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Abstract

Background Precipitation plays an important role in crop production and soil greenhouse gas emissions. However,
how crop yield and soil nitrous oxide (N,O) emission respond to precipitation change, particularly with different
background precipitations (dry, normal, and wet years), has not been well investigated. In this study, we examined the
impacts of precipitation changes on corn yield and soil N,O emission using a long-term (1981-2020, 40 years) climate
dataset as well as seven manipulated precipitation treatments with different background precipitations using the
DeNitrification-DeComposition (DNDC) model.

Results Results showed large variations of corn yield and precipitation but small variation of soil N,O emission
among 40 years. Both corn yield and soil N,O emission showed near linear relationships with precipitation based on
the long-term precipitation data, but with different response patters of corn yield and soil N,O emission to precipita-
tion manipulations. Corn yield showed a positive linear response to precipitation manipulations in the dry year, but
no response to increases in precipitation in the normal year, and a trend of decrease in the wet year. The extreme
drought treatments reduced corn yield sharply in both normal and wet years. In contrast, soil N,O emission mostly
responded linearly to precipitation manipulations. Decreases in precipitation in the dry year reduced more soil N,O
emission than those in the normal and wet years, while increases in precipitation increased more soil N,O emission in
the normal and wet years than in the dry year.

Conclusions This study revealed different response patterns of corn yield and soil N,O emission to precipitation
and highlights that mitigation strategy for soil N,O emission reduction should consider different background climate
conditions.
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Background

Due to anthropogenic greenhouse gas emissions, the
average surface temperature on Earth is predicted to
increase by 1.4-5.8 °C during this century (Houghton
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history of investigation on the relationship between pre-
cipitation and terrestrial ecosystems, it is still not entirely
clear how anticipated changes in precipitation affect
ecosystem processes like crop yield and greenhouse gas
emissions (Weltzin et al. 2003; Knapp et al. 2015; Gao
et al. 2022).

Both plant productivity, yield, and soil N,O emission
are significantly influenced by precipitation and soil
water conditions (Kennedy et al. 2013; Deng et al. 2015;
Plaza-Bonilla et al. 2017). Plant productivity has been
linked to precipitation change at both spatial and tempo-
ral scales (Wu et al. 2011; Beier et al. 2012; Ye et al. 2018).
Crop yield is also found to be significantly correlated to
precipitation (Changnon and Holliger 1993; Lobell et al.
2007; Zscheischler et al. 2017; Cammarano et al. 2019).
Field measurements, eddy covariance observations, and
model simulations all showed that precipitation is the
critical factor determining the response of soil N,O emis-
sion (Huang et al. 2014, 2022; Deng et al. 2016; Hossain
and Beierkuhnlein 2018; Tian et al. 2020; Zhang et al.
2021; Xie et al. 2022). Knapp et al. (2017) summarized the
responses of plant productivity to precipitation change
and proposed a conceptual double asymmetric model
linking the change of precipitation to productivity. Based
on this conceptual model, under the normal precipitation
range, plant productivity would increase more to increas-
ing precipitation in comparison to the observed decrease
with decreasing precipitation. However, in the event of
extreme precipitation, productivity would decrease more
dramatically to decreasing precipitation than the increase
induced by increasing precipitation (Knapp et al. 2017).
The application of the double asymmetrical model to
crop yield, soil N,O emission and precipitation change
has not been tested.

To develop and test the response patterns of crop yield
and soil N,O emission to precipitation changes, several
approaches have been used. Using long-term datasets,
we can group all years into different precipitation cat-
egories (i.e., extreme dry, dry, normal, wet, and extreme
wet years), and calculate the mean values of ecosystem
response variables such as productivity. Response rela-
tionships between the mean values of response variable
and precipitation can be developed. For example, using
20 years’ data of observational and satellite-based data-
sets of plant productivity in China, Chang et al. (2023)
found that productivity mostly showed a positive asym-
metry to soil moisture.

