of hosts and environmental conditions through the season. As temperature and host
availability increase throughout the season, soybean looper populations build up, feed on hosts in
that environment, and migrate north as host quality wanes (Boote et al. 1978). Soybean looper is
entirely migratory in North Carolina because it cannot diapause to survive winter; nevertheless
they are the primary soybean defoliator in the state in terms of costs and losses (Musser 2023).

Furthermore, although host plants of this pest are grown throughout the state, host quality likely
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changes throughout the season. For instance, in August and September, in North Carolina, both
full-season and double-cropped soybean are suitable hosts, especially during the reproductive
growth stages. At these stages, soybean plants have more foliage available and become more
attractive for soybean looper oviposition and feeding compared to vegetative-stage soybeans
(Felland et al. 1992, Mascarenhas and Pitre 1997). Moreover, soybean looper larvae prefer to feed
on different types of foliage as the larvae age. Small soybean looper larvae prefer to feed on soft
younger leaves, while larger larvae prefer to feed on older harder soybean leaves that are located
on the bottom of the canopy (Mascarenhas and Pitre 1997). Therefore, the high abundance of
various foliage types during the reproductive stages makes it a better host for soybean looper than
a vegetative—stage plant. Moreover, cotton, corn, tobacco and peanuts are available as feeding
hosts during the same time period as soybeans in North Carolina. Notably, cotton is host of soybean
looper (Moonga and Davis 2016), but it expresses Bt toxins leading to larvae mortality (Gore and
Adamczyk 2004). Both corn and tobacco are not the preferred hosts of soybean looper (Martin et
al. 1976). Finally, while peanuts and sweet potatoes are preferred hosts by soybean looper (Martin
et al. 1976, Moonga and Davis 2016), they are planted on a smaller scale than soybeans in North
Carolina (USDA NASS 2024), making soybeans a more widespread and available host in the
region.

Populations of soybean looper peak in August and September in North Carolina, which
corresponds to the time when reproductive-stage soybeans are present in the state (Burleigh 1972,
Mitchell et al. 1975, Shaw et al. 2021). Similar population patterns may be found for other common
soybean defoliators in the southern US, such as Anticarsia gemmatalis (velvetbean caterpillar)
(Kogan 1980). Moreover, soybeans with a range of reproductive stages are available during August

and September. While full-season soybeans are typically in later reproductive stages during this
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time, double cropped soybeans are more likely to be in early reproductive stages. Because
defoliation has less impact on yield when it occurs after R5 (Fehr et al. 1981, Board et al. 2010),
defoliators active in August and September tend to have greater yield impact on double-cropped
soybeans than full-season soybeans due to alignment between crop susceptibility and insect
activity.

The impact of insect defoliation combined with planting date on soybeans yield has been
studied under field conditions by simulating various levels of defoliation on soybeans. These
studies help quantify the yield response to defoliation at different growth stages and provide insight
into how planting date influences a soybean plant’s ability to recover from foliage loss. For
example, soybeans planted after May (double-cropped timing) and defoliated at V4 (four fully
expanded trifoliates), yielded lower compared to soybeans planted before May (full-season
timing). The greater yield reduction in double-cropped soybeans is likely because the shorter
vegetative growth period provided less time for the plants to recover from defoliation events
(Thrash etal., 2021). As a result, the risk of yield loss in double-cropped soybeans from defoliation
is higher, as these plants have less capacity for regrowth and compensation. Furthermore, there is
little research combining soybean defoliation at different reproductive stages with different
planting dates in the US. One study performed in Brazil addressed both factors under a different
growing system and in irrigated fields, which likely influenced results (Leolato et al. 2023).

Previous research has shown that soybean plants are most sensitive to defoliation at R5
(filling pods) (Fehr et al. 1981). A maturity group two soybean cultivar (full-season planting date)
lost more yield when defoliated at R5 compared to R2 (full bloom), R3 (beginning pod), R4 (full
pod) and R6 (full seed) (Fehr et al., 1977). Results are similar in later-planted soybeans. Double-

cropped soybeans (maturity group eight) defoliated at R5 lost more yield compared to a defoliation



33

event at R4 and R6 (Goli and Weaver 1986). Notably, these experiments were performed in
different locations, using different soybeans varieties. Therefore, a full-season and double-cropped
comparison of defoliation events at R5 using the same soybean variety, in a single location, would
clarify the potential yield loss caused by insect defoliators and help to refine the current soybean
defoliation threshold.

It is important to revisit defoliation thresholds to test the response of different maturity
groups, newer cultivars, evolved production practices and to inform growers’ pest management
practices. Soybeans defoliation thresholds for southern US states vary across the region from 15
to 25% after bloom (R1). Besides varying across regions, defoliation thresholds may not be based
on local research within the state. For example, in North Carolina, the current defoliation threshold
of 15% after R1 (bloom), is likely based on full-season soybean research from Georgia (Todd and
Morgan 1972). To address these knowledge gaps, we designed a replicated small plot experiment
to examine if the current defoliation of 15% in reproductive growth stages is appropriate for both
a full-season and a double-cropped planting date. We hypothesized that more defoliation would
translate into more yield loss across both planting dates. Finally, because double-cropped soybeans
are usually exposed to harsher environmental conditions and has a lower leaf area compared to full
season, we hypothesized that double-cropped soybean would be more negatively impacted by

simulated defoliation at R5 compared to full-season soybeans.

