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Abstract: Grassland management practices and their interactions with climatic variables have sig-
nificant impacts on soil greenhouse gas (GHG) emissions. Mathematical models can be used to
simulate the impacts of management and potential changes in climate beyond the temporal extent
of short-term field experiments. In this study, field measurements of nitrous oxide (N2O), carbon
dioxide (CO2), and methane (CH4) emissions from grassland soils were used to test and validate
the DNDC (DeNitrification-DeComposition) model. The model was then applied to predict changes
in GHG emissions due to interactions between climate warming and grassland management in a
30-year simulation. Sensitivity analysis showed that the DNDC model was susceptible to changes in
temperature, rainfall, soil carbon and N-fertiliser rate for predicting N2O and CO2 emissions, but not
for net CH4 emissions. Validation of the model suggests that N2O emissions were well described
by N-fertilised treatments (relative variation of 2%), while non-fertilised treatments showed higher
variations between measured and simulated values (relative variation of 26%). CO2 emissions (plant
and soil respiration) were well described by the model prior to hay meadow cutting but afterwards
measured emissions were higher than those simulated. Emissions of CH4 were on average negative
and largely negligible for both simulated and measured values. Long-term scenario projections sug-
gest that net GHG emissions would increase over time under all treatments and interactions. Overall,
this study confirms that GHG emissions from intensively managed, fertilised grasslands are at greater
risk of being amplified through climate warming, and represent a greater risk of climate feedbacks.

Keywords: DNDC model; GHG fluxes; temperate grassland; climate change; management

1. Introduction

Grassland ecosystems are a major regulator of biosphere greenhouse gases (GHG),
with emissions often linked to prescribed management practices [1]. Depending on the
magnitude of GHG emissions into and out of grasslands, and considering interactions
between climate and management, they can either be a net source or sink for GHGs.
Therefore, understanding the future trajectory of grassland soil GHG emissions is important
for developing mitigation options in a warming world.

Rising global annual temperatures could alter grassland carbon (C) and nitrogen (N)
cycling through impacts on soil processes with feedbacks to plant growth and soil C
sequestration. This will in turn affect the rate and direction of GHG exchanges with the
atmosphere. Warming is expected to increase CO2 emissions and reduce methane (CH4)
uptake due to greater soil microbial activity and decomposition of soil organic C and
N [2,3]. Warming is likely to accelerate soil N cycling, resulting in higher nitrous oxide
(N2O) emissions [4,5]. However, variations in the warming effect on grassland soil nutrient
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cycling could result from interactions between temperature and different management
practices including mineral N-fertiliser application and grazing/cutting.

The combined effect of mineral N-fertiliser application and warming has the potential
to accelerate N mineralisation with synergetic interactive effects on plant available N [6],
and microbial N2O production. It may also increase soil respiration rates due to raised
metabolic cycling [7], and decrease CH4 uptake by inhibiting methanotrophs [8]. The
interactive effect of clipping and mineral N-fertiliser application are likely to augment
N2O emissions and soil respiration due to increase rhizodeposition [9,10]. Previous work
has shown the interactive effects of climate and management on GHGs emissions in the
field [11], however, the significance of these effects in the longer term is still uncertain.

Studies have demonstrated considerable variations in temporal and spatial GHG emis-
sions, especially for N2O, from a range of managed systems including grasslands [12,13].
However, over the last decade progress has been made using mathematical models to
simulate soil processes responsible for production, consumption and transport of GHGs,
e.g., DNDC, Daycent, ECOSSE [4,14,15]. These models can be used to predict grassland
GHG emissions and simulate alternative scenarios such as changes in climate grazing
intensity or nutrient management [16]. Mathematical models can be applied in different
ways including at the site-scale to interpolate missing measurements, to extrapolate spa-
tially and dynamically results from experimental plots, and to look at past and future time
periods [17]. These models include similar components (e.g., soil physics, decomposition,
plant growth and N transformations), using algorithms to represent these key processes.

The DeNitrification DeComposition (DNDC) model is a process-oriented simulator of soil
C and N biogeochemistry at a sub-daily time step, developed to assess N2O, NO, N2 and CO2
emissions from agricultural soils [18–20]. It was originally developed in the USA, but it has
been used to study ecosystems in China [21], Canada [22] and across Europe [4,23]. It has been
applied to grassland [24–27], cropland [28–30] and forest ecosystems [31,32]. The model has
reasonable data requirements and is suitable for simulations at a range of temporal and spatial
scales depending on its configuration (i.e., site-specific [33], landscape DNDC [34]).