Another common approach is conducting field manip-
ulative experiments. By manipulating precipitation inten-
sity and creating different treatment levels, ecosystem
responses to precipitation changes can be derived. For
example, Deng et al. (2016) conducted a field experi-
ment with five precipitation treatments and showed
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that switchgrass aboveground net primary productivity
(ANPP) responds in a single negative asymmetry model
to precipitation change but soil respiration responds
strongly to precipitation changes in an “S” curve model.
Zhang et al. (2022) also reported a negative asymmetric
model for ANPP but a positive asymmetric model for
soil respiration in a desert grassland in China. Similarly,
Wang et al. (2022) found that global terrestrial ecosystem
gross primary productivity responds positively and asym-
metrically to precipitation change. One issue with field
experiments is that background precipitation may influ-
ence overall response patterns (Kukal and Irmak 2018;
Song et al. 2019). Responses of soil respiration to tem-
perature and precipitation vary dramatically different
background precipitation (local climate) ranges (Wang
et al. 2021). ANPP in a desert grassland showed different
response patterns in a wet year compared to a dry year
(Zhang et al. 2022).

In addition to field measurements, modeling tech-
niques have been used to evaluate how plant produc-
tivity, crop yield, and soil N,O emissions in agricultural
ecosystems are affected by climate change (Stehfest and
Bouwman 2006; Deng et al. 2016; Ehrhardt et al. 2018;
Zhang et al. 2021; Abdalla et al. 2022). The modeling
approaches can overcome some shortcomings of field
observations such as difficulty in setting many treatment
levels and the effects of background precipitation, and
modeling can also assess the effects of climate change
and management practices (Deng et al. 2016; Tian et al.
2016; Chen et al. 2019). Different ecosystem models have
been used for the simulation of N transformations, as
well as subsequent responses of soil N,O emissions to
agricultural practices and climate change (Stehfest and
Bouwman 2006; Chen et al. 2019; Ehrhardt et al. 2018;
Aballa et al. 2022). Specifically, a mechanistic, process-
based model DeNitrification-DeComposition (DNDC)
has been developed, modified, and extensively applied
to calculate the greenhouse gas emissions at both small
and large scales in different cropland ecosystems (Li et al.
1992a, b; Giltrap et al. 2010; Zhang et al. 2016; Ingra-
ham and Salas 2019; Cui and Wang 2019). For example,
Deng et al. (2016) parameterized the DNDC model based
on a 3-year field experiment in a cornfield in Nashville,
TN, and simulated the effects of different agricultural
practices on soil N,O emissions. It is feasible to evaluate
and forecast the effects of various agricultural manage-
ment techniques on soil N,O emissions since the DNDC
model takes into account all significant N processes such
as nitrification and denitrification and the N,O transport
process (Li et al. 1992a, b; Wang et al. 2021). Variables
that affect nitrification and denitrification processes in
the model include microbial activity, redox potentials,
active organic carbon, ammonium nitrate and nitrogen
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content and the dynamics of the microbial denitrifier
populations (Liu et al. 2011). It is ideal to use the DNDC
to test the impacts of climate change on plant and soil
greenhouse gas emissions and explore the response pat-
terns and potential mechanisms.

In this study, we extended our previous model exercise
to investigate the responses of corn yield and soil N,O
emission using a previously calibrated DNDC model
(Deng et al. 2016; Zhang et al. 2021). Two approaches
and climate data were used: the natural precipitation var-
iation of a long-term (40-year) precipitation dataset, and
a precipitation manipulation of seven levels (from — 50%
to+50% of ambient precipitation). To test the impacts
of background precipitation on response patterns, we
selected 3 years representing dry, normal, and wet con-
ditions from the long-term precipitation dataset and set
precipitation treatments at seven levels for each year.
The major objectives of this study were: (1) to explore
the coupled response patterns of corn yield and soil N,O
emission to precipitation change using a long-term data-
set; (2) to evaluate the impacts of background precipita-
tion on the response patterns of corn yield and soil N,O
emission to precipitation manipulations.