Materials and methods
We planted a small-plot experiment at the Upper Coastal Plain research station in Rocky
Mount, North Carolina (35.894544, -77.672064) in 2023 and 2024. In both years, we planted the

determinate soybean cultivar AG56XF2 (variety 01091800, LOT: CH2SGA13, Bayer, St. Louis,
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MO) with a Wintersteiger Plot seeder XXL (Wintersteiger, Austria) in a rate of 247,000 seeds/ha.
The plot size was 1.5 x 7.62 m, with four rows spaced at 0.38 m. We planted soybeans on 17 May
and 23 April in 2023 and 2024, respectively, to simulate a full season system and on 6 and 9 July
in 2023 and 2024, respectively, to simulate a double-cropped system. The optimum planting date
varies by location, but generally in North Carolina for full-season soybeans it ranges from Late
April to mid-May, whereas double-cropped are typically planted mid-June or later after wheat
harvest (Morris et al. 2021). We planted our double-cropped soybeans very late to create a wide
range between the full-season planting dates, aiming to maximize the potential for observing
differences between planting dates. Maturity groups five to seven are recommended for full-season
soybean, while maturity groups four to seven are recommended for double-cropped soybean at
Coastal Plain locations such as Rocky Mount, North Carolina (Morris et al. 2021). We counted all
the plants of at least three rows in each plot to record plant density when plants were in R1, because
previous research shows that yield loss from defoliation might increase in low soybean population
densities (Thrash et al., 2021).

To avoid yield loss by competition with weeds, loss of leaves by insects we sprayed
pesticides. In both field seasons, weeds were controlled chemically using standard Extension
Recommendations. In 2023, the field was irrigated with 5cm of water delivered with a reel rain-
traveling gun supported by a pump (Cornell Pump LLC, Clackamas, OR) on 2 August. We used
the insecticides chlorantraniliprole, 29.86 ml/ha (2.5 oz/ac) (Prevathon, DuPont, Wilmington, DE)
on 8 August and lambda-cyhalothrin at 23.49 ml/ha (2.0 oz/ac) (Warrior 11, Syngenta, Greensboro,
NC) on 19 September to eliminate insect pests that might injury seeds and cause yield loss not
taken from defoliation. In 2024, we sprayed thiamethoxam + lambda-cyhalothrin at a rate of

280.88 ml/ha (Endigo, Syngenta, Greensboro, NC) and bifenthrin at a rate of 72.08 ml/ha (Bifen,
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Adama, Pasadena, TX) and emamectin benzoate at a rate 842.64 (Denim, Syngenta, Greensboro,
NC) on 17 June and 10 July to eliminate insect pests. Most soybeans are dryland in North Carolina,
but to prevent more-than-normal yield loss due to excessive drought, we irrigated the field in 2023
only.

Simulated defoliation and data sampling

We hand-defoliated every plant in the two middle rows of the plots (either by pinching
leaflets with hands or using scissors) when soybeans were in the growth stages of R5 (seed fill) in
the appropriate treatments. Some plots of the double-cropped soybean had skips in the middle
rows. In those cases, we hand-defoliated two adjoining rows that had a plant population at the
recommended rate for North Carolina. Our treatments consisted of 0, 17, 33, 66, and 100%
defoliation. We assumed that one trifoliate with three leaflets represented 100% of leaf area. For
instance, in the 17% defoliation treatment, we pulled one leaflet from every other trifoliate on all
plants. For the 33% defoliation treatment, we pulled one leaflet from every trifoliate on all plants
and so on for 66 and 100% defoliated. We set up the experiment as a full-factorial randomized
complete block design with five replications.

To estimate the leaf area lost by the simulated defoliation, we took aerial images from the
experiment when full-season plants were at R7 (beginning maturity) and double-cropped were at
R6 (pod filled) with an unmanned aerial vehicle (UAV) (DJI Mavic 3M, Da-Jian Innovations,
Shenzhen, China). The flights were programmed in DJI Pilot 2 to capture RGB and 4-band
multispectral data at 35 meters altitude. The imagery was processed in Agisoft Metashape (Agisoft,
St. Petersburg, Russia) using default parameters for alignment, dense cloud, model building, and

orthomosaic creation. We quantified the number of pixels of soil and leaf area using ArcGIS
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(version 10.8.; 2020, ESRI, Redlands, CA) to estimate how canopy coverage was affected by the
defoliation and planting date treatments.