The aims of this study were: (i) to assess the reliability of the DNDC-model for
estimating GHG (N2O, CO2 and CH4) emissions from a temperate grassland under dif-
ferent management and climate warming treatments; (ii) to explore the long-term ef-
fects of management, climate and their interactions, on grassland GHG emissions in a
30-year simulation.

2. Materials and Methods
2.1. Description of Field Experiment and DNDC Model

A field experiment was established in 2015 in a managed grassland in northern Eng-
land using a full-factorial design for evaluating the interactive effects of warming, N
addition and cutting on grassland net GHG emissions totalling eight treatment combina-
tions with five replicates across five blocks. A non-N-fertiliser, non-warmed and non-AGB
removal treatment was assigned as the control. Where we refer to non-N-fertilised treat-
ments in the text we are referring to all treatments that did not receive N-fertiliser regardless
if it was warmed and/or if the AGB was removed. Warming was achieved using open-top
passive warming chambers [35], which increased air temperatures by on an average of
2 ◦C according to estimated increase in the average surface temperature by the end of the
century [36]. Nitrogen addition was applied as ammonium nitrate (NH4NO3) at a rate of
100 kg N ha−1 y−1, and cutting was carried out when plants reached 5 cm height (total of
six times per year). Measurements of GHG emissions (using dark static chambers), microcli-
mate and soil properties were taken over a 2 year time period, more intensively during both
2015 and 2016 growing seasons. More information and details about the field experiment
can be found in Barneze et al. [11]. The DNDC model (version 9.5, University of New
Hampshire, Durham, NH, USA; www.dndc.sr.unh.edu (accessed on 22 November 2022))
was tested against the data obtained from the Hazelrigg grassland field experiment [11]

www.dndc.sr.unh.edu
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and then used to predict future scenarios for 30-year changes for the interactions between
climate warming and grassland management.

The DNDC model contains four main sub-models: soil climate, crop growth, decompo-
sition and denitrification [18,37]. The soil climate sub-model calculates hourly and daily soil
temperature and moisture as water-filled pore space (WFPS). The crop growth sub-model
simulates crop biomass accumulation and partitioning; the decomposition sub-model cal-
culates decomposition, nitrification, NH3 volatilisation and CO2 production (heterotrophic
and autotrophic respiration). The denitrification sub-model tracks the sequential biochemi-
cal reduction from nitrate (NO3

−) to NO2
−, NO, N2O and N2 based on soil redox potential

and dissolved organic C.

2.2. DNDC-Model Calibration, Validation and Sensitivity Tests

The model was calibrated using site-specific features including soil texture, bulk
density, pH and soil organic C (SOC) from the site. Meteorological parameters including
daily temperature (◦C; minimum and maximum), daily precipitation (mm) and wind
speed (m s−1) were obtained from a co-located weather station at Hazelrigg for the period
from 1977 to 2016. Details of climate and soil property input data for the DNDC model are
listed in Table 1.

Table 1. DNDC model input parameters.

Input Parameters

Climate data
Latitude (degree) 54◦1′ N
Mean annual air temperature (◦C) 9.75
Mean annual precipitation (mm) 1333
N concentration in rainfall (mg N L−1) 2 a

Atmospheric CO2 concentrations (ppm) 385 *
Annual increase rate of atmospheric CO2 concentration (ppm y−1) 2
Soil properties (0–10 cm)
Vegetation type Moist pasture
Soil texture Clay loam
Bulk density (g cm−3) 1.06
Clay fraction (0–1) 0.41 *
Soil pH 5.3
Initial organic C content at surface soil (kg C kg−1) 0.038
Management Sheep grazing/hay cutting
WFPS at field capacity 0.57 *
WFPS at wilting point 0.27 *

a [38]. * Defaults values. WFPS is water-filled pore space.

The model was initialised (pre-run) for 30 years under the historic site management,
i.e., 30 sheep per hectare. Following this initialisation step, simulation scenarios were
carried out to reflect the management strategy from each experimental treatment (warming,
N addition, cutting and interactions) for the field measurement years of 2015 and 2016. The
model was run with perennial grassland specified using default vegetation parameters
(e.g., grass yield, root fraction, water demand) from the DNDC model.

The DNDC model was validated using the data collected over the 2015 and 2016
growing seasons. This comprised 14 GHG measurement campaigns over the two years.
The model testing was conducted by: (1) comparing the measured and modelled temporal
pattern of N2O, CO2 and CH4 emissions, and (2) comparing the measured and modelled
cumulative GHG emissions. Seasonal cumulative emissions were calculated as the sum of
daily measured/modelled emissions over the same period [28].