Materials and methods

The DNDC model and model validation

We used the DNDC model (version 95; http://www.dndc.
sr.unh.edu) to simulate and evaluate corn yield and soil
N,O emissions. The DNDC model was originally devel-
oped to simulate plant growth and greenhouse gases
emissions, including soil N,O emissions, from croplands
(Li et al. 1992a, b) and has been widely applied in different
terrestrial ecosystems under different agricultural prac-
tices and environmental conditions (Uzoma et al. 2015;
Deng et al. 2016; Abdalla et al. 2022). This model includes
a suite of biogeochemical processes, such as decompo-
sition, fermentation, ammonia volatilization, nitrifica-
tion, and denitrification, and allows computation of the
complex transfer and transformations of N in agriculture
lands (Li et al. 1992a; Deng et al. 2018; Zhang et al. 2021).
There are two major components in the model. The first
component, consisting of the soil climate, crop growth
and decomposition sub-models, predicts soil tempera-
ture, moisture, pH, redox potential (Eh) and substrate
concentration profiles driven by ecological drivers (e.g.,
climate, soil, vegetation, and anthropogenic activity),
and growth of plants under these conditions. The second
component, consisting of the nitrification, denitrification
and fermentation sub-models, predicts emission of N,O,
CO,, CH,, ammonia, nitric oxide, and dinitrogen from
plant-soil systems. Simulated crop vyield is influenced by
precipitation through plant water uptake and growth,
and soil N,O emissions are primarily regulated by soil
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environmental variables, e.g., soil temperature and water-
filled pore space, and substrate availability (e.g., dissolved
organic carbon and inorganic N) through denitrification
and nitrification processes (Fig. 1).

The model has been parameterized and validated based
on a 3-year cornfield experiment conducted at Tennes-
see State University Agricultural Research and Education
Center (latitude 36.12°N, longitude 86.89°W, elevation
127.6 m) in Nashville, TN, USA (Deng et al. 2015). The
model inputs included meteorological data, soil prop-
erties, crop parameters, and farming management
practices (Deng et al. 2015, 2016; Zhang et al. 2021). Sim-
ulated corn yield and soil N,O emission overall matched
well with the field measurements (Additional file 1: Fig.
S1, Deng et al. 2016). We also used this validated model
and simulated the impacts of precipitation patterns and
N application on soil N,O emission (Zhang et al. 2021).
In this study, the same model parameters, including soil
properties and plant variables, were used for model runs
described below.

Experimental design to simulate the effects

of precipitation change on corn yield and soil N,O
emission

Two model simulations/experiments were performed to
investigate the response patterns of corn yield and soil
N,O emission to precipitation in this study. In experi-
ment I, we simulated corn yield and soil N,O emission
over 1 year each time with climate data from a long-
term climate dataset (40 years, 1981-2020). The dataset
was downloaded at NASA POWER CERES/MERRA2
Native Resolution Daily Data website (https://power.
larc.nasa.gov/data-access-viewer/) which included daily
air temperature and precipitation. Annual precipitation
ranged from 926 to 1682 mm during this time period
(Fig. 2a). The highest precipitation was recorded in 2020
and the lowest in 2007. Mean average precipitation was
1325.4 mm, range was 793.7 mm, standard deviation was
197.1 mm, and coefficient of variation (CV) was 14.9%.
For each model run, we used one of 40 year’s climate
data between 1981 and 2020 from the long-term climate
dataset. All soil properties, cropping and management
practices were the same and the only difference was the
climate drivers. This way, the changes of simulated corn
yield and soil N,O emission were only caused by climate
data. The model was run daily for crop growth and green-
house gas emissions in 1 year. Corn yield and annual total
soil N,O emission for each year were generated by the
model simulation.

