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Abstract
Soybean [Glycine max (L.) Merr.] seeding rate research across North America is typ-

ically conducted in small geo-political regions where environmental effects on the

seeding rate × yield relationship are minimized. Data from 211 individual field stud-

ies (∼21,000 data points, 2007–2017) were combined from across North America

ranging in yield from 1,000– 7,500 kg ha−1. Cluster analysis was used to stratify

each individual field study into similar environmental (soil × climate) clusters and

into high (HYL), medium (MYL), and low (LYL) yield levels. Agronomically opti-

mal seeding rates (AOSR) were calculated and Monte Carlo risk analysis was imple-

mented. Within the two northern most clusters the AOSR was higher in the LYL

followed by the MYL and then HYL. Within the farthest south cluster, a relatively

Abbreviations: AOSR, agronomically optimal seeding rate; CIPAR, cumulatively intercepted photosynthetically active radiation; HYL, high yield level;

LYL, low yield level; MYL, medium yield level; NCCPI, national commodity crop productivity index; PAR, photosynthetically active radiation; VRS,

variable rate seeding.
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small (±15,000 seeds ha−1) change in seeding rate from the MYL was required to

reach the AOSR of the LYL and HYL, respectively. The increase in seeding rate to

reach the LYL AOSR was relatively greater (5x) than the decrease to reach the HYL

AOSR within the northern most cluster. Regardless, seeding rates below the AOSR

presented substantial risk and potential yield loss, while seeding rates above provided

slight risk reduction and yield increases. Specific to LYLs and MYLs, establishing and

maintaining an adequate plant stand until harvest maximized yield regardless of the

seeding rate, while maximizing seed number was important with lower seeding rates.

These findings will help growers manage their soybean seed investment by adjusting

seeding rates based upon the productivity of the environment.

1 INTRODUCTION

Soybean [Glycine max (L.) Merr.] seeding rate or plant stand

and its relationship with seed yield has been intensively

studied in the major soybean producing regions across North

America. The goal of these studies, like those focused on

management of most agricultural inputs, is to determine

an agronomically (optimize yield) and/or economically

(optimize profit) optimal seeding rate (Jaynes, 2010). While

many of these studies succeed in identifying optimal soybean

seeding rates or plant stands and quantifying variability

between fields, they typically are only conducted within

one geo-political region (state or providence), limiting the

range of environments evaluated in these relationships.

Ultimately, this limits the ability to robustly characterize the

environmental effects on the seeding rate or plant stand ×
seed yield relationship.

There are numerous reasons for the steady decline in

soybean seeding rates over the past two decades in North

America. A key factor is the large switch from drills to row

crop planting (> 80%), encouraged by reductions in cereal

rotations (Jeschke & Lutt, 2016) which has resulted in more

accurate soybean planting. Also, seed treatment adoption has

reached > 80% allowing for more successful stand establish-

ment (Gaspar, Marburger, Mourtzinis, & Conley, 2014). Seed

quality and vigor has dramatically improved with adoption of

better seed handling and cleaning equipment (Shelar, 2008).

The adoption of soybean cultivars with herbicide resistance

traits has shifted the focus away from using cultural control

practices such as higher seeding rates for weed management

(Bertram & Pedersen, 2004). However, there are two primary

drivers. First, the 295% increase in seed costs per hectare

since 1997 (USDA-ERS, 2018), justified due to increased

genetic yield potential and improved pest tolerance (Rincker

et al., 2014) and new technology options (e.g. herbicide

traits) (Shi et al., 2009). Secondly, various studies have

determined that 247,000 plants ha−1 at harvest are required

to maximize yield (Epler & Staggenborg, 2008; Gaspar &

Conley, 2015; Lee, Egli, & TeKrony, 2008) while others

have determined that 185,000 seeds ha−1 maximize profit

(De Bruin & Pedersen, 2008a). However, these studies are

typically conducted on uniform, well drained, highly produc-

tive, and intensely managed areas within a field in an effort

to minimize environmental effects and variability. The same

has typically been the case where on-farm trials use strips

across an entire field length, which moderates the impact of

high and low productivity areas of that strip. In comparison

to the aforementioned studies, others have suggested plant

stands as high as 600,000 plants ha−1 are needed in drought-

prone environments (Holshouser & Whittaker, 2002) while

economically optimal seeding rates can be as high as 320,000

seeds ha−1 (Cox, Cherney, & Shields, 2010; Gaspar, Conley,

& Mitchell, 2015; Gaspar et al., 2017). Thus, there is clearly

a wide range of agronomically and economically optimal

seeding rates and plant stands driven by variation in seed

costs, grain prices, seed treatment use, and most importantly,

the productivity of the environment. Corassa, Amado,

Schwalbert, Carter, and Ciampitti (2018) and Carciochi et al.