Finally, when plants reached R8 (full maturity) we sampled 10 plants per plot to evaluate
yield components (number of pods, number of seeds per pod, total number of seeds and weight of
200 seeds). To sample the weight of 200 seeds, we dried the seeds in an oven at 60°C for 72 hours
and then weighed them. We harvested the two defoliated rows of each plot with a Wintersteiger
Quantum Pro small-plot combine (Wintersteiger, Austria). We standardized yields from each plot
to 13% moisture. In 2023, we harvested all the treatments, except one, on 9 November. The full
season plots defoliated at 100% were the exception. We harvested these on 20 October, because
maturity was accelerated from defoliation.

Data analysis

We performed an analysis of variance using general linear mixed models (PROC
GLMIMMIX, SAS 2013) to determine if there was a significant effect of planting date and
defoliation level yield. We selected the distribution that best fit the data being analyzed. We used
Tukey HSD for mean separation analysis and following data analysis, selecting the distribution
that best fit the data being analyzed. In 2023, for yield analysis, we considered yield as the
independent variable, and planting date, defoliation level and their interaction as dependent
variables; we included replicate as a random effect. For yield component analysis, we considered
number of pods with one, two, three, four seeds, total number of pods, total number of seeds and
the weight of the 200 seeds as independent variables and planting date, defoliation and their
interaction as dependent variables; we included replicate as random effects. For the canopy

coverage analysis, we considered the proportion of soybean leaf area relative to soils, shadow,
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non-soybean vegetation as independent variables planting date, defoliation and their interaction

were treated as dependent variables, with replicate included as a random effect.

We only had a single plot of 100% defoliation from the double-cropped planting in 2024
due to poor stand establishment. Therefore, we ran two models for this field season and analyzed
the data for each year separately. One model was for the full-season planting alone testing all the
defoliation levels (0, 17, 33, 66 and 100%). We considered defoliation as the independent variable.
Yield, number of pods with one, two and three seeds, total number of pods, total number of seeds
and canopy coverage were treated as dependent variables; we included replicate as a random effect.
The second model included both the full-season and double-cropped plantings, but included only
the 0, 17, 33 and 66% defoliation levels. The independent variables were planting dates, defoliation
levels and their interaction. The dependent variables were yield, number of pods with one, two and
three seeds, total number of pods, total number of seeds and canopy coverage, according to the

analysis; we included replicates as random effects.

Results for field season 2023

The interaction of planting date and defoliation was significant for soybean yield (Table 1).
Full-season soybeans with the 0, 17, 33 and 66% defoliation levels had the highest yields, but were
statistically similar to double-cropped soybeans yields with the 0 17 and 33% defoliation levels.
Double-cropped soybeans with the 66% defoliation level yielded similar to the 0, 17 and 33%
defoliation level double-cropped soybeans. These yields were lower than full-season soybeans
with the 0, 17, 33 and 66% defoliation levels, but greater compared to the 100% defoliation level
for both planting dates (full-season and double-cropped soybeans). Double-cropped soybeans with
the 100% defoliation level yielded more than full-season soybeans soybean yields with the 100%

defoliation level (Table 2).
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For the number of pods with one seed, the interaction was not significant, but the main
effect of planting date was significant (Table 1). Full-season soybeans had more pods with one

seed compared to double-cropped soybeans (Table 3).

For the number of pods with two seeds, the interaction was not significant, but the factor
of defoliation was significant (Table 1). Soybeans with the 0% defoliation level produced the
highest number of pods with two seeds, but were statistically similar to the 17% and 33%
defoliation levels. Soybeans with the 66% defoliation level had fewer pods with two seeds
compared to the 0% defoliation level. However, soybeans with the 66% defoliation level had a
statistically similar number of pods with two seeds than soybeans compared to the 17% and 33%
defoliation levels, and more pods with two seeds compared to the 100% defoliation level (Table

3).

For the number of pods with three seeds, the interaction of planting date and defoliation
was significant (Table 1). Double-cropped soybeans with the 0% (212.91 + 38.42 SE), 17%
(196.39 + 35.48), 33% (190.14 £ 4.37) and 66% (104.99 + 19.23) defoliation levels produced more
pods with three seeds compared to double-cropped soybeans with the 100% (31.18 + 6.08)
defoliation level and full-season soybeans with the 0% (34.20 + 6.62), 17% (26.23 + 5.20), 33%
(27.85 + 5.49), 66% (23.42 + 4.69) defoliation levels. Full-season soybeans with the 100% (11.57
+ 2.56) defoliation level had a statistically similar number of pods with three seeds compared to
full-season soybeans with the 17, 33 and 66% defoliation levels but fewer compared to full-season
soybeans with the 0% defoliation level. Double-cropped soybeans independent of defoliation level
had more pods with three seeds compared with full season soybeans at 17, 33 and 66% defoliation

levels.
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For the total number of pods, total number of seeds, weight of seeds and canopy coverage,
the interaction of planting date and defoliation was not significant, but the factors of defoliation
and planting date were significant (Table 1). For the total number of pods, the interaction of
planting date and defoliation was not significant, but the factors of planting date and defoliation
were significant (Table 3). Double-cropped soybeans produced more total pods compared to full-
season soybeans. Moreover, soybeans with the 0% defoliation level produced more total pods, but
this level was statistically similar to 17% and 33% defoliation levels. Soybeans with the 66%
defoliation level produced fewer total pods compared to the 0% defoliation level, but statistically
similar numbers compared to 17% and 33% defoliation levels. Soybeans with the 66% defoliation

level produced more total pods compared to the 100% defoliation level (Table 3).

