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1. Introduction

This report has been prepared in response to the following request from the Department of
Agriculture, Food and the Marine (DAFM):

DAFM hereby request Teagasc to simulate the environmental impacts to include nitrogen
leaching to 1m, nitrogen balance and gaseous emission impacts, of a number of farm nitrogen
mitigation measure scenarios to inform policy regarding the current and potential future actions
to deliver nitrates load reduction as follows:

* Modelling additional positive impacts arising from potential measures for the 6th NAP
including:

o Increasing the arable area sown to cover crops

This modelling requested is to be done across tillage scenarios. The outputs from this work are
proposed to be shared with the EPA to facilitate a calculation of the load reduction arising from
the 5th and 6th NAP in individual river catchments.



2. Modelling

In contrast to grassland systems there hasn’t been a specific model developed to predict nitrogen
(N) leaching from tillage systems in Irish conditions. This report describes the parameterisation
of the Hydrological Predictions for the Environment (HYPE) model to simulate leaching from
spring barley crops grown on a well-drained mineral soil type (i.e. Clonroche soil series —
Agricultural Catchments Programme (ACP) Castledockrell sub-catchment) which represents a
high nitrate loss risk scenario. This model has been used to simulate nitrate leaching from
continuous spring barley with no over-winter green cover, with overwinter natural regeneration
and with a sown brassica cover crop following an autumn stubble cultivation.

Losses of N from agricultural soils with different cropping systems and pedoclimatic conditions
can be modelled by simulating these different scenarios with new management practices and
comparing to a “baseline” scenario of current management practice. Broadly, these modelled
scenarios encompass three categories of information (i) climate and weather (ii) agronomy
management practices and (iii) soils and other hydrological characteristics. Full-scale
hydrological models can usually represent categories (i) and (iii) reasonably well, and a more
sophisticated water quality simulation model is required to adequately represent the agronomy
with parameters that represent actual crop growth, nutrient uptake and agricultural practices
(e.g. sowing, fertilisation, tillage etc.). The latest process-based models can also simulate the
fluxes of water and nutrients within a catchment based on a simplified mathematical
representation of more complex hydrological and nutrient processes.

2.1. Model Description

A detailed description of the HYPE model set-up and structure is provided by Lindstrom et al.
(2010) and the SMHI (model developer) website (https://hypeweb.smhi.se/model-water/about-
hype-code/) which outlines all the components of HYPE and the physical processes of water and
nutrient flux. A host of previous HYPE modelling studies (e.g. Lindstréom et al., 2010; Wynants et
al., 2024) provided initial model parameter values, along with the example data files on the
website (http://hype.smhi.net/wiki/doku.php) as a starting point for this work. HYPE uses flat text
files, that can be edited without any proprietary software, which contain most of the hydrological
model parameters (“par.txt”), crop data (“cropdata.txt”) and the hydro-meteorological timeseries
data (daily interval) used to force the model simulations.

The model can simulate individual sub-basins (e.g. ACP catchments), multiple sub-basins (e.g.
Slaney catchment) or fields (in this application) and basins varying in size from a few hectares up
to 10000s of km? can be simulated (Lindstrom et al., 2010). Wynants et al. (2024) described an
application to two medium sized agricultural catchments in Sweden where cover crops were
planted as a N and P mitigation measure for both spring sown and root crops and the model
calculated a reduction of between 11.5-39.8% in the inorganic N loads lost from the Tullstorpsan
catchment (the range represents different climatic scenarios under climate change). These
results agreed with the empirical findings of other studies (Ruffatti et al., 2019; Speir et al., 2022)
and indicate that HYPE can be successfully used to simulate cover crops in European
catchments.

The HYPE model simulates the cycling of inorganic nitrogen (IN), i.e. nitrate in soil water, rivers
and groundwater. There is no separate ammonium cycling component unlike other water quality
models such as INCA-N and SWAT. The initial conditions of N concentrations in the different soil
nutrient pools are land-use specific and user-supplied. Local Irish data was inputted to the model


http://hype.smhi.net/wiki/doku.php

where available and the example data files from the developers were consulted for parameters
that could not be readily assigned values.