In order to test the general behaviour of the DNDC model a sensitivity analysis as
described in Li et al. [18] was executed. The response of the model and its constituent sub
models to a range of model parameters were tested by varying a single parameter whilst
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fixing others during one cycle of the model. The tested parameters were air temperature,
rainfall, initial SOC and N-fertiliser application rate.

2.3. Long-Term Scenarios

In order to project forward over a longer time series than measured in this study,
and to test the range of interactions, a climate dataset from Hazelrigg weather station
(1977–2016) was obtained. For this projection historic daily air temperature and rainfall
were used, assuming no climate change or variation in atmospheric CO2 concentrations.
The climate conditions (air temperature and rainfall) in the long-term scenario considered
the average of each day of the year from 1977–2016. This component of the work predicted
30-year changes (up to 2047) in GHG’s (N2O, CO2 and CH4) emissions under management
(cutting and N addition) with interactions with climate warming (increase in temperature
by average of 2 ◦C). Emissions of N2O and CH4 were converted to use the concept of global
warming potential (GWP), where the GWP value for N2O is 273 and for CH4 (based on a
20 and 100-yr time horizon) is 81.2 and 27.9, respectively [39]. SOC model change was used
instead of CO2 emissions to calculate GWP.

2.4. Statistical Analysis

The DNDC model accuracy and performance were evaluated by calculating the root
mean square error (RMSE), relative deviation (RD) and regression coefficient (r2) between
measured and simulated values. The RMSE measured absolute prediction error as sug-
gested by Smith et al. [40], but in a quadratic sense, and is, therefore, more sensitive to
outliers (Equation (1)). The RD of the simulated flux from measured flux values was
calculated by the following Equation (2).

RMSE =

√
∑n

i=1 (Pi−Oi)2

n
(1)

RD =
(Pi−Oi)

Oi
× 100 (2)

where Oi are the observed values, Pi are the simulated values, n are the total number of
observations and i the current observation.

3. Results
3.1. Simulation of GHG (N2O, CO2 and CH4) Emissions from the Full-Factorial Field Experiment
over Two Growing Seasons

Daily N2O emissions from the field treatments were described by the DNDC-model
(Figures 1–4 and S1–S4) with an r2 between simulated and measured of 0.4, and RMSE (g
N2O-N ha−1 d−1) of 3.2. The cumulative N2O emissions showed a better fit (Table 2, r2 =
0.87, RMSE = 206), although the r2 may be overestimated due to a higher noise in the data
(lower and higher values), leading to overfitting the modelled values.

The direction of deviation was different between 2015 and 2016, and this is likely
because the model under-estimated N2O emissions in 2015 when measured emissions were
much higher (Table 2). The simulation of N2O with N-fertiliser treatments (100 kg N ha−1)
gave a relative deviation from measured data of−48 and 51% for 2015 and 2016, respectively.
Emissions from the no-N-fertiliser plots were poorly described by the DNDC-model,
with relative deviations from the measured ranging from −102% to 65% (Table 2). The
average relative variation for all fertilised treatments was 2%, while for all non-N-fertilised
treatments it was −26%.
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Figure 1. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the cutting treatment for 2015 and 2016 growing 
seasons. Error bars are standard deviations for 5 replicates.

Figure 1. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the cutting treatment for 2015 and 2016 growing seasons.
Error bars are standard deviations for 5 replicates.
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Figure 2. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the nitrogen treatment for 2015 and 2016 
growing seasons. Error bars are standard deviations for 5 replicates.

Figure 2. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the nitrogen treatment for 2015 and 2016 growing seasons.
Error bars are standard deviations for 5 treplicates.
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Figure 3. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the warming treatment for 2015 and 2016 
growing seasons. Error bars are standard deviations for 5 replicates.

Figure 3. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the warming treatment for 2015 and 2016 growing seasons.
Error bars are standard deviations for 5 replicates.
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Figure 4. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the interaction between nitrogen and warming 
treatment for 2015 and 2016 growing seasons. Error bars are standard deviations for 5 replicates.

Figure 4. Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the interaction between nitrogen and warming treatment for
2015 and 2016 growing seasons. Error bars are standard deviations for 5 replicates.
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Table 2. Measured and DNDC-simulated cumulative N2O emissions (g N2O-N ha−1) for the full
factorial experiment over two growing seasons (2015 and 2016).