(2019) demonstrated how the overall productivity of the

environment affected the agronomically optimal seeding

rate (AOSR) and plant density by segregating their data by

yield level. However, it was not determined what soil and

climatic factors were associated with their high, medium, and

low yielding environments, which was suggested as an area

needing further investigation (Carciochi et al., 2019).

When holding seeding rate constant, breeding efforts have

increased the yield potential per plant (Suhre et al., 2014)

thereby increasing the plants compensatory ability in situa-

tions of reduced plant stands, leading to a wide range of opti-

mal seeding rates (Carpenter & Board, 1997). However, when

plant density is too low, limited light interception and crop

growth rate will reduce yield potential (Board, 2000; Gaspar

& Conley, 2015; Wells, 1991). This density driven reduction

may be exacerbated in low yielding (Carciochi et al., 2019)
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and stressful (e.g. drought) (Holshouser & Whittaker, 2002)

environments or in northern latitudes where cumulative inter-

cepted photosynthetically active radiation (CIPAR) is limited

(Edwards, Purcell, & Karcher, 2005; Gaspar & Conley, 2015).

Ultimately, in the plant density by environment spectrum,

final yield is determined by two interactive yield components,

seed number and seed mass. On an area basis, seed number

is strongly related to yield, while seed mass is not (Gaspar &

Conley, 2015; Mourtzinis, Gaska, Pedersen, & Conley, 2015).

However, the interactive effects of environment and seeding

rate have been shown to significantly alter seed mass (Gaspar

et al., 2015). Corassa et al. (2018) suggested that a better

understanding of how these yield components on an area

basis are affected by seeding rate across differential levels of

productivity may identify areas for further yield improvement.

To build upon Carciochi et al., 2019, we look to expand

the range of evaluation in terms of geographical footprint,

database size, and yield range while also assessing environ-

mental parameters and additional factors. . The main objective

of this study was to quantify the production risk associated

with soybean seed yield response to seeding rate and plant

density across a range of environments varying in levels of

productivity across North America. Secondary objectives

were to (i) identify and quantify the subsequent yield com-

ponents driving these different responses and (ii) quantify

natural in-season plant attrition. With the rapid adoption of

geo-spatial tools such as yield maps and variable rate seeding

(VRS) over the past decade, these findings will help growers

better manage (agronomically and economically) their annual

seed investment by spatially adjusting seeding rates based

upon the productivity of the environment and its underlying

environmental factors (Smidt, Conley, Zhu, & Arriaga, 2016).

This is applicable at both within- and between-field levels.

2 MATERIALS AND METHODS

2.1 Database components

Soybean seed yield data and complementary yield component

data were assembled for this study from 211 randomized and

replicated field studies, which were conducted specifically

to evaluate the effect of seeding rate on soybean seed yield

at sites within each of 12 states (Arkansas, Iowa, Illinois,

Indiana, Kansas, Michigan, Minnesota, Missouri, North

Dakota, Ohio, South Dakota, and Wisconsin) and Ontario

Canada from 2005 to 2007 and 2012 through 2017 (Figure 1).

Data outliers (below 1,000 and above 7,500 kg ha−1) were

excluded and the final database included 20,926 plot-specific

soybean seed yields. For all experiments, soil pH, organic

matter (OM), National Commodity Crop Productivity Index

(NCCPI) (Dobos, Sinclair, & Hipple, 2008), and water

holding capacity (WHC) were recorded (Soil Survey Staff,

2018). For each study, weather data were obtained from

Daymet (Daily Surface Weather Data on a 1-km Grid for

North America) (Thornton et al., 2014), which was chosen

due to its superior accuracy when compared to other weather

data sources (Mourtzinis, Rattalino Edreira, Conley, &

Grassini, 2017). Weather variables included daily minimum

and maximum temperatures (Tmin and Tmax, respectively),

precipitation, and vapor pressure deficit (VPD). In all studies,

season-wide average Tmin, Tmax, and VPD and season-wide

cumulative precipitation (May to September) were calculated.

2.2 Environmental clusters

Individual field studies were in different regions, thus the

effect of environment (location × year) on soybean yield was

assumed to be significant. To account for non-management-

related effects on yield, cluster analysis was used to stratify

field studies into similar growing environments based on GPS

coordinates, soil pH, OM, NCCPI, WHC, and the previously

outlined weather variables. Additionally, to enhance the

clustering model, use of irrigation inputs were included as

independent variables. Variables were then standardized

to mean = 0 and standard deviation = 1 and clusters were

created using PROC FASTCLUS in SAS 9.4 (SAS Institute

Inc., 2016). In this method, the iterative algorithm minimizes

the sum of squared distances from the cluster means. The

clustering is done using Euclidean distances computed

from numeric variables. This kind of clustering method is

often called a k-means model, since the cluster centers are

the means of the observations assigned to each cluster. In

each iteration, the least-squares criterion is reduced until

convergence is achieved. We used adaptive training by using

the DRIFT option in which the cluster seed is updated as the

current mean of the cluster each time an observation is added.