Double-cropped soybeans produced more seeds compared to full-season soybeans (Table
3). Moreover, soybeans with the 0% defoliation level produced the most seeds, but statistically
similar numbers to the 17, 33 and 66% defoliation levels. Soybean with the 100% defoliation level

produced fewer seeds compared to the other defoliation levels (Table 3).

For seed weight, full-season soybeans had heavier seeds compared to double-cropped
soybeans. Moreover, soybeans with the 0, 17, 33 and 66% defoliation levels had similar seed
weight; all these defoliation levels had greater seed weight compared to the 100% defoliation level

(Table 3).

For canopy coverage, full-season soybeans had a greater canopy coverage compared to
double-cropped soybeans. Moreover, soybeans with 0, 17, 33 and 66% defoliation levels had
statistically similar canopy coverage; all these defoliation levels had a greater canopy coverage

compared to the 100% defoliation level (Table 3).
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Results for field season 2024

The full-season soybean-only analysis included only the 0, 17, 33 and 66% defoliation
levels. The factor of defoliation was significant for soybean yield (df = 4, 20; F = 28.67; p-value
<.0001), number of pods with one (df = 4,19; F = 7.55; p-value = 0.0008), two (df = 4,19; F = 9.55;
p-value = 0.0002), three (df = 4,19; F = 12.06; p-value < 0.0001), total number of pods (df = 4,19;
F = 11.78; p-value < 0.0001), seeds per square meter (df = 4,19; F = 11.77; p-value < 0.0001),
seed weight (df = 4,20; F = 9.73; p-value = 0.0002) and canopy coverage (df = 4,20; F = 10.92; p-
value < 0.0001). Soybean with the 0, 17, 33 and 66% defoliation levels had statistically similar

levels of all these factors. These factors were reduced only at the 100% defoliation level (Table 4).

In the analysis with both full-season and double-cropped soybean, the interaction of
planting date and defoliation was not significant for soybean yield, but the factor of planting date
was significant (Table 1). Full-season soybeans had higher yield compared to double-cropped
soybeans. Soybean with the 0, 17, 33 and 66% defoliation had statistically similar levels of yield

(Table 2).

The interaction of planting date and defoliation was not significant for the number of pods
with one seed, but the factor planting date was significant (Table 1). Full-season soybeans
produced more pods with one seed compared to double-cropped soybeans. Moreover, soybeans
with the 0, 17, 33 and 66% defoliation levels produced a statistically similar number of pods (Table
5). For the number of pods with two seeds, the interaction of planting date and defoliation and the
factor of planning date was not significant, nor were the factors defoliation and planting date (Table

1),
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For the number of pods with three seeds, the interaction of planting date and defoliation
was not significant, but the factors of defoliation and planting date were significant (Table 1). Full-
season soybeans produced more pods with three seeds than double-cropped soybeans. Soybean
with the 0, 17, and 33% defoliation levels produced the most pods with three seeds. Soybeans with
the 66% defoliation level produced a statistically similar number of pods with three seeds
compared to the 33% defoliation level, but had fewer pods with three seeds than the 0% and 17%

defoliation levels (Table 5).

For the total number of pods, total number of seeds, and seed weight, the interaction of
planting date and defoliation, factors of planting date and defoliation were not significant (Table

1).

For canopy coverage, the interaction of planting date and defoliation was not significant,
but the factors of defoliation and planting date were significant (Table 1). Double-cropped
soybeans had a higher canopy coverage compared to full-season soybeans. Moreover, soybeans
with the 0, 17, 33% defoliation levels had statistically similar canopy coverages, but more canopy

coverage compared to the 66% defoliation level (Table 5).

Discussion

Our research enhances the understanding of soybean yield response to varying defoliation
levels across planting dates, providing insight into how soybeans with different source capacities
(biomass and amount of photosynthetic tissues) compensate for the loss of photosynthetic tissue.
Similar research has been performed at a single defoliation level with various planting dates
(Thrash et al., 2021), with several defoliation levels at a single planting date (Todd and Morgan

1972), and with several planting dates and several defoliation levels (Leolato et al. 2023). We
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hypothesized that soybean yield would decrease with increasing defoliation levels in each of our
two planting dates (full-season and double-cropped timing) for both years. Additionally, we
hypothesized that yield from double-cropped soybeans would be more negatively impacted by
defoliation at R5 compared to full-season soybeans. Consistent with our hypothesis, we found that
yield loss generally increased as defoliation level increased. Moreover, in one field season, double-
cropped soybeans yield was impacted more negatively than full-season soybeans at high levels of
defoliation. During the other field season, only high levels of defoliation caused yield loss in full-
season soybean and double-cropped soybean was not impacted by defoliation. Our results for the
yield components were mixed, but in general, yield components were only reduced at relatively

high levels of defoliation.