Treatments
Cumulative N2O Emissions (g N2O-N ha−1) Relative Deviation between Measured

and Simulated Emissions (%)Measured Simulated Difference

2015 season
Control 0.33 0.28 −0.05 −15

Cutting (D) 1.63 0.57 −1.06 −65
Warming (W) 0.32 0.28 −0.03 −11
Nitrogen (N) 252.11 132.38 −119.74 −47

N ×W 141.67 73.99 −67.68 −48
D × N 488.22 245.94 −242.28 −50
D ×W 0.84 0.92 0.08 10

D × N ×W 245.09 132.82 −112.26 −46
2016 season

Control −0.30 0.01 0.31 >100
Cutting 0.01 0.01 0.00 −5

Warming 0.23 0.33 0.10 41
Nitrogen 1.21 1.71 0.50 42
N ×W 3.04 4.71 1.67 55
D × N 5.13 5.84 0.71 14
D ×W 0.84 0.33 −0.51 −61

D × N ×W 3.34 6.48 3.14 94

Simulation of soil respiration was consistent with field measurements prior to 200 Julian
days but then overestimated after cutting the hay meadow which took place on the
195 (14 July 2015) and 185 Julian days (3 July 2016) (Figures 1–4 and S1–S4, Table 3, r2 = 0.34,
RMSE = 6.1). Differences between measured and simulated seasonal emissions for all treat-
ments ranged from −1.68 to 9.83 kg CO2-C ha−1. Modelling output for CO2 emissions for
all treatments was overestimated by an average of 34 and 28% for the 2015 and 2016 seasons,
respectively. Differences in the temporal pattern of CO2 emissions between measured and
simulated values were also particularly large after cutting hay meadow in both years.

Table 3. Measured and DNDC-simulated cumulative CO2 emissions (kg CO2-C ha−1) for the full
factorial experiment over two growing seasons (2015 and 2016).

Treatments
Cumulative CO2 Emissions (kg CO2-C ha−1) Relative Deviation between Measured

and Simulated Emissions (%)Measured Simulated Difference

2015 season
Control 16.30 22.21 5.91 36

Cutting (D) 15.67 22.21 6.54 42
Warming (W) 20.53 30.36 9.83 48
Nitrogen (N) 22.05 22.90 0.86 4

N ×W 26.71 27.33 0.62 2
D × N 16.35 22.90 6.55 40
D ×W 16.32 26.00 9.68 59

D × N ×W 19.48 27.33 7.85 40
2016 season

Control 15.87 18.31 2.44 15
Cutting 11.74 18.31 6.57 56

Warming 20.34 22.99 2.65 13
Nitrogen 19.88 22.99 3.11 16
N ×W 26.95 25.27 −1.68 −6
D × N 15.95 19.83 3.88 24
D ×W 14.85 22.99 8.14 55

D × N ×W 16.95 25.27 8.32 49
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The DNDC model predicted low or negative CH4 emissions, which agree with the
field measurements (Figures 1–4 and S1–S4, Table 4, r2 = 0.21, RMSE = 3.6) regardless of the
treatment effect. Differences between measured and simulated seasonal emissions for all
treatments ranged from 6.15 to 2.03 g CH4-C ha−1. Model output predicted a higher CH4
sink compared to measured values and the difference between measured and simulated
seasonal emissions for all treatments was −2.68 g CH4-C ha−1. Differences in seasonal CH4
emissions were larger under warming treatments, but in agreement with measured values.

Table 4. Measured and DNDC-simulated cumulative CH4 emissions (g CH4-C ha−1) for the full
factorial experiment over two growing seasons.

Treatments
Cumulative CH4 Emissions (g CH4-C ha−1) Relative Deviation between Measured

and Simulated Emissions (%)Measured Simulated Difference

2015 season
Control −2.10 −3.70 −1.60 76

Cutting (D) −2.47 −3.90 −1.43 58
Warming (W) −2.41 −5.86 −3.45 >100
Nitrogen (N) −3.53 −3.69 −0.17 5

N ×W −5.84 −6.21 −0.37 6
D × N −2.13 −3.69 −1.56 73
D ×W −0.15 −6.30 −6.15 >100

D × N ×W −2.17 −5.46 −3.29 >100
2016 season

Control −6.75 −7.06 −0.30 5
Cutting −4.06 −6.46 −2.40 59

Warming −5.30 −11.17 −5.87 >100
Nitrogen −8.79 −6.75 2.03 −23

N ×W −4.68 −9.00 −4.32 92
D × N −4.28 −6.75 −2.47 58
D ×W −5.53 −11.04 −5.50 99

D × N ×W −4.13 −10.08 −5.95 >100

3.2. Sensitivity Analysis to GHG Emissions

The DNDC model was highly sensitive to changes in these input parameters for
predicting N2O and CO2 emissions (Figures 5 and 6); however, it was not sensitive for
net CH4 emission. Increases in air temperature by 3 ◦C doubled N2O emissions while a
decrease of 3 ◦C reduced emissions by 33%. Changes in rainfall were the most influential
parameter (Figure 5) with a 73% increase in N2O emissions when rainfall was increased by
30% and a decrease of 46% when rainfall was reduced by 30%. SOC was also important
parameter promoting changes in N2O emissions. An increase of 30% in SOC doubled N2O
emissions, while the same decrease reduced emissions by 40%. An increase of N-fertiliser
rate application of 30%, augment N2O emissions by 46%, however, a decrease of 30%
reduced it only by 26%.