In experiment II, we tested the impacts of background
precipitation on the response patterns of corn yield and
soil N,O emission to precipitation. We first selected
3 years from 1981 to 2020 that represented a dry year
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Fig. 1 The impacts of precipitation on plant growth and soil N,O emission through denitrification and nitrification processes in the DNDC model

(2007), a normal year (1997), and a wet year (2020). These
years were chosen based on the annual total precipita-
tion of the years. Year 2007 received the lowest precipi-
tation, and year 2020 received the highest precipitation,
and annual total precipitation of year 1997 was closest to
the mean annual precipitation of 40 years. Then for each
of the three selected years, we manipulated the precipi-
tation intensity and set seven precipitation treatments,
including ambient precipitation of the year, — 15%,
— 30%, and — 50% of ambient precipitation to repre-
sent drought treatments, and 4+ 15%, 4 30%, and 4+ 50% of
ambient precipitation to represent wet treatments (Addi-
tional file 1: Table S1). For example, — 15% precipitation
reduction treatment was set by reducing the amount of
each precipitation event by 15%, and+15% precipita-
tion addition treatment was set by adding 15% of pre-
cipitation to each precipitation event. Based on 40 years’
data, — 30% and 4 30% of ambient precipitation were still
within the normal range of 40 years’ precipitation. The
treatments of — 50% and 4 50% of ambient precipitation
were considered extreme precipitation treatments. The
extreme drought treatments were lower than minimum
precipitation, but the extreme wet precipitation treat-
ment in the dry background (2007) was still lower than
maximum precipitation during 1981-2020 (Additional
file 1: Table S1). The model was run for each precipita-
tion treatment, with all other model settings remained
the same, for a total of 21 runs.

To assess the reliability of model simulation, we con-
ducted an uncertainty analysis of simulated corn yield
and soil N,O emission for the dry, normal, and wet years.
Daily precipitation of 1 year was randomly varied (i.e.,
increased or decreased) by up to 10%, and the model was
run for 1000 times for the year. The minimum, maxi-
mum, mean, and standard deviation of corn yield and
annual total soil N,O emission of 1000 runs were calcu-
lated and compared to the simulated corn yield and soil
N,O emission of the year.

Data analysis

In experiment I, we grouped 40 years’ precipitation into
seven categories based on the mean annual precipita-
tion (MAP) and percentage changes. The mean MAP
of 40 years was 1325.4 mm. The years with precipita-
tions within — 5% and 5% of the mean MAP were con-
sidered as normal years. There were three categories for
wet years with precipitation rates that are+5%to+10%
,+10% to+20%, and 4+ 20% to + 30% more than the mean
MAP. Similarly, the three dry categories included years
with precipitation — 5%to— 10%, — 10%to — 20%, and
— 20%to— 30% lower than the mean MAP. There was
only 1 year (2007) precipitation (926 mm) was smaller
than the — 30% of ambient precipitation (927.8 mm)
which was included in the — 20% to — 30% category.
Mean and standard deviation of precipitation in each
category were presented in Additional file 1: Table S2.
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Fig. 2 The variations of precipitation (a), simulated corn yield (b),
and soil N,O emission (c) from 1981 to 2020 using the long-term
precipitation dataset

In each category, mean vales of simulated corn yield,
and soil N,O emission among years were also calculated.
The effects of precipitation category on corn yield and
soil N,O emission were tested using analysis of variance
(ANOVA). Multiple comparisons were conducted using
Least Square Difference (LSD) method when the effect
was significant. Data analysis was conducted using SAS
9.4 (SAS Institute Inc., Cary, NC, USA). The response
patterns of corn yield and soil N,O emission to precipita-
tion were plotted and relative changes of corn yield and
soil N,O emission to normal years’ values were plotted

Page 5 of 13

against the relative change of precipitation to precipita-
tion in the normal years.

In experiment 11, we first tested the effects of precipita-
tion treatment and year on corn yield and soil N,O emis-
sion using ANOVA and conducted multiple comparisons
when the effect was significant. The response patterns of
corn yield and soil N,O emission to precipitation were
constructed, and relative changes of corn yield and soil
N,O emission to normal years’ values against the relative
change of precipitation to precipitation in normal years
were plotted for the dry, normal, and wet years.

