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Abstract 
Background and aims  Early season weather fluctua-
tions significantly impact corn (Zea mays L.) seed-
ling establishment and soil nitrogen availability. This 
study investigated the effect of flooding duration and 
temperature after planting on corn emergence, seed-
ling biomass and soil inorganic nitrogen content sup-
plemented by polymer-coated urea fertilizer.
Methods  A controlled environment experiment was 
conducted using a split-plot randomized complete 

block design. Corn seeds were planted in soil trays 
and maintained at temperatures of 5, 12.5, 20, 27.5, 
or 35  °C in five temperature-controlled chambers 
during the first four days after planting. Within each 
chamber, trays were flooded for 0, 1, or 3 days. Trays 
were relocated to a 25 °C greenhouse for 14 days and 
assessed for emergence and seedling growth. Soil 
samples were collected post-flooding and at seedling 
termination for nitrogen analysis.
Results  Final emergence remained above 80% when 
flooded for up to 3 days at temperatures ≤ 12.5 °C. In 
contrast, flooding reduced final emergence to 35–55% 
at 20  °C and to 0–8% at temperatures ≥ 27.5  °C. 
Despite maintaining high emergence rates at cooler 
temperatures (≤ 12.5 °C), flooding reduced root bio-
mass by 20–60% compared to non-flooded condi-
tions, while shoot growth remained unaffected. At 
seedling termination, soil NO3-N had accumulated 
significantly under flooding at 27.5 °C, while NH4-N 
concentration and the NO3-N: NH4-N ratio remained 
consistent across all treatments.
Conclusion  These findings suggest that early sea-
son flooding is more detrimental to corn emergence at 
warmer temperatures. Although emergence remained 
high under cooler temperatures, impaired root devel-
opment indicates the substantial risks of stand estab-
lishment and nutrient uptake under excessive soil 
moisture conditions.
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Abbreviations 
AA	� Accelerated aging
AOSA	� Association of Official Seed Analysis
ESN	� Environmentally smart nitrogen
FC	� Field capacity
FD	� Flooding duration
PCU	� Polymer-coated urea
PWP	� Permanent wilting point
SG	� Standard seed germination test

Introduction

Over recent decades, the Midwestern United States 
has experienced more frequent extreme weather 
events and greater precipitation intensity. The distri-
bution of rainfall has also shifted (Lindsey et al. 2024; 
Walthall et al. 2013). Many climate models also pre-
dict that spring precipitation in the Midwestern US 
will increase by 6–10% under middle-to-high emis-
sion scenarios (Pryor et al. 2013; Urban et al. 2015). 
Specifically, the increasing frequency and intensity of 
precipitation in early spring can increase the risk of 
waterlogging and flooding (Urban et al. 2015). Local-
ized flooding incidents have been documented during 
the early growing season in certain regions of Ohio, 
occurring at intervals of approximately once every 
two to three years (Ortez et  al. 2023; Novias et  al. 
2025). Excessively wet conditions occur more fre-
quently during early growth stages compared to later 
in the season (Fausey and McDonald 1985; Nielsen 
2011). Early season weather patterns can greatly 
influence corn (Zea mays L.) planting, germination, 
and early emergence (Lindsey et  al. 2024). Risks of 
heavy spring rain can also impact planting decisions 
and other critical management practices. For example, 
a reduction in workable field days, due to fields being 
too wet for planting machinery, can delay corn plant-
ing. As a result, farmers may plant into marginal soils 
ahead of a cold front bringing rain to avoid planting 
delays from unsuitable field conditions (Urban et al. 
2015; Lindsey et al. 2024).