Plant and soil respiration was sensitive to changes in air temperature and SOC but
largely invariant with changes to N-fertilisation and rainfall (Figure 6). An increase of 3 ◦C
increased CO2 emissions by 70%, while a decrease of 3 ◦C reduced it by 50%. As expected,
changes in SOC strongly influenced CO2 emissions; an increase of 30% in SOC increased
emissions by 49%, while the corresponding decrease reduced emissions by 63%. Changes
in rainfall did not significantly alter CO2 emissions; increasing or decreasing rainfall by
30% led to changes in CO2 emissions by +14% and −12%, respectively. Increases of the
N-fertiliser application rate by 30% reduced emissions by 16% and decreasing N-fertiliser
application rate by the same amount had a negligible effect.



Agronomy 2022, 12, 3055 11 of 18

Agronomy 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 

parameter promoting changes in N2O emissions. An increase of 30% in SOC doubled N2O 
emissions, while the same decrease reduced emissions by 40%. An increase of N-fertiliser 
rate application of 30%, augment N2O emissions by 46%, however, a decrease of 30% re-
duced it only by 26%. 

Plant and soil respiration was sensitive to changes in air temperature and SOC but 
largely invariant with changes to N-fertilisation and rainfall (Figure 6). An increase of 3 
°C increased CO2 emissions by 70%, while a decrease of 3 °C reduced it by 50%. As ex-
pected, changes in SOC strongly influenced CO2 emissions; an increase of 30% in SOC 
increased emissions by 49%, while the corresponding decrease reduced emissions by 63%. 
Changes in rainfall did not significantly alter CO2 emissions; increasing or decreasing rain-
fall by 30% led to changes in CO2 emissions by +14% and −12%, respectively. Increases of 
the N-fertiliser application rate by 30% reduced emissions by 16% and decreasing N-fer-
tiliser application rate by the same amount had a negligible effect. 

 
Figure 5. Sensitivity of the DNDC-model to changes in climate (temperature and rainfall), soil char-
acteristics (soil carbon) and management practice (nitrogen fertiliser rate) on N2O emissions. Dotted 
line represents the baseline threshold (annual average maximum temperature = 12.8 °C, average 
daily precipitation = 4 mm, soil carbon = 0.0038 kg C kg−1 soil and N-fertiliser rate applied = 100 kg 
N ha−1). 

Figure 5. Sensitivity of the DNDC-model to changes in climate (temperature and rainfall), soil
characteristics (soil carbon) and management practice (nitrogen fertiliser rate) on N2O emissions.
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applied = 100 kg N ha−1).
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Figure 6. Sensitivity of the DNDC-model due to changes in climate (temperature and rainfall), soil
characteristics (soil carbon) and in management practice (nitrogen fertiliser rate) on CO2 emissions.
Dotted line represents the baseline threshold (annual average maximum temperature = 12.8 ◦C,
average daily precipitation = 4 mm, soil carbon = 0.0038 kg C kg−1 soil and N-fertiliser rate
applied = 100 kg N ha−1).

3.3. Simulation of Long-Term GHG Changes under Field Treatments

The DNDC model was used to estimate GHG (N2O, CH4), SOC and net GHG emis-
sions under a long-term (30-year) simulation for all field treatments (Table 5). Results
showed that under all treatments, the net GHG emission was increased over time (Table 5).
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The warming treatment, with a 2 ◦C increase in air temperature, increased only 1% the net
GHG emissions compared to the control treatment. The effect of N-fertiliser application
had the greatest impact on the net GHG emissions for the main effect treatments. Changes
in the net GHG emissions in the cutting treatment were 23% higher when compared to the
control treatment. Interactive effects showed greater increases in the net GHG emissions
compared to singular main effect treatments. Here, the net GHG emissions from interac-
tion between N addition and warming increased by 20%, from cutting and N addition
decreased by 7% and that from the three-way interaction increased by 23% compared to the
N-fertiliser treatments. Additionally, net GHG emissions from interaction between cutting
and warming increased by 38% compared to the control treatment (Table 5). Emissions of
N2O were the greatest determinant of changes in net GHG emissions, and showed that
when N is interacting with climate (warming) or management (cutting) the net emissions
of N2O was greater (1.2 and 1.5 t CO2 eq ha−1 y−1, respectively, Table 5). Similarly for
warming (0.147 t CO2 eq ha−1 y−1) or cutting (0.109 t CO2 eq ha−1 y−1) versus warming or
cutting + interaction (0.164 t CO2 eq ha−1 y−1).