We also wanted to test the constant 15% defoliation economic threshold for soybeans
during the reproductive stages. Soybean yield is resistant to defoliation, often recovering from high
levels of injury. However, when planted late in a double-cropped system, plants may have lower
biomass and defoliation might led to severe yield loss. In these cases, the defoliation thresholds
could stay the same (Sulzbacher-Schardong, Chapter 1). In contrast to double-cropped soybeans,
full-season soybeans may tolerate more defoliation. Accordingly, our results suggest that the
defoliation threshold could be raised for full-season soybeans. In full-season soybean, yield was

only decreased when all the leaves were removed from the plants.

In our study, we only defoliated at R5 (when seed development begins), but varied the
planting date. Double-cropped soybean yield was more negatively impacted by defoliation than
full-season soybeans in one field season. At R5, soybeans begin to reallocate resources- primarily
starch- from photosynthetic tissue (sources) to developing seeds (sink). At this growth stage, as

defoliation increases, carbohydrates available for mobilization and pod filling are reduced in
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tandem. At relatively high levels of defoliation, the remaining leaves, stems, and pod walls on the
soybean plant do not produce enough carbohydrates to compensate for the reduction in the
carbohydrate-generating source (leaves) to compensate for potential yield loss (Board and Harville
1998). In our study and other studies, R5-stage defoliation levels of 17% and 33% did not cause
yield loss, whereas defoliation levels of 66% or higher significantly affected yield (Todd and

Morgan 1972, Turnipseed 1972, Fehr et al. 1981).

Late planting reduces source strength, reducing the amount of resources produced by the
soybean plant. Double-cropped soybeans have a reduced period of vegetative growth, with the
leaves capturing less overall light compared to full-season soybeans. As a result, double-cropped
soybeans usually have reduced biomass, plant height, number of seeds, and fewer pods than full-
season soybeans (Hu and Wiatrak 2012). As a result, yields are usually lower in double-cropped
soybeans than full-season soybeans (Morris et al. 2021). For this reason, we hypothesized that high
defoliation levels in double-cropped soybeans would impact yields more than in full-season
soybean. Our results confirmed this hypothesis in one season only, but not in both. In 2023,
relatively high levels of defoliation impacted yield in double-cropped soybeans more than in full-
season soybeans. In the other hand, in 2024, although 100% defoliation impacted yield in full-
season soybean, defoliation did not impact yield in either planting date up to 66% defoliation. Our
study partially supports the idea that a shorter vegetative period limits the source strength of

double-cropped soybeans, potentially amplifying the negative impact of defoliation on yield.

Full-season soybeans with 17% defoliation in 2023 had a numerical gain in yield
compared to full-season soybeans that were not defoliated, albeit non-statistically-significant gain.
Notably, this effect was not observed in double-cropped soybeans. Low levels of defoliation can

increase yield by removing leaves that consume more resources than they contribute to production
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or by allowing more sunlight reaching the bottom of the canopy, enhancing overall photosynthesis
(Quijano and Morandi, 2011; Thrash, et al., 2021). Likely, we did not observe this effect in double-
cropped soybeans because the shorter vegetative period did not allow them to produce enough
extra foliage to compensate. Furthermore, double-cropped soybean may not entirely close the
canopy (Board and Harville 1998, Bateman et al. 2020), meaning that not all sunlight is intercepted
by leaves before it hits the soil. In this case, defoliation would allow for even less light intercept
by the leaves. In a similar study, double-cropped soybean did not compensate for defoliation with
an increase in yield, even when defoliated at two different growth stages (Sulzbacher-Schardong,
Chapter 1). However, we approach these results with caution, since the yield increase was not
statistically significant and was not seen in 2024. Future research should investigate impacts on

yield in full-season soybean from low levels of defoliation.

Defoliation levels of 66% and 100% were the only levels to impact yield (66% defoliation
level only in 2023 for double cropped), yield components (hnumber of pods with one, two and three
seeds, total number of pods and seeds and seed weight) and canopy coverage. This result was
expected based on previous studies on soybean defoliation. When early and late-planted soybeans
(corresponding to full-season and double-cropped soybeans in our study) at R5 are entirely
defoliated, soybeans adjust to the reduce source availability by decreasing pod and seed numbers,
as well as seed size. This adjustment ultimately leads to a reduction in overall yield (Todd and
Morgan 1972, Fehr et al. 1977, Goli and Weaver 1986). A similar adjustment is seen for soybeans
with 66% defoliation at R5 (Turnipseed 1972, Egli et al. 1987, Board et al. 2010). In these studies,
the removal of high levels of soybean foliage caused a similar yield and yield components
reduction to our experiments. We found that double-cropped soybean yield was reduced at 66%

defoliation, and in both double-cropped and full-season soybeans, 66% defoliation led to a
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reduction in the number of pods with two seeds, as well as the total number of pods and seeds
compared to other defoliation levels in 2023. This indicates that while planting date, in association
with defoliation, can sometimes influence yield reduction, it does not consistently affect yield

components.