The seedbed conditions after planting are critical 
for the germination, emergence, and development of 
seedlings (Wuebker et al. 2001). Water is required to 
initiate seed germination and hydrate the seed’s grow-
ing tissues (Khaeim et al. 2022), but excess moisture 
or flooding conditions during early season create an 
abiotic stress to the germinating and emerging corn 

seeds/seedlings (Suo et  al. 2022). Flooding is a sig-
nificant abiotic stress that has detrimental impacts on 
crop growth and development (Wuebker et al. 2001; 
Wu et  al. 2025). Flooding limits oxygen concentra-
tion by filling soil pores with water, which creates 
an anoxic soil condition. A low oxygen concentra-
tion has a detrimental impact on germinating seeds, 
impairing normal seedling development and reducing 
final stands (Fausey and McDonald 1985; Borisjuk 
and Rolletschek 2009; Lindsey et  al. 2024). Vash-
isht et al. (2011) reported that soil can reach severely 
hypoxic or even anoxic after 24  h of water satura-
tion. Both the duration and timing of flooding are 
important factors in determining the severity of dam-
age to seeds or seedlings (Suo et al. 2022). Khosravi 
and Anderson (1990) recorded that corn inbred lines 
showed a decline in emergence after 48 h of flooding 
at 20  °C, and these losses increased as the flooding 
duration was extended to 96 h or more.

Temperature is another important factor that deter-
mines the level of flooding injury to corn seeds and 
seedlings. Fausey and McDonald (1985) observed 
higher emergence rates for corn hybrids across differ-
ent flooding durations at a lower temperature (10 °C) 
compared with a higher temperature (25  °C) under 
both laboratory and field conditions. Warmer temper-
atures accelerate seed metabolic activities more than 
lower temperatures. Consequently, flooding under 
warmer conditions may result in depletion of soil 
oxygen concentrations more rapidly than under cooler 
conditions (Lindsey et al. 2024).

Flooding negatively affects soil nitrogen (N) 
availability by increasing losses via leaching and 
denitrification (Kaur et  al. 2020; Novais et  al. 
2025). As N is a vital nutrient for corn development 
and yield, it is crucial to adjust the timing, rate, and 
source of supplemental fertilizer, especially when 
soils are saturated to ensure availability for plant 
uptake (Kaur et  al. 2020; Dill et  al. 2020). Slow-
release N fertilizers are one method to optimize 
the fertilizer use efficiency to improved N manage-
ment in corn production. The polymer-coated urea 
(PCU) products (e.g., environmentally smart nitro-
gen or ESN) can reduce N leaching losses during 
the early part of the growing season (Bundy and 
Andraski 2007); dry synthetic N sources resulted 
in greater yield in flooded and non-flooded field 
trials in Ohio compared to other N sources evalu-
ated (Novais et  al. 2025). However, it is unclear if 



Plant Soil	

Vol.: (0123456789)

temperatures during flooding would affect the N 
release and availability of pre-plant applied stabi-
lized N sources.

Only a few studies have reported on the com-
bined effect of flooding duration and temperature 
on corn germination and emergence (Fausey and 
McDonald 1985). Some studies have examined the 
effect of flooding duration, but at only a single tem-
perature (Khosravi and Anderson 1990; Chahal and 
Jhala 2016). Furthermore, much of the past work 
has focused on a flooding temperature range of 
10–25  °C. Therefore, it is important to understand 
how flooding duration influences corn germination 
and emergence across broader range of tempera-
tures. Therefore, the objective of this study was to 
investigate (1) the effect of flooding duration and 
temperature after planting on corn germination, 
emergence, and seedling biomass and (2) the effect 
of flooding duration and temperature on inorganic 
nitrogen content in soil supplemented by PCU ferti-
lizer. We hypothesized that: (1) short-term flooding 
would significantly reduce corn seed germination, 
emergence and seedling biomass, with the most 
severe reductions occurring at warm temperatures 
compared to cooler temperatures; and (2) warmer 
temperature would accelerate N availability from 
applied fertilizer, while short-term flooding would 
increase the loss of N, resulting in lower inorganic 
N levels in soils after flooding concluded.