We specified LEAST = 2 which minimizes the root mean

square difference between the data and the corresponding

cluster means. Using canonical analysis, visual evaluation

of the clusters showed a high degree of separation and small

overlap among the clusters (Supplemental Figure S1).

2.3 Agronomically optimum seeding rate
estimation

Individual field studies were grouped into three yield levels

based on their average yield. The lower 30% were consid-

ered low yield levels, the middle 30–70% were considered

medium, and the upper 30% were considered as high yield

levels. This methodology helps account for the inherent

variation present in the response of yield to seeding rate

(Supplemental Figure S2). Summary details are provided in

Table 1. Yield was modeled separately with the independent
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F I G U R E 1 Location of 211 trial site-years that are included in the database and their respective environmental cluster classifications

T A B L E 1 Mean yield, soil, and climatic characteristics of the low, medium, and high yield levels within the three environmental clusters

Soil Climatec

Cluster Yield level N obs. Yield NCCPIa OMb pH WHCb Precip.b Tmax Tmin VPDb

kg ha−1 g kg−1 mm m−1 mm ◦C ◦C kPa

High Mean 1,040 5,125 0.29 23 6.3 1.7 556 25.1 12.7 1.76

Std Dev. 602 0.13 10 0.8 0.6 103 0.6 0.5 0.13

1 Medium Mean 2,810 4,243 0.42 32 6.5 1.8 521 24.8 12.3 1.75

Std Dev. 648 0.10 15 0.6 0.5 89 0.8 0.7 0.1

Low Mean 1,017 2,893 0.37 37 6.8 1.9 408 24.7 11.7 1.79

Std Dev. 723 0.18 11 0.7 0.2 88 0.8 0.6 0.15

High Mean 2,471 5,165 0.76 35 6.6 2.2 605 25.3 13.6 1.7

Std Dev. 574 0.13 7 0.3 0.1 113 0.5 0.7 0.06

2 Medium Mean 3,314 4,266 0.77 41 6.6 2.2 556 25.0 13.4 1.67

Std Dev. 553 0.13 12 0.3 0.2 99 0.9 0.9 0.17

Low Mean 1,201 3,412 0.74 49 6.7 2.1 498 24.9 13.3 1.67

Std Dev. 665 0.08 19 0.5 0.2 98 1.1 0.9 0.18

High Mean 1,734 5,138 0.80 36 6.4 2.2 512 27.7 14.9 2.06

Std Dev. 698 0.13 9 0.5 0.2 167 1.1 2.0 0.19

3 Medium Mean 4,598 4,411 0.81 39 6.3 2.1 603 26.9 15.0 1.89

Std Dev. 595 0.15 10 0.3 0.2 118 0.7 0.8 0.12

Low Mean 2,741 3,459 0.77 41 6.5 2.0 498 27.5 15.0 2.0

Std Dev. 623 0.11 16 0.4 0.2 177 1.2 1.0 0.22

aNCCPI, National Commodity Crop Productivity Index.
bOM = organic matter; WHC = water holding capacity; Precip. = precipitation; VPD = vapor pressure deficit.
cClimatic characteristics are growing season averages from May 1 through Oct 31.
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variable of seeding rate (SR) for the nine cluster × yield

levels combinations using a negative exponential model:

Yield = Ymax × (1 − e−β×SR) (1)

This model has been used in previous studies for its mean-

ingful biological parameters explaining soybean seeding rate

relations with yield (Edwards & Purcell, 2005; Gaspar et al.,

2015). The nonlinear least squares (NLS) function in R (R

Development Core Team, 2016) was used to estimate the

parameters Ymax and β for each cluster × yield level combina-

tion. In Equation (1), Ymax is the estimated asymptotic yield

maximum, and β determines the responsiveness of yield as

seeding rate increases. The AOSR was calculated as 99% of

the Ymax parameter for each cluster × yield level combination

to accurately reflect the current economics (De Bruin &

Pedersen, 2008a; Gaspar et al., 2015; Gaspar et al., 2017)

and agronomics (Arce, Pedersen, & Hartzler, 2009; Mueller

et al., 2002; Wunsch et al., 2014) of soybean production in

the U.S. and Canada.

2.4 Plant stand

Yield response due to plant stand, which was analyzed

as a percentage of seeding rate (plants/seeding rate), was

examined among the three previously defined yield levels

(LYL, MYL, HYL) across the examined region (across

clusters). The analysis was repeated using early and late

plant stand as independent variables in two separate models.