Table 5. Long-term DNDC-estimated (30 years) mean annual GHG (N2O, CH4), SOC emissions and
net GHG emissions for each field treatment including interactions.

Treatments
N2O

(GWP100)
CH4

(GWP100) CH4 (GWP20) SOC The Net GHG
Emissions (GWP100)

The Net GHG
Emissions (GWP20)

t CO2eq ha−1 y−1

Control (C) 0.106 −0.068 −0.198 0.012 0.050 −0.080
Cutting (D) 0.109 −0.069 −0.200 0.012 0.052 −0.079
Warming (W) 0.147 −0.080 −0.231 −0.025 0.043 −0.109
Nitrogen (N) 1.111 −0.065 −0.189 0.020 1.066 0.942
N ×W 1.463 −0.077 −0.223 −0.002 1.385 1.238
D × N 1.119 −0.066 −0.192 0.020 1.073 0.947
D ×W 0.164 −0.080 −0.234 −0.025 0.059 −0.095
D × N ×W 1.502 −0.078 −0.228 −0.002 1.421 1.272

4. Discussion
4.1. DNDC Effectiveness for Simulating GHG Emissions

Seasonal emissions of N2O from the N-fertilised treatments were fairly described
by the DNDC-model, with differences between measured and modelled values ranging
from 3.14 to 242 g N ha−1 and with simulations over and underestimating emissions
(Table 2). There was a large variation in the non-N-fertilised treatments which can be
related to the very low N concentration in the soil. The average relative variation between
measured and simulated emissions for the N-fertilised treatments was −2%. Similar
deviations using the DNDC model have been reported for grassland by Hsieh et al. [41]
(337 kg N ha−1; 33% deviation) and by Abdalla et al. [4] for medium and high N-fertiliser
input scenarios in arable fields (79 kg N ha−1; 20% deviation and 159 kg N ha−1; 6%
deviation). The deviations between simulated and measured annual N2O emissions from
managed European grasslands were also high being approximately 100% [42]. Deviations
increase significantly, as fertiliser input is reduced [4]. No studies to date have tested how
well the DNDC model predicts GHG emissions from interactive treatments, i.e., climate
warming and grassland management.

In general, the temporal pattern of N2O emissions was different between measured
and simulated data; DNDC extended the influence of added N-fertiliser over a wider time-
period and produced smaller peaks. In most cases the model captured N2O peaks but these
often occurred earlier than in the observed data (1–2 days before). This difference in peak
times can be explained in part due to the representation of WFPS in the model, which was
overestimated in parts of the growing season of 2015. The differences between measured
and simulated WFPS were 26% and 3% for 2015 and 2016, respectively (Table S1). WFPS
is a critical determinant of N2O emissions after N-fertiliser application [43], as it affects
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the microbial activity in the soil, affecting aerobic-anaerobic processes. Denitrification is
considered the major process of N2O production in soils [44] with higher WFPS (>70%),
while nitrification is the main process when the WFPS decreases to 60% [45]. Similar
discrepancies between DNDC simulations and field measurements of soil water content
were also observed by others (Abdalla et al. [4], Kröbel et al. [46] and Chirinda et al. [47]).
Sensitivity analysis of the model highlights the importance of soil moisture in driving
N2O emission with a 20% increase in rainfall approximately doubling the N2O emissions
and most likely associated with the stimulation of denitrification [48]. Denitrification
is also known to be highly sensitive to changes in temperature, as an increase in 3 ◦C
in air temperature doubled N2O emissions. Increases in temperature can enhance soil
respiration and microbial activity, leading to an increase of anaerobic sites, which favour
the denitrification process [48]. Nitrification is also affected by temperature and has a close
relationship with the seasonal variations in soil and air temperature; N2O emissions have
been observed to increase exponentially with increasing soil temperature [49]. Overall,
changes in soil moisture and temperature have been shown to explain up to 95% of the
temporal changes in N2O emissions [48].

In the non-N-fertilised treatments, the small range of emissions (0.01 to 0.92 g N2O-N ha−1)
was weakly described by the DNDC model (RD = −26%). Part of the reason for these
observed differences may be associated with the DNDC model not predicting negative
emissions, which may lead to an overestimation in the modelled N2O flux. These results
are similar to other studies where larger RD has been observed between measured and
simulated emissions under unfertilised conditions [4,50]. Nevertheless, on occasions, the
model was very effective in simulating smaller N2O peaks.