Materials and methods

Seed materials

Seeds of a commercially available maize hybrids 
[Pioneer® P1164AM (111-day RM)] were obtained 
before project initiation and kept in 10 °C cold storage 
until initiation of the experiments. Seeds were treated 
with pesticides including ethaboxam, inpyrfluxam, 
metalaxyl, ipconazole fungicides, clothianidin insec-
ticide, Bacillus amyloliquefaciens strain PTA-4838 
and MBI-600. Prior to conducting the experiments, 
standard warm germination (AOSA 2018), and two 
vigor tests of accelerated aging (AA) and cold ger-
mination tests (AOSA 1983) were conducted and 
resulted in germination percentages of 99%, 92% and 
96%, respectively.

Soil collection and preparation

The study was conducted at The Ohio State Univer-
sity in Columbus, Ohio, from June to August 2025. 
Field soil (Crosby silt loam [fine, mixed, active, 
mesic aeric epiaqualfs]) (NRCS USDA 2026) was 
collected from the Waterman Agricultural and Natu-
ral Resources Center (Columbus, OH). Soil was 
sieved using 1.5–1.6 cm2 mesh screens to remove 
plant debris and large soil aggregates. A subsample of 
sieved soil was analyzed for soil bulk density, avail-
able moisture content boundaries (field capacity [FC], 
permanent wilting point [PWP]), soil texture, and ini-
tial soil chemical properties (Table 1). Soil was stored 
in closed containers at room temperature (21–23 ℃) 
until being used. Prior to initiation of the experiment, 
the soil was adjusted to 20% available water content 
to facilitate adequate moisture conditions for suc-
cessful seed germination. This was achieved by add-
ing water (60 mL water per 1000 g of soil) in small 
batches and thoroughly mixing to ensure uniform 
distribution of water in the soil. Immediately before 
filling rectangular trays (35.6 × 13.1 × 6.3  cm), PCU 
(44–0-0; ESN, Nutrien) was thoroughly mixed into 
bulk soil for uniform distribution. The amount of fer-
tilizer added to the bulk soil was calculated to sim-
ulate an agronomic rate of 224  kg N ha⁻1, ensuring 
each tray received approximately 2.4 g of PCU.

Tray preparation

The trays were filled with soil to a depth of 5.5 cm. 
Each tray contained drainage holes of approximately 
0.5  cm diameter to ensure proper water circula-
tion through the soil. Six corn seeds were planted at 
a depth of 3.75  cm in each tray, and furrows were 
closed after seed placement was completed.

Experimental procedures

The experiment was conducted using controlled envi-
ronmental chambers to impose initial treatments, with 
each tray (experimental unit) being relocated to the 
greenhouse to complete data collection (Fig. 1). This 
study used a split plot randomized complete block 
experimental design. The main factor was the air/
soil temperature (Temp). Five temperature-controlled 
chambers (Darwin chamber and Percival scientific 
chambers) were used to maintain constant, individual 
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Table 1   Soil physical properties of bulk density (g cm−3), 
available water content boundaries on gravimetric basis of field 
capacity (FC) and permanent wilting point (PWP), soil textural 

classification, and initial soil chemical properties (Soil quality 
test kit guide; USDA, 2025)

Soil physical property Method of quantification Values and units

Soil bulk density (BD) Core method 1.23 g cm−3

Available Water Content Boundaries Pressure Chamber FC (0.03 MPa) 0.23 g g−1

PWP (1.5 MPa) 0.15 g g−1

Soil texture Hydrometer Analysis Soil texture silt loam
Clay 14%
Silt 68%
Sand 18%

Soil Chemical property
Soil pH pH 1:1 (Soil: Water) 6.1
Cation Exchange Capacity 11.9 cmolc kg−1

Nitrate–N Potassium Chloride extraction 21 mg kg−1

Organic matter High temperature oxidation 28 g kg−1

Fig. 1   Outline of the experimental design illustrates the appli-
cation of five temperature treatments and three flooding dura-
tions to corn seed trays over the 18-day study period. The 

figure represents the six trays undergoing flooding durations 
within a single temperature chamber
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setpoints of 5, 12.5, 20, 27.5, and 35 °C throughout 
the first four days.