Results

Means and variations of simulated corn yield, and soil N,O

emission

The corn yield and soil N,O emission were simulated
using the DNDC model based on precipitation from each
of the past 40 years (1981-2020). For corn yield, the max-
imum was 3887.3 kg C/ha recorded with climate in 1992
as compared to only 1970.45 kg C/ha in 2007 for a range
of 1916.8 (Fig. 2b). Mean corn yield, standard deviation,
and CV were 3398.2 kg C/ha, 425.2 kg C/ha, and 12.5%,
respectively. Soil N,O emission varied from 1.36 kg N/
ha in 2002 to 2.22 kg N/ha in 2018 for a range of 1.8 kg
N/ha (Fig. 2¢). Mean soil N,O emission, standard devia-
tion, and CV were 1.97 kg N/ha, 0.28 kg N/ha, and 14.1%,
respectively.

Response patterns of corn yield to precipitation change
The simulated corn yield increase with precipitation
was nearly linear (Fig. 3a). There were significant differ-
ences in corn yield among seven precipitation categories
(Additional file 1: Table S3). The lowest corn yield was
simulated in the — 20%to— 30% category but was not
significant different from the — 10%to— 20% category
(Additional file 1: Table S4). It was significantly lower
than all other categories, and 19.3% lower compared to
the normal precipitation category (— 5%to-+5%). The
highest yield was simulated in the+20%to+30% cate-
gory but was not significantly different from the 4+ 10% to
+20%, + 5% to 4+ 10%, normal, and — 5%to — 10% catego-
ries. It was significantly higher than the — 10%to — 20%
and — 20%to— 30% categories. Compared to the nor-
mal precipitation (— 5%to5%) category, up to — 20%
or+20% category did not change corn yield (Additional
file 1: Table S4).

Responses of soil N,O emission to precipitation change

Result of ANOVA showed that there was no signifi-
cant difference in soil N,O emission among the seven
precipitation categories (Additional file 1: Table S3).
This could be caused by the large variations of soil
N,O emission within each category, particularly in the
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Fig. 3 The responses of corn yield (a, b) and soil N,O emission (c, d) to precipitation change based on the long-term (40 years, 1981-2020)
precipitation dataset. Color symbols indicated different precipitation categories

— 5%to+5% and — 10%to — 20% categories (Fig. 3c).
The large variations also indicated that not just
annual total precipitation, but the timing of precipita-
tion could influence soil N,O emission, and soil N,O
emission could be very different even the annual total
precipitations were similar. Soil N,O emission in the
highest dry (— 20% to — 30%) category showed a trend
of increase which was caused by high soil N,O emis-
sion simulated in 2 of 4 years (Fig. 3d). The potential
causes and impact of precipitation timing on soil N,O
emission could have significant impacts on soil N,O
emission (Zhang et al. 2021).

Across seven precipitation categories, soil N,O emis-
sion showed a trend of linear increase with precipita-
tion (Fig. 3c, d). Except for the soil N,O emission in
the highest dry category, soil N,O emission generally
responded to precipitation followed a near symmetric
response model (Fig. 3d).

Responses of corn yield to precipitation treatments

in the dry, normal, and wet years

We tested the effects of precipitation treatments and
background precipitation (dry, normal, and wet years)
on corn yield using ANOVA. Results showed there
were significant effects of precipitation treatment on
corn yield, and corn yield varied among dry, normal,
and wet years. Across the three background precipita-
tion years, the mean corn yield in the — 50% treatment
was significantly lower than any other treatments (Addi-
tional file 1: Table S5). It was 45.1% lower than the ambi-
ent treatment. The difference in corn yield between the
— 30% and ambient precipitations was not significant
(Additional file 1: Table S6). The+50% treatment had
the highest yield, but was not significantly different with
the+30%, 4+ 15%, ambient, and even — 15% treatment.
Among the background precipitation (years), corn yield
in the dry year (2007) was significantly lower than in the
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Fig. 4 The responses of corn yield to precipitation treatments in the dry (a, b), normal (c, d), and wet (e, f) years. Color symbols indicated different

precipitation treatments

normal (2020) and wet (1997) years and there was no
significant difference between the normal and wet years
(Additional file 1: Table S6).