N-fertilised treatments were the greatest driving force of N2O flux from soils and this
was reflected in the outputs of the DNDC-model. Annual emissions increased by 20%
when N-fertiliser was increased by 10%, and by 42% when the rate of N-fertiliser was 30%
higher. Similarly, N2O emissions decreased with a reduction in N-fertiliser application rate.
The application of N-fertiliser directly influences the amount of NH4

+ and NO3
− available

in the soil, reflecting on N2O emissions from soils. The model was also sensitive to SOC [4];
with a 20% increment in SOC corresponding to a 40% increase in N2O emissions. This
agrees with findings from Beheydt et al. [51] who found a difference on average of 20% in
N2O emissions between the highest (+15%) and lowest (15%) SOC content. The availability
of soil C has a great impact on the activities of microorganisms, consequently affecting
cycling and turnover of nutrients and linking to N2O emissions from soils.

The DNDC model simulated changes in CO2 emissions over time and across the field
treatments fairly well, but overestimated them by on average 21% compared to measured
data. The simulated and measured CO2 emissions were higher in the year 2015 compared to
2016. The differences between simulated and measured were 30% in 2015 and 23% in 2016.
This might be due to the increase in simulated soil temperature causing consumption of
organic matter by microbes, increasing microbial and root activity [52]. Temperature was
important for driving changes in CO2 emissions (3 ◦C increase, increased emissions by 70%;
Abdalla et al. [53]) no matter how other input parameters were modified. Likewise, soil
moisture was an important driver for CO2 emissions, e.g., a 14% increase in CO2 flux after
a 30% increase in rainfall. It is likely that soil moisture might impact C mineralisation, by
optimising the condition for microbial activities, increasing microbial oxygen consumption
and CO2 production from the soil [54].

Differences between measured and simulated CH4 emissions were marginal and
consistent with the overall low CH4 emissions observed in the field experiment for all
treatments. Cumulative CH4 differences between measured and simulated were particu-
larly higher under warming treatments compared to the other treatments. As pointed out
previously, a higher simulated soil temperature compared to the measured data may be
the reason for the difference in CH4 uptake in soils. Although there is a lack of correlation
between soil temperature and CH4 uptake, many measurements show that CH4 oxidation
is sensitive to temperature variation [55]. However, the warming treatment simulation did
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not consider the potential changes in the measured soil moisture. Therefore, the differ-
ences between measured and simulated CH4 uptake might be due to the indirect effect of
warming (decreases in soil water content).

4.2. Long-Term Effect of the Interactions between Grassland Management and Climate Warming

Whilst DNDC showed some limitations by over-/under-estimating absolute values
of GHG emissions under the various treatments it is still a very useful tool for exploring
long-term scenarios. In this context, the model was used to estimate longer-term effects of
the treatments on GHG emissions over 30 years into the future. The net GHG emissions
estimated for Hazelrigg grassland soils range between 0.04 to 1.5 t CO2 eq ha−1 y−1. By
extrapolating to the UK grassland cover area, this is equivalent to a CO2 source of 7.2 Mt
CO2 eq. y−1, i.e., 7.5% of the UK energy supply emissions based on 2019 estimation [56].
This extrapolation needs to be interpreted with caution, as there are large uncertainties in
the modelling values, for example estimations do not taking impacts of animal grazing into
account, so may be underestimated. Grazing animals are estimated to emit 24 and 3.5 Mt
CO2- eq. [57] via enteric fermentation and deposition of urine and faeces to the soil, respec-
tively. The N2O emissions estimated for the long-term simulation (0.11 t CO2 eq. ha−1 y−1)
are similar to other grasslands soils in Europe (0.14 t CO2 eq. ha−1 y−1, Soussana et al. [58])
and in the UK (0.13 t CO2 eq. ha−1 y−1, Levy et al. [26]).

Warming effects per se decreased net GHG emissions by 15% in 2047, contradict-
ing studies which suggest that an increase in air temperature would increase CO2 emis-
sions [59,60], although these contradicting studies indicated a reduction in above-ground
productivity over nine years of warming [61]. However, there are large uncertainties
around this result, as the simulation does not account for differences in rainfall events
and consequently, changes in soil moisture under warming treatments which might have
a larger impact on N2O emissions [5]. Further, recent studies [62–64] demonstrate an
acclimation of ecosystems whereby microbes over-ride the increase in temperature, limiting
substrate mineralisation and consequently soil respiration.