The sub-factor was flooding duration (FD), 
imposed 2  h after planting, with three levels: 0 (no 
flooding imposed), 1 and 3 days; two subsample trays 
of each sub-plot were present for each run. Seed trays 
were placed inside a larger tray (50 × 27 × 6.5  cm) 
without drainage holes to facilitate the flooding. Two 
hours after planting, the 1-day and 3-day flooding 
treatments were initiated by adding 3.25 L of water 
to each flooding container, ensuring flooding up to 
soil surface level of the seed trays. After the flood-
ing period was achieved, the seed trays were removed 
from the flooding containers and allowed to drain 
within their respective temperature-controlled cham-
bers. On the fourth day after the start of the experi-
ment, all trays were transferred to a temperature-
controlled greenhouse maintained at a 25 °C setpoint 
with a 14/10  h  day/night cycle for another 14  days. 
Trays were watered regularly in the greenhouse 
beginning on the fifth day after initiation (beginning 
24 h after placement in the greenhouse).

Data collection

Emergence was measured for each tray, with emer-
gence defined as the number of seedlings with 
coleoptile above the soil surface. Fourteen days 
after transferring to the greenhouse, corn seedlings 
were uprooted carefully from the soil. If a plant was 
not present within a row where a seed was planted, 
the seed was recovered and assessed for condition 
as abnormal or dead. Uprooted plants were washed 
gently to remove adhered soil particles from the 
root system. Final emergence was quantified based 
on the number of normal seedlings, defined as those 
exhibiting well-balanced and symmetrical devel-
opment across all essential structures, including 
roots, coleoptile and leaves (AOSA 2018). In addi-
tion, the numbers of abnormal seedlings emerged, 
abnormal seedlings germinated but not emerged, 
and dead seeds were recorded. Seedlings with mal-
formed roots, missing or damaged coleoptile were 
counted as abnormal seedlings. Normal seedlings 
from each experimental unit (seed tray) were pooled 
and measured the fresh weight (g) of the above 
ground biomass and root biomass separately. The 
above ground biomass and root biomass in each tray 
were then divided by number of plants and obtain 

per plant above ground and root biomass. The per-
centage of final emergence was calculated based on 
the number of plant emergences out of six seeds per 
tray.

For soil N analysis, three soil samples were col-
lected from the bulk soil mixture after fertilizer 
application but prior to planting (pre-flooding) 
to establish baseline inorganic values. Nitrate–N 
(NO3-N) and ammonium (NH4-N) were then deter-
mined via an automated colorimetric method using 
Lachat instruments Quick-Chem 8500 (EPA 353.2 
and 350.1). Soil samples were also collected from 
each tray after the first four-day period in the cham-
bers (post-flooding; 4th day after planting) and 
at experiment termination (18  days after plant-
ing). Approximately six cores (2  cm diameter, of 
5.5  cm depth) were collected and composited into 
a single sample for each treatment combination. 
All soil samples were air-dried before being ana-
lyzed for nitrate (NO3-N) and ammonium (NH4-N) 
concentrations.

Statistical analysis

Plant biomass components, final emergence per-
centage, and inorganic soil nitrogen concentrations 
(NO3-N, NH4-N and NO3:NH4-N ratio) at post-
flooding and at the end of the experiment were 
analyzed using a split-plot mixed model with the 
PROC GLIMMIX procedure in SAS 9.4 at α = 0.1 
(SAS Institute, Cary, NC; version 9.4). Due to space 
limitation within temperature chambers, the entire 
experiment was independently repeated twice yield-
ing two temporal runs. Temperature (Temp), flood-
ing duration (FD) and their interaction were treated 
as fixed effects. Prior to statistical analysis, data 
from the two subsample trays within each treatment 
combination and each run were averaged to yield a 
single value per experimental unit. To evaluate the 
relationship between soil NO3-N and NH4-N con-
centrations across flooding durations, simple linear 
regression analysis was conducted separately for 
each of the five temperatures using SAS 9.4 (SAS 
Institute, Cary, NC). A significance threshold of 
α = 0.1 was used to minimize type 2 errors giving 
small sample size and the high natural variability 
in soil and root data (Kaur et al. 2018; Paiao et al. 
2021).
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Results