Each plant stand variable was used in mixed effect analysis

of covariance (ANCOVA) with yield level, seeding rate and

their interaction as a fixed effects in PROC GLIMMIX in

SAS 9.4 (SAS Institute Inc., 2016). Random effects were:

cluster, experiment, row spacing, and replication. The yield

slopes due to plant stand were allowed to vary among the

levels of random effects. Degrees of freedom were calculated

using the Satterthwaite approximation and confidence level

was set to 95% (alpha = .05).

2.5 Yield components

Yield response due to seed number (seeds m−2) and seed mass

(g 100 seeds−1) was examined among the three clusters. Each

yield component was analyzed separately in mixed ANCOVA

with cluster, seeding rate, yield component, and their interac-

tion as a fixed effects in PROC GLIMMIX in SAS 9.4 (SAS

Institute Inc., 2016). Random effects were experiment, row

spacing and replication. The yield slopes were allowed to

vary among the levels of random effects. Degrees of freedom

were calculated using the Satterthwaite approximation and

confidence level was set to 95% (alpha = .05). Seed mass and

seed number (seed m−2) data were present in a majority of

the studies which were all well distributed across the entire

region and within each cluster. Thus, we consider our results

representative of the entire region.

2.6 Seeding rate risk analysis

For the yield risk analysis, the method as described in Gaspar

et al. (2015) was followed to assess the agronomic risk of

seeding rates that differ both above and below the AOSR

within each cluster × yield level combination. Specifically,

analysis was conducted at six preset seeding rates (±10, 20,

and 30% from the AOSR) and probabilities to increase yield

compared to AOSR for each seeding rate were calculated.

To determine the probability of increasing yield, a two-step

process was performed using Monte Carlo simulation in R (R

Development Core Team, 2016). In the first step, seed yield

based on variation in the estimated model parameters for

each seeding rate was calculated within each cluster × yield

level combination. This process involved simulating 10,000

random draws of the parameters Ymax and β from a bivariate

normal distribution, using the estimated parameters (Ymax and

β) for the mean and the variance-covariance matrix from esti-

mating Equation (1). The MU, VCOV, and RMULTNORM

functions were used to implement this process. The second

step involved subtracting the AOSR yield from the yield

of each seeding rate for each of the 10,000 random draws.

This process gave 10,000 delta (the average yield increase or

decrease compared to the AOSR) yield values for each preset

seeding rate in each cluster × yield level combination. The

proportion of these differences that were positive is a Monte

Carlo estimate of the yield increase probability for that seed-

ing rate, that is, the probability that a seeding rate will generate

increased yield over the AOSR. Finally, the average of all pos-

itive differences (or negative differences) is the Monte Carlo

estimate of the expected increase (or decrease) in yield for that

seeding rate relative to the AOSR. This process was repeated

for each preset seeding rate, giving six different comparisons

to the AOSR within each cluster × yield level combination.

3 RESULTS AND DISCUSSION

3.1 Environmental cluster × yield level
characteristics

The density of testing (∼21,000 data points) and the ability to

cluster environments by their soil and climatic characteristics

and then their productivity (yield level) provided an oppor-

tunity to comprehensively evaluate the soybean seeding rate

× yield relationship (Table 1; Figure 1). The cluster analysis

was useful with this data set as it allowed environmental
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classification that spans across geo-political lines to evaluate

the seeding rate by yield relationship with similar soil and

climatic properties. Interestingly, there was a clear latitudinal

separation of clusters. Cluster 1 mainly represented the

northern corn belt, while cluster 3 represented the Midwest

and south. Cluster 2 was primarily intermixed between both

clusters 1 and 2. Cluster 1 was the lowest average yielding

environment (4,087 kg ha−1), which can be attributed to lower

water holding capacity (1.7–1.9 mm m−1), organic matter

levels (23–37 g kg−1), total growing season precipitation

(408–556 mm), and NCCPI values (0.29–0.42) compared to

cluster 2 and 3. Average yields for clusters 2 and 3 were higher

(4,281 and 4,336 kg ha−1, respectively) than cluster 1 due to

improved soil characteristics (NCCPI, OM, and WHC) and

greater precipitation and temperature. The small separation in

yield between clusters 2 and 3 is likely due to similar soil and

climatic characteristics. The wide yield range present in this

data set allowed separation of testing environments within

each cluster into high (HYL), medium (MYL), and low (LYL)

yield levels, which is a key enhancement and complement to

previous research in this area (Carciochi et al., 2019; Corassa

et al., 2018). For instance, approximately 2,000 kg ha−1

separated the HYL and LYL within each cluster. However,

all the soil and climatic characteristics did not provide a

clear direction explaining these yield differences, except

for total growing season precipitation differing between the

HYLs and LYLs within clusters 1 and 2, in which the HYLs

experienced greater precipitation. Site and trial specific

management practices, such as cultivar, and soil fertility are

likely key drivers explaining the yield differences between

each yield level and each individual trial. However, seeding

rate does not consistently interact with cultivar (Suhre et al.,

2014) or row spacing (Cox & Cherney, 2011; De Bruin &

Pedersen, 2008b) and a seeding rate × soil fertility interaction

has not been documented to date. Our analysis of seeding

rate across North America provides guidance on overarching

trends. Local or regional based studies would be better suited

to identify and draw inferences on the interaction of these

factors with seeding rate or plant stand.