The response pattern of corn yield to precipitation var-
ied dramatically among different background precipita-
tion. In the dry year, corn yield increased linearly with

precipitation, showing a symmetric response (Fig. 4a, b).
In the normal year, corn yield did not change much from
light drought treatment (— 15%) to extreme wet treat-
ments (+50%), showing a single negative asymmetri-
cal response associated only with the strongest drought
(Fig. 4c, d). However, in the wet year, adding more
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precipitation showed a trend of decrease in corn yield
(Fig. 4e, f). Drought treatments, particularly the extreme
drought treatment (- 50%), dramatically reduced corn
yield (Fig. 4; Additional file 1: Table S6).

Uncertainty analysis showed that simulated corn yields
of 1000 runs had small ranges, and mean corn yields
slightly differed from the corn yield simulated in the dry,
normal, and wet years, but the differences were less than
1% (Additional file 1: Table S7). Smaller variations of sim-
ulated soil N,O emission were found for all 3 years, and
the mean soil N,O emissions of 1000 runs were the same
as the soil N,O emissions in the 3 years. Our results indi-
cated that model simulations were relatively stable and
reliable.

Responses of soil N,O emission to precipitation treatments
in the dry, normal, and wet years

We tested the effects of precipitation treatments and
background precipitation (dry, normal, and wet years)
and their interaction on soil N,O emission using
ANOVA. Results showed that both precipitation treat-
ments and background precipitation significantly influ-
enced soil N,O emission, but no interaction was found
between them. The lowest soil N,O emission occurred in
the — 50% treatment, significantly lower all other treat-
ments except the — 30% treatment (Additional file 1:
Table S5). Soil N,O emission was reduced by 21.3% in
the — 50% treatment compared to the ambient precipita-
tion treatment (Additional file 1: Table S6). The highest
soil N,O emission was simulated in the +50% treatment,
but there was no significant difference compared to the
ambient and up to the 4-30% treatments. It was only sig-
nificantly higher than drought (— 15% to — 50%) treat-
ments. Soil N,O emissions in the nominal precipitation
range (from — 30% to+30%) were not significantly dif-
ferent from the ambient precipitation. Among the three
background precipitation years, there were significant
differences in soil N,O emission. Soil N,O emission in
the wet year was significantly higher than in the normal
year which was significantly higher than in the dry year
(Additional file 1: Table S6).

Similar response patterns of soil N,O emission to
precipitation were shown in the dry, normal, and wet
years (Fig. 5). Overall, soil N,O emission responded to
precipitation following a single negative asymmetri-
cal model where drought treatments reduced more soil
N,O emission more than increased by the wet treat-
ments. But magnitude varied among the background
precipitations. The decreases in precipitation in the dry
year reduced more soil N,O emission than those in nor-
mal and wet years, particularly for the — 30% treatment
(Fig. 5). Increases in precipitation increased more soil
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N,O emission in the wet and normal years than in the
dry year, especially the + 50% treatment.