Final emergence response

The interaction between temperature and FD was sta-
tistically significant for final emergence and seedling 
biomass (Table  2). Under 0-day flooding conditions 
(no flooding), final emergence percentages were sta-
tistically similar across all temperature treatments, 
maintaining approximately 100% final emergence 
(Table 2, Fig. 2). No emergence was recorded for the 
3-day FD at 27.5 ℃ and 35 ℃, or for the 1-day FD 
at 27.5℃. One-day flooding duration at 35 ℃ also 
only recorded 8.3% of final emergence. At 5 ℃, final 
emergence remained above 90% regardless of flood-
ing duration, with no significant differences observed 
between treatments. At 12.5 ℃, 1-day and 3-day FD 
produced significantly lower seedling percentage 

compared to no-flooding treatment, although emer-
gence remained above 75%. At 20 ℃, the emergence 
percentage significantly decreased as flooding dura-
tion increased. Compared to the no-flooding treat-
ment, 1-day and 3-day flooding reduced emergence 
by 46% and 62%, respectively.

At 35 ℃, seeds that failed to emerge during 1-day 
and 3-day flooding, were found to be dead and decay-
ing without no visible signs of germination. At 27.5 
℃ and 20 °C, > 95% of the non-emerged seeds were 
dead. Of the remaining areas lacking emergence, 
at 27.5 C less than 5% of the seeds from the total 
planted seeds showed radicle emergence suggest-
ing germination occurred though plants died prior 
to emergence; at 20 ℃, the remaining non-emerged 
areas showed abnormal seedling development with 
radicles emerged and unfurling of leaves below the 
soil surface without emerging, indicating some plant 
development occurred. All seedlings that success-
fully emerged above the soil surface were classified 
as 100% normal seedlings across all treatments.

Seedling biomass response

No seedling biomass was recorded under the 3-day 
FD at 27.5  °C and 35  °C, or under the 1-day FD at 
27.5 °C due to no emergence of plants being present 
at termination (Figs. 2 and 3). At 5 ℃, per-plant shoot 
biomass was statistically similar across all flood-
ing durations. However, root biomass under 1-day 
and 3-days FD was reduced by approximately 40% 
compared to 0-day FD (Fig. 3). At 12.5 ℃, per-plant 
shoot and root biomass were statistically similar for 
all flooding conditions, although the 1-day and 3-day 
FD significantly reduced the final emergence percent-
age (Figs.  2 and 3). At 20 ℃, while short-term FD 
reduced emergence by 46–62%, shoot and root bio-
mass remained similar across the three FD. For the 
0-day FD, while seedling emergence and shoot bio-
mass were statistically similar across all temperatures, 
root biomass was significantly reduced at 20 and 27.5 
℃ compared to 5 ℃.

Soil nitrogen availability

During the post-flood period (4  days after plant-
ing), soil NO3-N was significantly impacted only by 
the main effect of FD (Table  3), with the 1-day FD 

Table 2   Analysis of variance results for final emergence per-
centage, per plant shoot, and root biomass of corn for tempera-
ture, flooding duration (FD), and their interactions in 16 days 
after initiation

Effect p-value

Final emer-
gence percent-
age (%)

Per plant 
shoot bio-
mass

Per plant 
root bio-
mass

Temperature 0.0002 0.0621 0.0246
FD  < 0.0001 0.0206  < 0.0001
Temperature × FD  < 0.0001 0.0262 0.0023

%

Fig. 2   Final emergence percentage as function of temperature 
and flooding duration (FD) treatments. Means followed by the 
same letter are not significantly different (p < 0.1). Error bars 
within each series are depicting the standard error of the means
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yielding higher concentrations (130.0 mg  kg−1) than 
the no flooding treatment (87.2 mg kg−1).