3.2 Agronomically optimal seeding rate

The AOSR varied between clusters and yield levels (Table 2).

When averaged across yield levels, the AOSR for clusters

1, 2 and 3 were 460,000, 365,000, and 335,000 seeds ha−1,

respectively. When averaged across all clusters, and therefore

representing the entire Midwest and Canada, the AOSR was

greatest for the LYL (441,000 seeds ha−1) and lowest for

the HYL (348,000 seeds ha−1). Compared to the MYL’s

AOSR (370,000 seeds ha−1), AOSR was 19% higher for

the LYL, but 6% lower for the HYL. The average yields

representing the HYL, MYL, and LYL were 5,143, 4,307, and

3,254 kg ha−1, respectively (Table 1). This result is consistent

with previous research from Brazil in which higher seeding

rates were needed in environments of lower productivity to

maximize yield while lower seeding rates maximized yield

in higher productivity environments (Corassa et al., 2018). In

the Midwest and Canada, Carciochi et al. (2019) also found

that higher plant densities were needed in environments of

lower productivity to maximize yield, but in contrast found

a very small increase in plant density (4,000 plants ha−1)

was required in their HYL compared to MYL to maximize

yield. This may be due to a smaller data set and relatively

small separation between their high (> 4,300 kg ha−1),

medium (4,000–4,300 kg ha−1), and low (< 4,000 kg ha−1)

yield levels compared to our separation of approximately

1,000 kg ha−1 between the mean yields of the MYL-LYL and

MYL-HYL. These findings are inversely related to maize

(Zea mays L.) seeding rate recommendations (Assefa et al.,

2016; Assefa et al., 2017; Bullock et al., 1998). Furthermore,

our North America perspective suggested that in relation to

the MYL, the increase in seeding rate within LYLs should be

approximately 3x the decrease in seeding rate within HYLs,

on average. This again, contrasts with maize seeding rate

recommendation, which follow a more linear relationship

with the productivity of the environment. This nonlinear trend

for soybean was largely driven by cluster 1, which represents

the northern corn belt (Figure 1). Relative to the MYL

(415,000 seeds ha−1), the increase in seeding rate to reach

the AOSR of the LYL (+41%) was approximately 5x the

decrease in seeding rate for the HYL (−8%) or a separation

of 205,000 seeds ha−1. Relative to the AOSR of the MYL

(360,000 seeds ha−1) within cluster 2, there was not a large

absolute difference in the seeding rate increase (+17%) or

decrease (−13%) required to reach the AOSR of the LYL and

HYL, respectively. Yet, both clusters 1 and 2 demonstrated

the same trend of higher AOSRs in LYLs and lower AOSRs

in HYLs compared to the MYLs. This was reversed in

cluster 3 with higher AOSRs in HYLs and lower AOSRs

in LYLs compared to the MYL. However, the separation

between these yield levels was much smaller with only a

±4% increase (±15,000 seeds ha−1) and decrease from the

AOSR of the MYL. In summary, based on the results of this

analysis, growers should increase seeding rates in lower pro-

ductivity environments and decrease seeding rates in higher

productivity environments. Moreover, these adjustments in

soybean seeding rates are likely to be more effective in the

northern corn belt compared to more southern environments.

From a physiological perspective soybean yield is linearly

related to CIPAR, and this relationship is typically stronger

in the Northern U.S. versus more southern environments,

(Edwards et al., 2005; Gaspar & Conley, 2015), which

may explain the differential results of cluster 3 compared to

clusters 1 and 2. Simply put, more CIPAR increases yield, par-

ticularly in more northern environments. Specific to clusters 1
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T A B L E 2 Agronomically optimal seeding rates (AOSR) for each cluster by yield level combination (9) with the resulting yield increase

probabilities and average delta yields from the agronomic risk analysis at seeding rates surrounding each AOSR

Cluster 1 Cluster 2 Cluster 3

Yield level
Seeding
rate

Yield
increase
probabilitya

Avg. delta
yieldb

Std.
Dev.

Yield
increase
probability

Avg. delta
yield

Std.
Dev.

Yield
increase
probability

Avg. delta
yield

Std.
Dev.