Discussion

Response pattern of corn yield to precipitation change

The findings of this study indicated that corn yield was
directly influenced by annual precipitation and almost
linearly increased with increases in precipitation (Fig. 3).
This result was consistent with several previous studies
(Payero et al. 2006; Daryanto et al. 2016; Xu et al. 2021).
For example, Payero et al. (2006) reported that crop yield
increases linearly with seasonal irrigation. But other
studies also found different response patterns. In one
study in the US, Xu et al. (2021) found that corn yield
of 28.6% counties linearly increases with precipitation,
but 30.4% counties show no relationship between yield
and precipitation, and 40.3% counties show inverse-U-
shaped relationship. Klocke et al. (2011) found that the
relationship of relative corn yield and irrigation follows
a curvilinear model. The different responses could be
caused by the balance between crop water demand and
supply, and whether optimal precipitation supply is satis-
fied (Xu et al. 2021). In dry conditions when precipitation
is below optimal precipitation, corn yield would show a
linear response to precipitation. Indeed, corn yield had
a nearly linear increase in this study based on the long-
term precipitation dataset. The decrease in the yield was
seen to be more noticeable as compared to the increase
in the corn yield when precipitation was high (Fig. 3a, b).
The precipitation response of yield illustrates the com-
bined impact of several physiological and environmental
processes of crop development and yield production and
their reactions to precipitation (Xu et al. 2021). Climate
factors like precipitation can affect nutrient availability in
the soil, plant nutrient uptake, and therefore corn yield.
An increase in precipitation could reduce water stress
and increase yield under drier or hotter conditions when
precipitation is below the optimal levels (Asghari and
Hanson 1984). Corn is sensitive to drought and low pre-
cipitation conditions during the growing seasons could
remarkably reduce the crop’s development and yield pro-
duction (Daryanto et al. 2016), resulting a single asym-
metric response.

Response patterns of soil N,O emission to precipitation
change

Variations in precipitation have an impact on soil N
dynamics, microbial activity, and the corresponding
soil N,O emission (Tian et al. 2017; Zhang et al. 2021).
The results from model simulation showed that soil
N,O emissions generally increased with an increase
in precipitation (Fig. 3c, d). Similar results were found
in Zhang et al. (2021), Miller et al. (2022), and Li et al.
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Fig. 5 The responses of soil N,O emission to precipitation treatments in the dry (a, b), normal (¢, d), and wet (e, f) years. Color symbols indicated

different precipitation treatments

(2019). Changes in precipitation have a direct impact
on soil moisture, which controls soil N,O emission. The
processes of nitrification and denitrification are signifi-
cantly influenced by soil moisture. While denitrification
has a greater potential than nitrification to increase soil
N,O emission in anaerobic and saturated conditions, soil

nitrification still accounts for most of the soil N,O emis-
sion overall (Zhang et al. 2021). In contrast to the accom-
panying positive effect, such as an increase in C and N
substrate inputs and favorable aerobic environments
for nitrifiers, soil N,O emission was more impacted by
the negative effects induced by precipitation decrease,
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such as the suppression of microorganism activities, a
decline in N mineralization, and an unfavorable aero-
bic environment for denitrifiers, therefore affecting the
process of denitrification (Shi et al. 2012; Larsen et al.
2011). In this study, we found that denitrification pro-
cess played a key role in soil N,O emission, as strong
linear regressions were found between soil N,O emis-
sion and denitrification rate using both the long-term
dataset and manipulated precipitation (Fig. 6). It is also
generally recognized that the substrates for the soil nitri-
fication and denitrification processes are soil NH,"-N
and NO; -N (Yue et al. 2019). Changes in precipita-
tion have been proven to have a significant impact on
soil NH,"-N and NO, -N concentrations. Indeed, in
this study, soil NH,"-N showed a linear relationship
with precipitation (NH,"-N=— 0.5219+0.0017 x Pre-
cipitation, R*=0.56**). We found a small increase in soil
N,O emission when precipitation was the lowest during
the 40 years of this study. The higher soil N,O emission
in the most drought category was probably caused by
precipitation timing (Zhang et al. 2021). The linear and
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Fig. 6 The relationship between soil N,O emission and denitrification

rate based on the long-term dataset (a) and under different

precipitation treatments (b)
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near symmetric response of soil N,O emissions to pre-
cipitation change using the 40-year precipitation data-
set showed the soil N,O emission responded similarly to
precipitation increase and decrease within normal pre-
cipitation range.