Soil NO3-N levels at study termination (18  days 
after planting) increased with initial 4-day tempera-
ture treatments, up to 27.5 °C where the 1-day FD at 
27.5 ℃ recorded the highest overall concentration. 
However, at 35  °C, NO3-N concentrations declined 
across all flooding durations compared to the 27.5 °C 
(Fig. 4). Soil NO3-N concentration at seedling termi-
nation ranged from 98.0–236.5 mg kg−1. In contrast, 
soil NH4-N concentrations were not significantly 
influenced by temperature, FD, or their interaction 
at either sampling time (Table  3). Soil NH4-N val-
ues ranged from 57.5 to 276.0 mg  kg−1 at the post-
flood sampling time, and from 22.0 to 144.5 mg kg−1 
at seedling termination. Similarly, the ratio of 
NO3-N to NH4-N was not significantly affected by 
the treatments at either sampling time, indicating 

ratios remained relatively stable despite the sig-
nificant NO3-N fluctuation specially during seedling 
termination.

During the post-flooding period, no significant 
linear regression trends between NO3-N and NH4-N 
were identified (data not shown). However, one nega-
tive relationship between soil NO3-N and NH4-N 
concentrations was identified at study termination for 
trays held at 35 ℃ for the initial period (p = 0.0553; 
Supplementary Fig. 1).

Discussion

Flooding and temperature effects on emergence

The result of this study highlighted the significant 
interaction between soil temperature and flooding 

Fig. 3   (a) Shoot biomass and (b) root biomass per plant as a 
function of temperature and flooding duration (FD) treatments. 
Means followed by the same letter are not significantly differ-

ent (p < 0.1). Error bars within each series are depicting the 
standard error of the means

Table 3   Analysis of variance results for soil NH4-N, NO3-N concentrations and NO3-N: NH4-N ratio during post-flood (4-day after 
planting) and seedling termination (18-days after planting) for temperature, flooding duration (FD), and their interactions (

Effect p-value

NH4-N concentration NO3-N concentration NO3-N: NH4-N ratio

post-flood Termination post-flood Termination Post-flood Termination

Temperature 0.9085 0.2912 0.5484 0.1068 0.4606 0.5983
FD 0.8796 0.5458 0.0877 0.0458 0.3437 0.1068
Temperature × FD 0.1895 0.8787 0.1621 0.0747 0.7862 0.4177
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duration on corn emergence. Flooding at warmer tem-
peratures (27.5 and 35 °C) suppressed or eliminated 
seedling emergence. Conversely, at cooler tempera-
tures (5 and 12.5  °C), emergence was not inhibited, 
even under 1- and 3-day flooding durations (Fig. 2). 
These findings indicate that flooding is significantly 
more detrimental to corn emergence at higher tem-
peratures than at lower temperatures. Observing the 
majority of non-emerged seed as dead seeds (> 95%) 
revealed that flooding at higher temperatures (≥ 27.5 
℃) suppressed the seed germination as well.

Under cooler temperatures (5 and 12.5 °C), flood-
ing resulted in marginally lower emergence, but this 
reduction was not statistically significant compared 
to non-flooded conditions. At 20 ℃, 0-day flood-
ing treatment recorded maximum emergence, while 
flooding at the same temperature resulted in approx-
imately a 50% reduction in germination (Fig.  2). 
This suggests that during flooding at 5 and 12.5 °C, 
metabolic activity within the seeds was slow enough 
to ensure survival, whereas at 20 °C, metabolic pro-
cesses might accelerate. Furthermore, successful 
emergence at 5 and 12.5 °C indicates that corn seeds 
were not affected by imbibitional chilling, despite 
being exposed to cold, waterlogged conditions for 24 
to 72 h. The seeds used in this study were considered 
high vigor seeds, recording 96% germination under 
cold test and 92% vigor score for the AA test at the 

time of the project initiation, also might be the rea-
son not to observe imbibitional chilling damage (Seed 
laboratory, Iowa State University, n.d.; Sodak Labs, 
Inc.). Given that seeds showed approximately 96% 
final emergence at 35 °C under 0-day flooded condi-
tions, the suppression of germination observed in this 
study was evidently driven by flooding stress rather 
than high temperature alone.