Seeds ha−1 kg ha−1 kg ha−1 kg ha−1

+30% 0.53 2.6 32.7 0.56 3.0 21.3 0.60 3.3 12.9

+20% 0.53 2.1 32.5 0.55 2.5 21.1 0.60 3.2 12.8

+10% 0.52 1.3 32.2 0.53 1.6 21.0 0.59 2.8 12.8

Low AOSR (585,000)
c

(420,000) (320,000)

−10% 0.46 −3.6 31.0 0.43 −3.9 20.2 0.46 −0.3 12.4

−20% 0.37 −10.0 29.6 0.29 −11.1 19.5 0.39 −3.4 12.1

−30% 0.21 −22.5 27.6 0.09 −25.2 18.9 0.18 −11.4 12.1

+30% 0.60 3.8 15.6 0.59 2.6 10.9 0.68 4.2 9.4

+20% 0.58 3.3 15.5 0.55 1.2 10.8 0.67 4.0 9.3

+10% 0.56 2.2 15.4 0.52 0.2 10.6 0.65 3.6 9.3

Medium AOSR (415,000) (360,000) (335,000)

−10% 0.39 −4.4 14.7 0.06 −14.9 9.8 0.42 −0.6 9.0

−20% 0.18 −13.1 14.0 0.00 −30.9 9.4 0.33 −3.9 8.8

−30% 0.01 −30.5 13.0 0.00 −60.0 9.1 0.06 −13.6 8.9

+30% 0.58 4.6 23.2 0.64 4.6 13.0 0.59 4.6 19.5

+20% 0.57 3.9 23.1 0.62 3.9 12.9 0.58 3.9 19.4

+10% 0.54 2.6 22.9 0.58 2.7 12.8 0.55 2.5 19.2

High AOSR (380,000) (315,000) (350,000)

−10% 0.40 −5.5 21.9 0.34 −4.9 12.2 0.38 −5.9 18.4

−20% 0.22 −16.1 20.9 0.10 −15.0 11.7 0.17 −16.9 17.6

−30% 0.03 −37.3 19.4 0.00 −35.2 11.3 0.01 −38.6 16.7

aYield increase probability is the probability that a seeding rate will at least provide the same yield as the agronomically optimal seeding rate (AOSR) within each cluster

by yield level combination.
bAverage delta yield compared to the agronomically optimal seeding rate (AOSR) within each cluster by yield level combination.
cThe agronomically optimal seeding rate (seeds ha−1) for each cluster by yield level combination is displayed in parenthesis.

and 2, a plausible hypothesis is that in highly productive envi-

ronments, current cultivars can maintain yield with slightly

reduced seeding rates because the individual plant growth

rate is not limited, maximum CIPAR is realized, and therefore

yield is still maximized. It has been demonstrated that breed-

ing efforts have increased the yield produced per plant and

specifically, this increase is attributed to the branches, not the

main stem of the plant (Suhre et al., 2014). This complements

lower stands by increasing the plant’s compensatory ability

where stands are lower within high yield levels (Carpenter

& Board, 1997). However, in the inverse direction, breeding

efforts have also been shown to make current soybean

cultivars more responsive to higher seeding rates. This

corroborates the increased seeding rate required in areas of

lower productivity (Table 2), where the plants growth rate and

branching can be limited due to many potential factors, such

as precipitation amount, soil WHC, nutrient supply, rooting

depth, etc. Specific to this study, our low yield levels within

clusters 1 and 2 experienced lower precipitation amounts

and a higher VPD (Table 1). These factors, often limited in

low productivity areas, can challenge the ability of soybean

plants to maximize CIPAR. Increased plant density from

higher seeding rates could help maximize CIPAR and yield

in these lower yield environments (Gaspar & Conley, 2015).

Similarly, total available photosynthetically active radiation

(PAR) is typically more limited in northern latitudes, and

thus an increase in seeding rate to reach the AOSR within the

low yield level is particularly effective in northern (cluster 1)

environments vs. more southern (cluster 3) environments

(De Bruin and Pedersen, 2009; Gaspar & Conley, 2015;

Seversike, Purcell, Gbur, Chen, & Scott, 2009). Specific

to cluster 3, seasonal PAR is typically not the most yield-

limiting factor and seeding rate does not heavily affect CIPAR

regardless of the environments productivity. Therefore, these

conditions are likely diluting the effects of seeding rate

within all yield levels, helping explain our non-differentiated
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T A B L E 3 Analysis of covariance for early (V2) and late season

plant stand (R8)

Source df Early season standa Late season standa

P > F

Seeding rate (SR) 1 0.627 <0.001

Yield level (YL) 2 0.976 0.607

SR × YL 2 0.263 0.334

aEarly season stand and late season stand were analyzed as a percentage of seeding

rate (plants/seeding rate).

AOSRs within cluster 3 (De Bruin and Pedersen, 2009;

Edwards et al., 2005).