Therefore, the reduction in yield and yield components we observed may be due to two
factors. First, defoliation at R5 reduces the capacity for photosynthesis during the time in which
the leaf area index peaks (Board et al. 2010). Secondly, defoliation depletes carbohydrates that are
stored and remobilized during times of stress, limiting translocation of these resources to fill seeds
(Board et al. 2010). Therefore, this translocation deficiency for resources may lead to soybean pod
abortion, as the number of seeds per pod is already determined at R5, the growth stage when we
defoliated the soybeans. These explanations align with our observation that the number seeds per
pod was reduced at 100% defoliation, supporting the idea that the lack of resources for proper seed
development led to pod abortion. However, to test these two possibilities, further research could
be performed to investigate the effects of defoliation on the translocation of carbohydrates from

sources to sinks.

We expected that there would be more pods and more seeds in full-season soybeans
compared to double-cropped soybeans, since yield was higher in full-season soybeans. However,
the total number of pods and seeds was higher in double-cropped soybeans in 2023 and they were
the same between double-cropped and full-season soybeans in 2024. While contrary to our
expectation, full-season soybeans may have compensated by reduced seed number in 2023, leading
to an increase in seed weight. This suggests that the plant may have allocated available resources
differently to compensate for the reduced number of seeds. Other grain crops usually reduce seed

number and increase seed weight to keep yield constant, but that relationship between seed number
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and seed weight is not clear for soybeans (Board et al. 1999, Egli 2017). Our mixed results for
fluctuations of soybean pod and seed numbers across planting dates and defoliation levels may be
common for soybeans. Our results shows that soybean yield components can vary unpredictably
when exposed to defoliation, similar to the variation when exposed to simulated injury on their
reproductive structures (Possebom et al. 2025). This suggests that both defoliation and direct
damage to reproductive tissues can have complex and inconsistent effects on yield outcomes.
Furthermore, the similar production of pods and seeds in 2024 between full-season and double-
cropped soybeans might be due to a similar crop growth rate, suggesting that despite differences
in planting dates, the overall growth and development of the crops were comparable, leading to
similar yield components (Board et al. 1999, Vogel et al. 2021). Soybean growth rate is defined as
the amount of dry matter accumulation per unit land area per unit time (Vogel et al. 2021).
However, soybean growth rate does not vary across planting date (Pedersen and Lauer 2004). This
means that even though the double-cropped soybeans have a shorter vegetative period, they still
produce a similar amount of dry mass in a given time compared to full-season soybean. If the
growth rates were similar between the full-season and double-cropped soybeans in 2024, it would
explain why the number of pods and seeds were similar despite the different planting dates. Similar
growth rates would likely lead to similar resource allocation to reproductive structures, such as
pods and seeds, regardless of the planting date. This suggests that other factors, such as light
interception or environmental conditions, might have played a more significant role in pod and

seed production for that year.

In addition to our expectation that there would be more pods and more seeds in full-season
soybeans compared to double-cropped soybeans, we also expected higher seed weight in full-

season soybeans compared to double-cropped soybeans. Seed weight is affected by the number of
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days between R5 and the beginning of R7 and the time period between these stages is usually
shorter in double-cropped, compared to full-season soybeans (Weaver et al. 1991). However, our
seed weight results were mixed between planting dates. Seed weight was lower in double-cropped
soybeans compared to full-season soybeans during 2023, but similar between planting dates in
2024 (Tables 3 and 4). The growing environment plays a significant role in influencing seed weight
and size (Board 1985). For example, in one study, soybean seed weight was equal across ten
cultivars planted both early and late (Carter Jr. and Boerma 1979), simulating full-season and
double-cropped soybeans. In contrast, other studies have found a decrease in seed size as planting
date increases. For example, two soybean cultivars planted in July produced lighter seeds
compared to soybean planted in May. However, the authors point out that differences in seed
weight may be due to changes in the proportion of various seed size produced by the plant, which
might be affected by environmental conditions during seed development (Egli et al. 1987).
Therefore, seed weight likely varied between planting dates and between the years of our study
because of varying environmental conditions. Further studies should investigate the interaction of

planting dates, soil type, and growing environment on both seed size and weight.