The study conducted by Fausey and McDonald, 
(1985) also revealed that germination losses were 
less when flooding at low temperatures compared 
to high temperatures. They found that corn hybrid 
means percent germination at 10 ℃ decreases from 
83% at 0 h to 47% at 144 h resulting 43% of germi-
nation decline compared to 0  h. However, at 25 ℃, 
mean germination decreases from 85% at 0 h to 1% 
at 144 h resulting 98% germination reduction. Simi-
lar results were reported under field conditions, that 
corn germination under flooding was low under warm 
weather compared to cold weather conditions. Khos-
ravi and Anderson (1990) recorded that loss of corn 
germination started at 48  h of flooding and losses 
increased when the duration of flooding increased. 
However, even at 4-day of flooding at 20 ℃ these 
researchers recorded more than 60% germination in 
each tested cultivar. This contrasts to our results that 
a 1-day flood was sufficient to reduce emergence to 
below 60%. This discrepancy may be attributed to the 

Fig. 4   (a) Soil NO3-N and (b) soil NH4-N concentration (mg 
kg−1) during seedling termination (18 days after planting) as a 
function of soil temperature and flooding duration (FD) treat-

ments. Means followed by the same letter are not significantly 
different (p < 0.1). Error bars within each series are depicting 
the standard error of the means
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difference in soil media between the studies. Previous 
research used bulk soil-sand mixture (1:1), while this 
study was conducted using field soil. Greater drain-
age and microporosity in the sand amended soil may 
have reduced the flooding stress and supported higher 
emergence.

Mechanisms of emergence failure

Although this study did not investigate the specific 
physiological mechanisms behind flooding condi-
tions, has documented these processes. Flooding 
induces anoxic conditions by filling soil pores with 
water, thereby limiting the oxygen concentration 
(Fausey and McDonald 1985; Pan et al. 2021; Lind-
sey et al. 2024). Vashisht et al. (2011) recorded that 
soil oxygen levels reach zero after 24 h of flooding, 
and oxygen availability is further restricted due to the 
lower diffusion rate of oxygen in water compared to 
air (Pan et al. 2021). Furthermore, warmer tempera-
tures accelerate seed metabolic activity and respira-
tion (Fausey and McDonald 1985; Wiebold 2013; 
Lindsey et al. 2024). Under these warmer conditions, 
the limited oxygen supply in flooded soil cannot 
meet the seed’s higher respiratory demand, result-
ing in rapid oxygen depletion. This forces anaerobic 
metabolism and the subsequent production of toxic 
byproducts, such as ethanol and acetaldehyde, which 
can cause seed death before germination (Martin 
et  al. 1991; Borisjuk and Rolletschek 2009). These 
might be the reasons to produce lower germination 
and emergence under flooding at higher temperatures. 
Rate of water uptake by seed depends on the water 
potential gradient between the seed and soil. Under 
saturated soil conditions seeds absorb water rap-
idly during imbibition phase may cause detrimental 
impact to the seed tissues and membrane permeabil-
ity. Under warmer temperature conditions this process 
is faster, and the impact was much faster and severe 
(Cheng et al. 2010; Suo et al. 2022). This could also 
be a reason to result in no emergence under flooding 
conditions at warmer temperatures.