N-fertilised treatments caused a greater increase in net GHG emissions over 30 years
of simulation compared to non-N-fertilised treatments, especially in relation to N2O emis-
sions, agreeing with findings of Hsieh et al. [41]. Similar results were also found by
Saggar et al. [27] who showed that N2O remained elevated in N-fertilised treatments
for 10 years, even after ceasing N-fertiliser application. The simulations indicated that a
long-term N-fertiliser application had a longer impact on N2O emissions compared to a
short-term effect [65]. The N2O emissions have a threshold response to N, i.e., the amount
of N lost to the atmosphere depends on the N uptake by plants [66].

Interestingly, an increase in the frequency of cutting per year did not have a signif-
icant long-term effect on the simulated net GHG emissions (+6%), although observed
changes were found for CO2 and N2O emissions in the field measurements [11]. Similarly,
LeCain et al. [67] did not find any changes in photosynthetic, soil respiration and net
CO2 exchange rates in grazed compared to non-grazed pastures. In a 30-year simulation
study, Kang et al. [68] found a reduction of 17% in CO2 emissions with a moderate grazing.
The authors related this to a reduction in above-ground litter input directly affecting soil
respiration (decreased by 34%). Although mowing or grazing would have a pronounced
impact at a large temporal-spatial scale, Li et al. [69] did not find that these were sensitive
parameters for soil N storage. According to Han et al. [70], grazing acted as a net source
in a 29-year of GHG simulation in China. Our experiment did not take into consideration
different types of grassland (permanent or sown grasslands) and/or management intensity,
which definitely might have various impact on overall greenhouse gas emissions in the
long-term [71]. Therefore, the effect of cutting/grazing on long-term carbon dynamics is
still a knowledge gap as well as its interaction with future climate.

Seasonally significant differences were found in the interactions between management
and climate (N addition × warming, and cutting × N addition) over 2015 and 2016 [11].
Here, longer-term simulations showed that interactive effects were synergistic compared to
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singular treatments (in particular for the N treatments). Interactive effects, mainly relating
to N-fertiliser application and the increase of air temperature, had greater impacts on N2O,
CH4 emissions and SOC changes. This is an important outcome as it reflects real-world
scenarios where many drivers co-occur.

IPCC research has produced emission scenarios for directing global models to simulate
climate change scenarios taking into account the industrialisation activity and population
growth, and determining temperature-sensitive scenarios described as low, medium, and
high [72]. Studies have demonstrated that there are small differences between these
scenarios (i.e., low and high) in relation to global GHG emissions, however they can vary
about 3 to 17% compared to baseline scenarios [33,53,73]. The DNDC model is a means
to compare different climate scenarios under different grassland management strategies.
DNDC output interpretation should be cautious as the model needs to be further improved,
especially with respect to the parameterisation of the crop module. Nonetheless, this
work demonstrates the potential for interactions between climate and temperate grassland
management to increase predicted GHG emissions with implications for future policy
and practice.

5. Conclusions

This study shows that the DNDC-model was able to satisfactorily estimate GHG
emissions from a temperate grassland, however some discrepancies for specific treatments
and growing seasons did occur. These were mainly related to DNDC-model limitations
(i.e., the need for model parameterisation), the use of unmeasured default values as inputs
for the model and the great variability in the measured data. The model is very sensitive to
changes in air temperature, rainfall, N-fertiliser rates and SOC parameters when simulating
N2O and CO2 emissions. The long-term scenarios showed that intensively managed
fertilised grasslands under a warming climate will lead to enhanced GHG emissions. Future
studies should concentrate on simulating the long-term impact of different management
scenarios and their interactions with climate warming. This will help decision-makers to
advise on the most appropriate management strategies for mitigating GHG emissions and
reducing the impact of managed grasslands on climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123055/s1, Figure S1: Measured (filled circle) and
simulated (solid line) N2O, CO2 and CH4 emissions from soils of the control treatments from the grow-
ing season of 2015 and 2016. Error bars are standard deviations for 5 replicates; Figure S2: Measured
(filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils of the interaction
between nitrogen and cutting treatment from the growing season of 2015 and 2016. Error bars are
standard deviations for 5 replicates.; Figure S3: Measured (filled circle) and simulated (solid line)
N2O, CO2 and CH4 emissions from soils of the interaction between warming and cutting treatment
from the growing season of 2015 and 2016. Error bars are standard deviations for 5 replicates;
Figure S4: Measured (filled circle) and simulated (solid line) N2O, CO2 and CH4 emissions from soils
of the interaction between warming, cutting and nitrogen treatment from the growing season of 2015.
Error bars are standard deviations for 5 replicates; Table S1: Measured and DNDC-simulated WFPS
(%) for the full factorial experiment over two growing seasons.
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