3.3 Plant stand

Early and late season stand was evaluated with yield levels

combined across clusters and as a percentage (%) of seeding

rate, not an absolute value of stand (plants ha−1) (Table 3;

Figure 2). Seeding rate, yield level, and their interaction did

not affect early season stand (V2). Late season stand (R8)

was affected by seeding rate (P < .001) but not by yield level

or the seeding rate by yield level interaction (Table 3). As

seeding rate increased, percent late season stand decreased

(data not shown). Therefore, because early season stand was

not affected by seeding rate (P = 0.627), but late season

stand was (P < .001), one can conclude that in season plant

attrition increased as seeding rate increased.

The early and late season stand covariates both interacted

with yield (productivity) level, meaning their relationship

with yield differed between yield levels (P < .05) (Figure 2).

The slope coefficients describing this relationship as the

increase in yield (kg ha−1) per unit increase in stand (%) were

similar for both early and late season stand within the LYL and

MYL. The HYL displayed non-significant slope coefficients

for both early and late season stand, suggesting that maintain-

ing stand through the whole growing season had no effect on

yield within this yield level, as this is likely the environment

where soybean plant compensatory ability is maximized.

It has been hypothesized that early and late season stand

(measured as a percentage of seeding rate) in areas of lower

productivity is often reduced to a greater extent than in

higher productivity areas. Therefore, one could conclude that

reduced stand is a driving principal of why seeding rates

should be increased in low yield levels. However, we found

that early and late season stand was not affected by yield level,

regardless of geographical location in the U.S. (Table 3).

Thus, yield level and stand are mutually exclusive and early

and late season stand are not driving factors behind the

relatively higher seeding rates required in lower productivity

environments. A similar conclusion was reached by (Car-

ciochi et al., 2019). However, within each yield (productivity)

level there was a differential effect of early and late season

stand on yield (Figure 2). Greater early and late season stand

positively affected yield similarly within the MYL and LYL.

In contrast, yield within the HYL was not affected by early or

late season stand. However, regardless of yield level we did

find that higher seeding rates resulted in greater amounts of

in season plant attrition. Therefore, within MYLs and to an

even greater extent LYLs (which displayed higher AOSRs),

establishing an adequate stand at planting and maintaining

this increased stand until harvest is critical to maximize yield

within these yield levels. In contrast, HYLs can maximize

yield across a much wider range of plant stands and attrition

rates, likely due to a higher plant growth rate and ability to

intercept more PAR as previously hypothesized. The use of

seed treatments (Gaspar et al., 2014), appropriate tillage and

planting practices (Oplinger and Philbrook, 1992), narrow

rows (Andrade et al., 2019; De Bruin & Pedersen, 2008b),

and adequate fertility are all components which can maximize

early season stand and minimize in season plant attrition

to ensure adequate late season stands are achieved which is

particularly important in medium and low yield levels. Yet,

growers will continually encounter greater attrition rates as

seeding rate increases, further supporting the limited yield and

risk benefits from increasing seeding rates above the AOSR.

3.4 Seed mass and seed number

The three-way interaction between cluster, seeding rate and

seed number is displayed in Figure 3. When using seed mass

as a covariate, the two-way interaction between cluster and

seed mass was significant (Figure 4).These results suggest

that seed number and seed yield have a stronger correlation

than seed yield and seed mass. Others have also demonstrated

the importance of seed number and its strong relationship

with yield (Board, Kang, & Harville, 1999; Gaspar & Conley,

2015; Gaspar et al., 2015; Wells, 1991). The modeled effect

of seed number on yield was always positive regardless of the

cluster or seeding rate group. However, this study also sug-

gests that there are differential environments where seed num-

ber may be increasingly important depending upon the seed-

ing rate. At relatively higher seeding rates (> 400,000 seeds

ha−1) the effect of seed number on yield was similar across the

three clusters. In contrast, as seeding rate moved to 300,000

seeds ha−1 and below, yield was more sensitive to seed num-

ber in cluster 3 compared to clusters 1 and 2. This sensitivity

could be explained by a longer seed fill period in more south-

ern locations represented by cluster 3 resulting in greater seed

mass, thus magnifying impact of a change in seed number on

yield with lower seeding rates as suggested by Egli (1988).

In contrast, within the two-way interaction of seed mass and

cluster, yield was the most sensitive to seed mass within clus-

ter 1, which represents more northern environments. These
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F I G U R E 2 Relationship between percentage early (V2) and late (R8) season stand with yield derived from an analysis of covariance. Clusters

were combined within each yield level. Percent early and late season stand were calculated by dividing the plant stand at each time by seeding rate.

Slope coefficients are reported for each line followed by the standard error of the slope (in parenthesis). Different letters signify statistically different

slopes at the .05 confidence level within each separate graph whereas, ns denotes that the slope was not significantly different from zero

F I G U R E 3 Modeled effect of seed number (seeds m−2) on yield at 6 different predetermined seeding rates (SR) reported as ×1,000 seeds ha−1

with 95% confidence intervals

northern environments typically have a condensed seed fill

period and thus, the opportunity for the greatest improve-

ment or effect on seed mass. However due to the large 95%

confidence intervals there is limited inference to be made

(Figure 4). In summary, emphasis should be placed on increa-

sing seed number where low to moderate seeding rates are

planted within southern environments, while seed mass may

deserve more attention in more northern environments. Ulti-

mately, further testing is needed to better understand the dif-

ferential effects of seeding rate within various environments

on these two key yield components as identified by this study.