Root growth responses

Even though flooding at 5 and 12.5  °C tempera-
tures produced similar emergence rates, root bio-
mass was significantly reduced by flooding stress, 
whereas shoot biomass remained similar compared to 

unflooded conditions (Fig. 3). This reduction in root 
biomass was also observed at 20  °C. Flooding sup-
presses root growth and volume by limiting oxygen 
availability, thereby impairing respiration and nutri-
ent uptake. Prolonged hypoxia can lead to cellular 
necrosis and ultimately root death (Wenkert et  al. 
1981; Colmer and Voesenek 2009; Wiebold 2013). 
While considerable research has examined the effects 
of flooding on the root and shoot growth of already 
emerged corn seedlings (Lizaso et  al. 2001; Nagel 
et al. 2009; McDaniel et al. 2016; Kaur et al. 2018), 
this study showed that flooding suppresses root 
development even when it occurs immediately after 
planting and prior to emergence. Anaerobic soil con-
ditions can disrupt the imbibition phase and radicle 
emergence during germination, which can suppress 
primary root development in emerging corn seedlings 
(Wenkert et al. 1981; Lizaso et al. 2001).

Nitrogen dynamics

The elevated soil NO3-N concentrations observed 
under 1 and 3-day flooding at 27.5 ℃ at seedling 
termination can be partially explained by the corre-
sponding seedling biomass and emergence results. 
The severe reduction in seedling emergence and 
growth under these conditions likely suppressed 
plant N uptake, causing NO3-N to accumulate in the 
soil. While the 1 and 3-day FD at 35 ℃ resulted in 
similarly poor seedling biomass, soil NO3-N did not 
accumulate as observed at 27.5 ℃ but instead resulted 
statistically similar values as seen with 0-day flood-
ing at 35 °C and at lower temperatures (Fig. 4). Fur-
thermore, the absence of significant treatment effects 
immediately post-flooding might suggest that the 
brief 1 to 3-day exposure period was too short to sig-
nificantly alter the nitrogen release pattern from the 
applied PCU fertilizer. Flooding can lower plant-
available soil N by promoting nitrate leaching and 
increasing bacterial denitrification caused by anaero-
bic conditions (Robertson and Vitousek 2009; Naasko 
et  al. 2026). The polymer-coated urea products can 
reduce N leaching losses during the early part of the 
growing season (Bundy and Andraski 2007). How-
ever, the study conducted by Golden et  al. (2011), 
suggested that excessive rainfall shortly after PCU 
application would not greatly influence N release 
rate and would tend to minimize runoff and leach-
ing losses of N compared to immediately available 
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form of N fertilizer. Although significant variation 
was observed in the NO3-N pool at termination, 
the NO3-N: NH4-N ratio and the linear regressions 
between NO3-N and NH4-N remained non-signifi-
cant. The lack of significant trends may be attributed 
to the short eighteen-day duration of the experiment, 
which was likely an insufficient timeframe to observe 
the full nitrogen release pattern from the controlled-
release PCU fertilizer and soil microbial activities on 
soil nitrogen cycle.

Agronomic implications

This study supports the hypothesis that soil tempera-
ture during early season flooding cause sever reduc-
tion of corn germination and emergence with most 
detrimental effects at higher temperatures (≥ 27.5 ℃). 
However, extended flooding durations even at moder-
ate temperatures (e.g., 3 days at 20 °C) resulted in a 
50% reduction in emergence. These results also sug-
gest that imbibitional chilling from cooler tempera-
tures during flooding was not as great as flooding at 
low temperatures reducing root biomass. Damage to 
root systems, even if under low temperatures, might 
be problematic for future crop growth and yield by 
limiting the nutrient and water uptake. These findings 
highlight the risk of early season corn stand establish-
ment, aligning with climate models that predict an 
increased frequency of heavy precipitation events and 
altered rainfall distributions during the Midwestern 
planting window. Poor stand establishment directly 
impacts the replanting decisions of farmers to com-
pensate for the potential yield losses. Therefore, it 
is important to consider rainfall forecast along with 
soil temperature before and after planting. While this 
study focused on early season growth of corn, future 
field research must evaluate how the compounding 
effects of early season flooding and varied tempera-
tures impact the reproductive stages and final grain 
yield.
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