The HYPE model was previously set up and calibrated on the ACP Castledockrell sub-catchment
(11.2 km?) which has over 86% well-drained soils according to the National Soils database. The
model achieved a high “goodness of fit” for daily nitrate loads over the period October 2015 to
May 2022 (KGE >0.7, BIAS = 13%). The same hydro-meteorological (forcing) data was made
available from the ACP for this model application.

The conceptual model was simplified for this application so that it simulates what is effectively a
single field, which has a soil depth of 1Tm with 2 layers (0.25m and 0.75m thick) (see Figure 1) and
uses the same calibrated soil and crop parameters as the full-scale catchment simulation. The
upper panel of Figure 1 shows the hydrological cycle simplified somewhat (elements of the
hydrological cycle not relevant such as river flow are not shown). The lower panel shows the N
fluxes and cycle, as modelled: N in runoff from the soil (layers 1 and 2) plus leached N (i.e.
percolated deeper in the soil and potentially to groundwater) are aggregated into a “1m Loss”
term for this report. Other fluxes of N are not discussed and were negligible under these
biophysical conditions (e.g. N lost in surface runoff).
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Figure 1. Schematic diagram of simplified water and nitrogen cycles as modelled by HYPE in
this application



There was no tile or other artificial drainage inputted in the model as the soil was well-drained.
The model outputs a time series of daily N losses (in kg/ha) from the soil at 1m depth for the
purposes of this application, along with monthly plant uptake, denitrification and mineralisation
fluxes. The daily N losses were converted into monthly values for the model outputs.

The modelled baseline crop was spring barley, which is typically sown in a large area of the
Castledockrell (over 50%) sub-catchment. This model does not directly simulate crop growth (i.e.
biomass production) or crop offtake (i.e. the harvested mass of the crop) directly. However, a crop
uptake function for N (see below) was fitted using measured data based on temporal crop
sampling studies (from research experiments). Additional data relating to crop agronomy was
alsorequired as model input data, namely fertiliser type (inorganic vs manure), application dates
and application rates. An additional external source of N (atmospheric N deposition) was also
considered in these scenarios, which averaged 7.5 kg N/ha/year (based on EPA data used in the
SLAM model), and is divided into wet (rainfall-related) and dry deposition (which is constant).

2.2. Plant N uptake functions

The model is very sensitive to the plant nutrient uptake functions which were originally derived
from the Swedish SOILN model (Eckersten et al., 1994). Irish datasets used in the Teagasc Spring
barley guide (Spink et al., 2015) were used to improve the representation of crop N uptake for
spring barley. Data from the ACP in the Castledockrell catchment and from plot experiments at
Oak Park, Premrov et al. (2014) were used to improve the representation of plant N uptake from
natural-regeneration (i.e. over winter green cover) and from cover crops in the model. Adjusting
these parameters ensured the model was representative of local Irish conditions (soils, crops
and farming practices). The fitted model curves for both spring barley and cover crops are shown
in Figure 2 and 3, respectively. The modelled curve in Figure 3 shows the theoretical maximum
uptake by the model not the actual uptake each year which may be considerably less depending
on the available N in the soil pool and the air temperature.
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Figure 2. Modelled cumulative N uptake by spring barley over the course of 3 growing seasons
(2016, 2020 and 2022). Measured cumulative N uptake data from Teagasc Spring Barley Guide
(https://teagasc.ie/wp-content/uploads/2025/05/The-Spring-Barley-Guide-1.pdf)
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Figure 3. Modelled cumulative N uptake by brassica cover crop and measured N uptake in two
cover crops sown during autumn 2021 (Teagasc data).