3.5 Seeding rate risk analysis

The Monte Carlo analysis of risk provided a yield increase

probability (the probability that a seeding rate will at least

provide either the same yield or a higher yield than the

AOSR) and average delta yield (the average yield increase

or decrease compared to the AOSR) (Table 2). For example,

within the MYL of cluster 1, a 20% decrease in seeding rate

from the AOSR had a 0.18 (18% chance) probability of either

maintaining or increasing yield over the AOSR and on aver-

age decreased yield by 13.1 kg ha−1 with a standard deviation
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F I G U R E 4 Modeled effect of seed mass (g 100 seeds−1) on yield

between each cluster with 95% confidence intervals

of 14 kg ha−1. In comparison, a 20% increase in seeding

rate over the AOSR displayed a 0.58 probability of either

maintaining or increasing yield over the AOSR with an aver-

age yield increase of 3.3 kg ha−1 and standard deviation of

15.5 kg ha−1.

Risk aversion is a common component in farm level

soybean seeding rate decisions and many times results in

growers inflating seeding rates. Across all nine cluster × yield

level combinations, seeding rates above the AOSR always

resulted in a yield increase probability above 0.5 (0.52–0.68),

while decreasing the seeding rate below the AOSR resulted

in exponentially greater risk (0–0.46). Thus, decreasing the

seeding rate below the AOSR resulted in a change in the

yield increase probability of greater magnitude compared to

a seeding rate increase above the AOSR. For instance, within

the HYL of cluster 1, a 30% increase in seeding rate above the

AOSR resulted in a yield increase probability of 0.58, which

is a rise in probability of 0.08, compared to a probability

decline of 0.47 from a 30% decrease in seeding rate from the

AOSR (380,000 seeds ha−1). A similar trend was observed

for the average delta yield, where increasing the seeding

rate above the AOSR resulted in small yield increases of

1.3–4.6 kg ha−1. In comparison, larger decreases in yield

were observed with seeding rates below the AOSR, which in

some cases reached an average delta yield of −60 kg ha−1.

Therefore, the magnitude of change in the average delta yield

was greater when seeding rates were below, not above, the

AOSR. However, for both the yield increase probability and

average delta yield, the magnitude of change due to seeding

rate was cluster × yield level dependent.

Ultimately, risk-averse growers may choose to increase

seeding rates slightly above the AOSR to ensure yield is

maximized, but should not expect substantial yield increases,

while growers who are comfortable with additional risk may

choose to decrease seeding rates below the AOSR. However,

there was considerably more downside risk and potential

yield loss with a decrease in seeding rate below the AOSR

than upside potential with an equivalent increase above the

AOSR. Furthermore, the balance of risk vs. yield stability

was different within each cluster × yield level combination,

meaning growers must understand this dynamic specific to

their geography and risk tolerance in combination with farm

level economics (Gaspar et al., 2017).

4 CONCLUSIONS

This work suggests that there is an opportunity for growers

to adjust seeding rates at both the between- and within-field

level based upon the environment’s historical productivity to

maximize yield, particularly in more northern environments.

Growers can utilize current variable rate seeding planter

technology to better manage their soybean seed investment,

by following the strategy of using higher seeding rates in

environments of lower productivity and lower seeding rates in

environments of higher productivity within a field. Further-

more, the AOSR should be targeted within each environment

(cluster × yield level). From a risk perspective, this is critical,

as seeding rates increasingly below the AOSR exponentially

increased risk and potential yield loss, while seeding rates

above the AOSR provided slight risk reduction and potential

yield increases but also increased seed cost. Particularly in

northern environments, the increase in seeding rate to reach

the AOSR within lower productivity environments should be

relatively greater than the decrease in seeding rate to reach

the AOSR within higher productivity environments. Further-

more, the absolute difference in AOSR between the HYL and

LYL will likely be greater in northern vs. southern environ-

ments. Ultimately, the specific seeding rates for the varying

levels of productivity across an individual field or between

fields will be based upon local agronomic recommendations

(e.g. weed control, white mold (Sclerotinia sclerotiorum),

iron deficiency chlorosis), grower risk tolerance, and

economics (e.g. seed costs), but should follow the aforemen-

tioned strategy. In this seeding rate strategy, growers should

focus on maximizing seed number not seed mass, especially

when lower seeding rates are used. Regardless of the seeding

rate implemented, growers should strive to establish an

optimal stand at planting and maintain this stand until harvest

to maximize yield, specifically within low and moderate yield

levels.
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