Our results contribute to the understanding of how various defoliation levels affect yield in
both full-season and double-cropped soybeans. Double-cropped soybeans had more yield loss
compared to full-season soybean, but only at high levels of defoliation in 2023, with no difference
between planting dates in 2024. Differences in yield components were generally independent of
planting date and primarily occurring at relatively high defoliation levels. The only significant
difference between planting dates was in 2023, where seed weight was significantly reduced in
double-cropped soybeans compared to full-season soybeans, likely due to varying environmental

conditions. In conclusion, our findings suggest that the 15% defoliation thresholds are conservative
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across planting dates and could be increased to 33%, especially in full-season soybeans. This is
because yield losses were only seen at defoliation levels equal or higher than 66%. This refinement

of the soybean defoliation threshold could potentially lead to lower insecticide use.
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Table 2.1. Two-way ANOVA values for soybean yield, pods with 1, 2, 3 seeds, total number of
pods, weight of 200 seeds and canopy coverage by defoliation levels, planting date and their
interaction for 2023 and 2024. *data significantly different with P-value < 0.05, ** P < 0.001, ***
P < 0.0001. Soybean coverage = soybean area by soil, shadow and other colors that were not

soybeans.
Year 2023 2024
Dependent Independent DF F  Pwalue | Df F  P-value
variable variable
Planting date (PD) 1,40 566  0.0222* | 1,30 2155 <.0001***
Defoliation level
Yield (DL) 4,40 22420 <.0001*** | 330 1.41 0.2581
DL * PD 4,40 11.91 <.0001*** | 3 30 1.52 0.2293
PD 1,40 1295  0.0009** | 1,29 1275  0.0013*
Pods with 1 seed DL 4,40 0.75 05639 | 3,29 0.09 0.9676
DL* PD 4,40  2.49 00586 | 3,29 2.42 0.0866
PD 1,40 0.25 06211 | 1,29 3.84 0.0598
Pods with 2
seeds DL 4,40 16.76 <.0001*** | 3,29 1.15 0.3468
DL* PD 4,40 1.25 03038 | 3,29 0.3 0.9401
PD 1,40 24179 <0001*** | 1.29 1301  0.0011*
Pods with 3
seeds DL 4,40 2322 <0001*** | 329 389  <.00189*
DL* PD 4,40 278  00411* | 329 083 0.4861
PD 1,40 899  0.0046** | 1,29 0.00 0.9895
Total Sgd”;ber of DL 4,40 1535 <0001*** | 3,20 096  0.4267
DL* PD 4,40 1.33 02767 | 3,29 0.13 0.9424
PD 1,40 899  0.0046* | 1,29 0.03 0.8615
Total S”elégnsber of DL 4,40 1535 <.0001*** | 329 1.39 0.2648
DL* PD 4,40 133 02767 | 3,29 0.10 0.9616
PD 1,40 39.72 <0001*** | 1,30 0.32 0.5754
We'%g‘;;: 200 DL 4,40 1672 <0001*** | 3,30 098  0.4161
DL* PD 4,40 093 04566 | 3,30 0.12 0.9473
PD 1,40 670  0.0134* | 1,30 68.16 <.0001***
Soybean
coverage DL 4,40 1157 <.0001*** | 3,30 6.78 0.0013
DL* PD 4,40 0.23 09200 | 3,30 1.77 0.1743
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Table 2.2. Double cropped and full season soybean yield and yield loss. Yield loss for each
defoliation level was calculated within each planting date relative to the average of the 0%
defoliation treatment or relative to the planting date with higher yield. Letters represent Tukey
HSD posthoc mean separations. *100% defoliation was not included in the full analysis, testing
the interaction of planting date and defoliation because there was only a single plot for the double-
cropped soybean. This number represents the average yield from all 100% defoliation plots in the
full-season and the single 100% defoliation plot in the double-cropped plantings. Results in bold
mean significantly lower yield compared to 0% defoliation within each planting date.

Year Planting Percent .
date defoliation Yield = SE (Kg/ha) Percent loss
0 3688.76 + 238.9ab 0
17 3644. 36 + 236.0ab 1.20
Double 33 3493.62 + 230.6ab 5.29
cropped
66 2874.85 + 186.5b 22.06
100 1113.91 + 73.2c 69.80
2023
0 4529.51 + 293.0a 0
17 4561. 11 + 295.0a +0.69
Full Season 33 4173.96 + 270.1a 7.84
66 3857.86 + 249.7a 14.82
100 715.64 + 47.5d 84.20
0 4106.78 + 533.73ns 0
17 3802.83 + 484.63ns 7.40
33 3800.89 + 504.38ns 7.44
2024 66 3060.69 + 406.26ns 25.47
100 865.91 +170.12* 78.91
Double 2244.26 + 272.64b 33.40
cropped

Full season 3370.08 + 345.08a 0
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Table 2.3. Full-season and double-cropped number of pods with one, two, three seeds, total number of pods, seeds per square meter,
weight of 200 seeds and canopy coverage by defoliation for 2023 + SE. Letters represent Tukey HSD posthoc mean separations at
95% confidence interval. Results in bold for the defoliation levels means significantly lower average compared to the non-defoliated
plots. Results in bold for planting dates means significantly lower average between the two planting dates.