2.3. Modelled scenarios

The HYPE model was first run to simulate the baseline scenario based on the calibrated
Castledockrell simulation described above, but the model set-up and outputs were simplified
according to the conceptual diagram (Figure 1) to provide an estimate of nitrate-N loss (kg/ha) at
1m soil depth. The model was run over 6-year period from October 2014 to May 2022 (2014-15)
was used as a “warm up” year to stabilise the nutrient pools in the model). No cover crop (CC)
was simulated in these baseline scenarios, and the “main crop” spring barley (SB) was fertilised
with either 135 or 155 kg N/ha applied in 2 splits and harvested in mid-August. The reference
crops used to generate spring barley crop N uptake yielded on average over 7.5 t/ha and could
have had an additional 20kgN/ha applied in addition to the standard 135kgN/ha
recommendation.

Table 1 provides details of the model simulations. In addition to the baseline scenario Table 1 also
describes the scenarios with early and later sown cover crops or over-winter green cover
simulated. Results from the model are reported in Table 2 as baseline average N losses at Tm
(the averaging was over 6 years) and other fluxes (e.g. plant uptake) were averaged over the same
period to provide annual totals. Timeseries plots of losses over individual water years (October to
September) are also shown below.



Table 1. Description of modelled scenarios that were simulated using the HYPE model

Description of 1stInorg. N 2nd Inorg. N | Date CC Date CC
scenarios application application | Sown Removed
Baseline/Control (B) | 60 kg N/ha 75 kg N/ha Bare stubble | N/A
22" March 7" April
Natural regeneration | 60 kg N/ha 75 kg N/ha Green cover' | 1%
(NR) 22" March 7" April February
Cover crop - early 60 kg N/ha 75 kg N/ha 16" August 1t
sown (CC1) 22" March 7" April February
Cover crop - late 60 kg N/ha 75 kg N/ha 15t 1st
sown (CC2) 22" March 7" April September | February
Baseline/Control 60 kg N/ha 95 kg N/ha Bare stubble | N/A
(High Fertilisation) 22" March 7" April
Cover crop - early 60 kg N/ha 95 kg N/ha 16" August 1t
sown High Fert. 22" March 7" April February
(CC1-H)
Cover crop - late 60 kg N/ha 95 kg N/ha 15t st
sown High Fert. 22" March 7" April September | February
(CC1-H)
Notes:
O Inorganic N application rates: 1t Inorg.N application (fertiliser N) was 60 kg N/ha applied in seed bed prior

to sowing the spring barley (SB) crop on 22" March and 2" Inorg.N application was either 75 or 95 kg N/ha
applied at crop growth stage 11-12 on the 7" April.

SB was harvested on 15" August.

Natural regeneration (NR) was the simulation of natural regeneration green cover development following a
post-harvest stubble cultivation and not ploughed in until 15 February.

The early sown cover crop (CC1) sowing date was a day after crop harvest on the 16" August. The later sown
CC2 sowing date was 15" September and not ploughed in until 15t February. The early and late sown CC
simulations have a different plant uptake functions.

No fertiliser of any type was added to the crop stubble post-harvest or to the CC.

Ploughing in spring takes place on 1st February in all simulations in the model and was the date when
organic residual N (i.e. plant litter) was added to the upper soil layer.



3. Results

This analysis was based on simulations of a spring barley crop followed by different levels of post-
harvest green cover and N assimilation. Seven different agronomic scenarios and model input
parameters reflecting crop and fertiliser management are outlined in Table 1. Across these
agronomic scenarios a baseline simulation of a spring barley crop was compared to the results
of the scenarios that included natural regeneration and cover crop simulations. Table 2 below
shows the model results in terms of N losses and other fluxes for all the simulations.

Table 2. Summary of results from model simulations of baseline, natural regeneration and
COVer crop scenarios.