Response patterns of corn yield to precipitation change

in the dry, normal, and wet years

One interesting finding was that the response of corn
yield to precipitation varied with background precipita-
tion conditions (Fig. 4). The linear response of crop yield
to precipitation treatments under the dry year was simi-
lar to the response pattern above with the long-term pre-
cipitation dataset (Fig. 4a, b). Corn yield increased with
increases in precipitation and decreased with decreases
in precipitation. Corn is a diclinous monoecious plant,
and under droughts, flower development could be nega-
tively influenced, resulting in the reduction of corn yield
during limited water availability (Daryanto et al. 2016).
Under normal background precipitation, corn yield did
not change much with precipitation increase treatments,
probably due to that the requirement of soil moisture by
plants was satisfied and extra precipitation addition did
not stimulate plant growth and grain production (Fig. 4c,
d). Under this condition, water is not a major limiting
factor for crop growth (Xu et al. 2021). Only extreme
drought treatment dramatically reduced the corn yield.
In the wet year, corn yield tended to decrease under the
precipitation increase treatments (Fig. 4e, f). Reduced
corn yield during the high precipitation intervals is
caused by excessive moisture that created water stress
to crop growth. Excessive precipitation during the sow-
ing period can prevent soil aeration and increase dis-
ease pressure by interfering with growth and grain yield
(Huang et al. 2015). The drought treatments, particularly
the extreme drought, still remarkably reduced corn yield.
As a result, a nonlinear and asymmetric response of corn
yield to precipitation was observed under normal and
wet conditions.

Response patterns of soil N,O emission to precipitation
change in the dry, normal, and wet years

Interestingly, similar response patterns of soil N,O emis-
sion to precipitation were found under the dry, normal,
and wet conditions (Fig. 5). In general, nonlinear and
single asymmetrical responses of soil N,O emission to
precipitation was revealed in this study. The response
pattern was also similar to that using the long-term pre-
cipitation dataset. High intensity of rainfall affects the
soil N,O emissions by increasing the water content in
soil and hence providing conditions favoring the process
of denitrification. In addition, high precipitation could
lead to the breakdown of soil macroaggregates, exposing
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physically protected organic matter that was difficult for
microorganisms to access, and providing more readily
available substrate to microbes, therefore, increasing the
microbial activity (Zhang et al. 2021). In the model, the
increase in soil moisture significantly enhanced the soil
denitrification rate and soil available carbon content and
therefore promoted soil N,O emission. A linear relation-
ship between soil N,O emission and nitrification was
found across all precipitation treatments and background
precipitations in this study (N,O=— 0.0032+ 1.0278
x Denitrification, r*=0.99**; Fig. 6b). A decline of soil
N,O emission was noticed when the precipitation was
low. There is a reduction in solute transport and a high
risk of soil microbial motility due to excessive desicca-
tion during low soil moisture conditions (Beare et al.
2009; Shi et al. 2012). Soil microbial biomass C and N, the
number of certain microorganisms, and soil N,O emis-
sion rates are found to be dramatically reduced during
drought conditions (Shi et al. 2012; Hartmann et al. 2013;
Homyak et al. 2017).

Conclusions

Simulating corn yield and soil N,O emission under dif-
ferent precipitation intensities based on a long-term
precipitation dataset and manipulated precipitation
treatments using the DNDC model, we demonstrated
that the response pattern of corn yield to precipitation
varied with background precipitation. Corn yield nearly
linearly increased with precipitation based on long-term
simulations and in the dry year, showed little response to
increases in precipitation in the normal and wet years,
and decreased in drought treatments. In contrast, soil
N,O emission mostly linearly increased with precipita-
tion under different background precipitation condi-
tions. However, soil N,O emission was reduced more
with decreases in precipitation in the dry year compared
to the normal and wet years, and soil N,O emission was
increased more with increases in precipitation in the wet
and normal years than the dry year. This study demon-
strated the important role of background precipitation
and suggested that background conditions should be
considered when developing the response patterns of
certain variables to precipitation change.

Abbreviations
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MAP Mean annual precipitation
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