Defoliation Number of pods Number of pods Total number of Total number of Weight of Canopy

Level or . . coverage
. with one seed with two seeds pods seeds 200 seeds .

Planting date (pixels)
0 110.67 £ 14.47ns  356.23 + 48.97a 588.02 £ 74.53a 1168.99 £ 150.08a 29.31+1.72a  8.44+1.22a

17 110.76 £ 14.49ns  317.9 +43.74ab  544.32 +69.02ab  1066.42 £ 136.95a 29.14 £ 1.72a 8.11+1.2a
33 108.82 + 14.22ns  323.46 + 44.51ab 530.58 + 67.3ab 1039.86 + 133.56a 28.11+1.68a  5.85+0.96a

66 92.95+12.21ns  258.93+35.7b 419.5 £ 53.28b 807.33+£103.76a  24.92 + 1.59a 5.4+0.9a
100 105.74 £13.83ns  159.65 + 22.15¢ 287.1 + 36.59¢ 487.89 + 62.86b 13.31+1.18b 0.68+0.27b
Full-season 120.93 £ 13.68a = 268.24 + 33.28ns 415.98 + 47.15b 732.20 + 83.36b 28.99 + 1.09a 5.45+0.81a
Double-cropped ~ 92.15 +10.46b = 277.68 + 34.44ns 507.26 £ 57.46a 1043.78 + 118.77a  19.86+0.92b  3.39+ 0.57b
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Table 2.4. Yield, number of pods with one, two, three seeds, total number of pods, seeds per square meter, weight of 200 seeds and

canopy coverage by defoliation for 2024 + SE. Model only for full-season soybeans and included all defoliation levels. Letters
represent Tukey HSD posthoc mean separations at 95% confidence interval. Results in bold for the defoliation levels means

significantly lower average compared to the non-defoliated plots.

Defoliation Yield Numbel_’ of Numt_)er of Number of Total Total number of Weight of Canopy
Level (Kg/ha) pods with podswithtwo  podswith  number of seeds 200 seeds coverage
g one seed seeds three seeds pods (pixels)
0 4932.63 + 227.12 + 500.33 + 96.00+  824.00 + 1516.83 + 3148 o ion
601.44a 19.49a 55.02a 15.57a 77.73a 157.95a 2.29a o=
17 5849.88 + 205.30 + 483.40 + 101.80+  791.60 + 1479.80 + 3400 4o 0o0a
772.31a 19.04a 58.26a 18.05a 81.84a 168.83a 2.60a ae =l
4385.08+ 99415+ 423.00 + 9200+ 73775+ 1344.75 + 33.03 +
33 579.112 23022 57.11a 1830a  8535a 171.62a 2574 ~ L>>*020a
3977.72 £ 18321+ 429.20 + 7540+  688.00 + 1268.00 + 29.56 +
o0 525.38a 17.11a 51.82a 1352a  71.25a 144.79a 243 0940208
903.99 + 117.31+ 185.50 + 1725+ 32150+ 13.55 +
100 18571 Tpogop 25.56b 390b  37.79p  4LS0*69680 5 g, 0.11x0.22D
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Table 2.5. Full-season and double-cropped number of pods with one, two, three seeds, total number of pods, seeds per square meter,
weight of 200 seeds and canopy coverage by defoliation for 2024 + SE. Model included full-season and double cropped-soybeans with
0%, 17%, 33% and 66% defoliation levels, with 100% not included. Letters represent Tukey HSD posthoc mean separations at 95%
confidence interval. Results in bold for the defoliation levels means significantly lower average compared to the non-defoliated plots.
Results in bold for planting dates means significantly lower average between the two planting dates.

Defoliation Number of Number of Number of Total . Canopy
. . . Total number of Weight of
Level or pods with one  pods with two  pods with  number of coverage
. seeds 200 seeds i
Planting date seed seeds three seeds pods (pixels)
0 183.03 £ 551.89 + 87.64 + 829.98 + 1560.17 + 31.89 + 233 +016a
12.18ns 41.56ns 9.6a 55.57ns 108.25ns 1.82ns
180.18 £ 85.97 + 771.24 + 1448.67 + 33.15+
17 117105 o018 E3TINS g5 50.65ns 98.54ns 18ns 14 *01%
184.46 + 464.01 + 73.52 + 729.33 + 1346.87 + 32.05+
33 13.39ns 38.41ns 8.91ab 53.60ns 102.49ns 190ns ~ 212*016a
463.25 + 53.70 + 710.51 + 1289.32 + 28.87
66 18923 £13ns 36 3gns 6.34b 49.55ns 93.10ns 180ns 1370160
209.18 + 457.76 + 90.73 + 758.55 + 1398.70 + 27.38 +
Full-season 10.04a 24.22ns 6.94a 36.56ns 67.99ns 164ns ~ 110x0.14b
533.01 + 60.10 + 759.26 + 1416.41 + 26.93 +
Double-cropped 162.20 + 8.53b 30,335 5 09b 39 4615 74 25ns 1.10ns 2.27 £0.10a