Description | Total Mean Mean annual | Mean Mean Mean Mean
of scenarios | annual annual total N annual annual annual change in
inorganic | soil N uptake? Cover-Crop | denitrifi leached N leached N
N applic. | mineral | (range) N Uptake cation loss® loss load *
-isation (range) N loss (range) (range)
(kg N/ha)
(kgN/ha) | KENPA) 1o N/ha) (kg N/ha) | (kg N/ha) %
1| Baseline/ 135 22.9 148.6 N/A 2.49 12.7 relative to
Control (B) (135-165) (6.6-23.4) baseline
2| Natural 135 23.8 158.5 6.3 2.2 8.3 -34.5%
regeneration (141-167) (4.1-7.0) (4.2-17.7)
(NR)
3| Covercrop- | 135 28.8 165.7 21.8 1.7 4.6 -63.8%
early sown (164-168) (9.9-30.7) (2.8-7.3)
(CC1)
4 | Cover crop - 135 28.9 165.8 22.4 1.9 5.0 -60.7%
late sown (165-168) (10.5-30.6) (3.6-7.3)
(CC2)
5| Baseline/ 155 22.9 159.2 N/A 3.5 19.7 relative to
Control high (140-180) (9.6-34.6) baseline
fert. N high fert. N
(B-H)) application
6| Covercrop- | 155 28.8 184.5 29.7 2.0 6.2 -68.5%
early sown (180.7-187.1) | (13.5-46.3) (3.6-11.0)
high fert. N
(CC1-H)
7| Covercrop- | 155 28.9 183.5 29.6 2.3 6.7 -66.0%
late sown (181-186.3) (14.1-43.5) (4.9-11.3)
high fert. N
(CC2-H)

# Mean total annual N uptake by the spring barley crop and the natural regeneration or cover crop.

$ Mean annual leached N loss from the root zone to 1m depth.

*Mean change in leached N loss load expressed as a percentage of the baseline /control N loss load.
Atmospheric deposition (mean annual) was the same in all simulations at 7.6 kg N/ha/year.

3.1. Baseline scenario

The baseline scenario (B) of spring barley had 135 kg N/ha inorganic fertiliser N application. In
addition to the fertiliser N input, annual soil N mineralisation supplied 22.9 kg N/ha and
atmospheric deposition a further 7.6 kg N/ha to the soil. This gave a total N supply from the soil
of 165.5 kg N/ha.

The spring barley had a mean N uptake of 148.6 kg N/ha, ranging from 135 to 165 kg N/ha over the
6 years considered in this modelling exercise. Annual losses of N from the soil through
denitrification were 2.5 kg N/ha while mean annual N losses through leaching at 1Tm depth was
12.7 kg N/halyr, ranging from 6.6-23.4 kg N/ha/yr over the 6 years. The largest loss of leached N



from the soil (1m depth) was after harvest during the late autumn and into the early winter period
when the soil drainage became active.

The baseline scenario of spring barley with higher inorganic fertiliser input (B-H) of 155kg N/ha
and a total soil N supply of 185.5 kg N/ha. In this higher fertiliser N input baseline scenario, the
mean spring barley N uptake was 159.2 kg N/ha, ranging from 140 to 180 kg N/ha over the 6 years.
Mean annual N losses through leaching at 1Tm depth was 19.7 kg N/ha/yr, ranging from 9.6 to 34.6
kg N/ha/yr

3.2. Comparison of Natural regeneration versus baseline scenario

The natural regeneration scenario had higher N uptake (+6.3 kg N /ha) due to the green cover
development on the stubble compared to baseline scenario (no green cover present). Across the
6 years of simulation the N uptake by Natural regeneration ranged from 4.2 to 7.0 kg N /ha. This N
uptake (through growth of the green cover) took place after the crop (SB) was harvested (16™
August) and N uptake persisted until the end of (31%") December. However, a higher rate of N
assimilation into the biomass took place in August, September and early October, while the rate
of N uptake from late October to the end of December was lower. Limited growth of natural
regeneration green cover and subsequent N uptake took place in January due to short daylength,
lower soil and air temperatures and low levels of soil N. Overall, the annual N loss under the
Natural regeneration scenario was -4.4 kg N/ha lower (-34.5%) than the baseline scenario. The
Oak Park experiment (Premrov et al. (2014)) reported soil water nitrate-N (NO3s-N) concentrations
(not load) were approximately -42% lower under Natural regeneration green cover compared to
bare stubble, and these NOz;—N concentrations were approximately 50% higher than measured in
leaching from the plots where a mustard cover crop was grown.

3.2. Comparison of Cover crop versus baseline scenario

Early sown cover crop (CC1)

A cover crop (CC) removes N that otherwise would potentially be lost from the soil N pool through
denitrification and leaching loss pathways. The early sown CC (CC1 sown on 16" August) had
approximately one-month additional time to grow biomass and assimilate N from the soil
compared to the later sown cover crop (CC2 sown on 15" September). Plant establishment and
growth rates in August and early September are typically much higher than from later September
onwards, due to shortening daylength and cooler temperatures. The early sown cover crop had
on average +21.8kg N/ha additional N uptake (ranged from 9.9 to 30.7 kg N/ha over the 6 years)
from the soil compared to the baseline scenario and resulted in -8.1 kg N/ha lower N loss (-63.8%)
through leaching. This is despite the higher N mineralisation (+6 kg N/ha) under the cover crop
(increased crop returns to soil organic matter reserves) compared to the baseline scenario. This
shows that the early sown cover crop has the potential to take up residual N from the soil during
the critical autumn months before water begins percolating through the soil root zone and has
potential to contribute leached N losses (below 1m depth).

Late sown cover crop (CC2)

The late sown cover crop (CC2) had somewhat similar total N uptake to CC1 (average 22.4 kg
N/ha, and ranged from 10.5 to 30.6 kg N/ha over the 6 years) however, the timing of the removal
of residual N from the soil was delayed. This delay in N assimilation from soil N reserves affected
the N losses from the soil, with 0.2 kg N/ha higher denitrification N losses and 0.6 kg N/ha higher
leached N losses compared to CC1. Overall, the late sown cover crop had -7.7kg N/ha lower N
loss through leaching (-60.8%) compared to the baseline scenario.



Comparison of N Losses due to different sowing dates (NR, CC1 and CC2) and with Baseline

Figures 4-8 below show the monthly N losses under the baseline and cover crop scenarios (CC1
and CC2) plus the NR scenario. There were significant N loss differences (reductions) between
the baseline and both CC1 and CC2 in late summer and autumn (depending on when the cover
crop was sown). The NR scenario did not reduce monthly N losses to the same magnitude as
the cover-crops, although a small improvement can be seen for NR between October and

December (Figure 4).
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Figure 4. Monthly (October to September) nitrogen loss from the baseline (B1) and natural
regeneration green cover (NR) scenarios.
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Figure 5. Monthly (October to September) nitrogen loss from the baseline (B1) and early sown
cover crop (CC1) scenarios.
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Figure 6. Monthly (October to September) nitrogen loss from the baseline high fertiliser N (BH)
and early sown cover crop high fertiliser N (CC1-H) scenarios.



Mean Monthly Loss (CC2 and B1)

2.5

1.5
1
0.5 I
. Il p N M. | .
10 11 12 1 2 3 4 5 6

mBl mCC2

Loss (kg N/ha/Month)

il nl
8 9

Figure 7. Monthly (October to September) nitrogen loss from the baseline (B1) and later sown
cover crop (CC2) scenarios.
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Figure 8. Monthly (October to September) nitrogen loss from the baseline high fertiliser N (BH)
and later sown cover crop high fertiliser N (CC2-H) scenarios.
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in this modelling exercise.
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Figure 10. Cumulative nitrogen uptake by the cover crops (CC1 and CC2) and mean monthly
(August to December) nitrogen loss (MML) from the baseline (B) and cover crop scenarios (CC1
and CC2).

Figure 10 shows a snapshot over a shorter time period (August to December) of modelled cover
crop N uptake for both CC1 and CC2 shown by the solid and dashed lines (for a year with relatively
high N uptake). The bars show the mean monthly losses (MML) of N in leachate below 1m over
this autumn period for these CC scenarios and also for the baseline scenario (B) (also shown in
Fig, 5 & 7).This clearly shows that residual and mineralised soil N was taken up by the CC prior to



the commencement of main period for N leaching (typically the last week of October; Figure 10
at approx. day 300). While the uptake of soil N was delayed somewhat for the later sown cover
crop (CC2), it ultimately recovered similar quantities of N by end of November: Figure 10 at
approx. day 335) and also significantly reduced N loss compared to the baseline (B) where no
green cover (CC or NR) was present. Overall, N loss under the cover crop scenarios was low and
this modelling work shows that they are effective for mitigating N loss from arable soils when
grown in conjunction with spring cropping systems.

4. Conclusions

The HYPE model was parameterised and optimised to simulate crop N uptake, soil N processes
and N losses from a well-drained arable soil under Irish weather conditions for 7 different crop
management scenarios. A baseline scenario with a spring barley crop established on a well-
drained soil with a standard recommended inorganic fertilisation rate (135 kg N/ha) was used for
comparison with other scenarios with additional management to enhance N uptake post-harvest
of the spring barley crop (main crop). This is the first application of a catchment scale water
quality model to cover crops in Ireland. Therefore, the simulations will be updated when
additional research results are made available, and a potential linkage or coupling between the
hydrological and crop growth models will also be explored in order to incorporate processes not
currently modelled by HYPE.

The second management scenario simulated natural regeneration (green cover) during the
autumn and early winter period with a predicted reduction in N losses of -4.4 kg N/ha/year or -
34.5 % on average relative to the baseline with no winter cover. The development of NR green
cover was facilitated by shallow cultivation of the stubble post-harvest and additional costs were
incurred compared to the baseline scenario

The third and fourth scenarios simulated the adoption of cover crops with different sowing dates,
and these crops were predicted to be a success in terms of reducing N losses predicted by the
model by between 7.7 and 8.1 kg N/ha/year or between -60.7% and -63% on average. The
establishment of CC included shallow cultivation of the stubble, and the purchase of brassica
cover crop seed leading to additional costs compared to both the baseline and NR scenarios.

The final 3 scenarios repeated the baseline and cover crop simulations with a higher rate of
applied inorganic nitrogen of 155 kg N/ha, which is the rate allowed for spring barley crops
yielding more than 7.5 t/ha. The higher N baseline scenario increased predicted leaching by 7kg
N/ha to an average of 19.7 but with a range of 9.6 to 34.6 kg N/ha over the 6 years of simulation.
The predicted reduction in leaching from early and later sown cover crops were similar to the
standard N scenario at -68.5 and -66% respectively.

The temporal N uptake for the NR, CC1 and CC2 scenarios was higher in the critical months for
N leaching compared to the baseline scenario and this corresponded to lower N losses in these
months (Figs 4 to 6). This modelling exercise showed that this additional plant N uptake where
green cover was established after harvest was mainly responsible for the predicted N loss
reductions.

It should be noted that the cover crop simulated was a brassica, which generally have higher N
uptake than other cereal-based cover crops or mixes. The use of brassicas as cover crops whilst
efficient at reducing leaching may present challenges for arable crop rotations which include
combinable, or vegetable brassica crops due to the risk of build of club root (Plasmodiophora
brassicae). This soil borne root disease of Brassicas as well as volunteer weeds in the rotation



may increase in incidence where brassica cover crops are grown annually due to the long viability
of ungerminated brassica seeds in the soil. Continued use of Brassica cover crop is also likely to
reduce their efficiency as cover crops due to the severe root damage it causes resulting in
stunting of above ground growth. Careful consideration should be given when selecting crop
rotations including cover crop types in order to minimise such issues arising in future years.

These simulations assume that the area sown to SB +/- NR, or CC, have a relatively uniform crop
establishment and N uptake. However, under field conditions variability across the area in N
uptake and subsequent N loss from the soil is likely, especially in headland areas where
machinery is turning and where soil structure and plant rooting may be somewhat compromised.
These areas may have reduced N recovery and hence increased N loss.

A final caveat is that these results were obtained by assuming that 100% of the main crop was
either left as stubble or had a cover crop planted as a follow-on crop in late summer. Actual
farming practices may well only sow a fraction of the land with a cover-crop so in these cases the
loss reductions shown above will be reduced in proportion to the area actually sown. A
catchment-scale model (for example of 11 km?2 ACP Castledockrell) will account for the areas of
cover crops actually sown in simulations of the N load reduction.
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