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Large areas of nitrogen-sensitive habitats are currently estimated to be in exceedance of their critical loads (CLs)
as indicators for protection from nitrogen deposition. In the UK, deposition estimates from the semi-empirical
Concentration Based Estimated Deposition (CBED) model are used for official reporting of current exceed-
ances. The UK Integrated Assessment Model (UKIAM) framework is designed to provide future projections of
concentrations and deposition due to projected changes in emissions. UKIAM has been extended to provide

alternative deposition estimates aligned with those of CBED, and the results combined with the range in habitat
CL values to create an exceedance score, leading to a probabilistic evaluation of CL exceedances. The utility of
the method is demonstrated by analysing a series of hypothetical scenarios. It is shown that NH3 mitigation is
likely to be four times more effective in reducing CL exceedances in the UK than the mitigation of NOy emissions.

1. Introduction

By 2030 the UK government plans to reduce ammonia (NHs) and
nitrogen oxide (NOy) emissions by 16% and 73%, respectively, relative
to emissions in 2005 as outlined in the 2019 Clean Air Strategy (DEFRA,
2019). In addition to the well-documented human health impacts of
these pollutants, they have a significant impact on the health of eco-
systems through direct effects from atmospheric concentrations and
when deposited in wet (NO3~, NH4") and dry (NH3, HNO3, NOy) forms.
This impact includes the eutrophication of soils and freshwater, leading
to the loss of species that become less competitive when nitrogen (N)
availability is increased; and acidification, leading to effects such as
reduced fertility and nutrient deficiencies and the loss of acid-sensitive
species. Sulphur emissions also contribute significantly to acidifica-
tion: however the deposition of sulphur oxides (SOy) is no longer the
main cause of acidification in the UK following a 94% decrease in the UK
SO, emissions between 1970 and 2010 (RoTAP, 2012). As of 2017, 39%
of UK ecosystems were considered to be in exceedance of their critical
loads (CLs) for acidity, while 58% were considered to be in excess of
their eutrophication CL (Rowe et al., 2020).

The exceedance of CLs has long been used as a method to evaluate
the harm caused to specific habitats by the deposition of reactive
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nitrogen, and has proven particularly useful for target setting and policy
development (e.g. the UNECE’s Gothenburg Protocol). CLs are estimates
of the deposition rate below which a habitat is not considered to be
significantly harmed according to current knowledge (Nilsson and
Grennfelt, 1988). For N deposition, CLs are evaluated empirically, based
on experiment and field observations, and agreed at expert workshops at
the UNECE level under the Convention on Long-range Transboundary
Air Pollution. Given the empirical nature of their derivation, there is a
degree of subjectivity in their evaluation, in addition to uncertainties
underlying the observations on which these judgements are made.
Further, some studies (e.g. Armitage et al., 2014; Payne et al., 2013)
have suggested that vegetation changes incrementally with N deposi-
tion, with no threshold below which no effects are seen. Given these
factors, there is a question as to how meaningful the exceedance of a
single limit value (i.e. the CL value) is in assessing the harm caused to
habitats through eutrophication. Despite this, CL values do provide a
useful measure of the varying degrees of resilience of different habitats
to excess nitrogen. Exceedances of CL values also continue to be
commonly used for policy development in many European countries,
including the UK (e.g. Trends Report (Rowe et al., 2020)).

In the UK the Concentration Based Estimated Deposition (CBED)
model is used for official reporting of CL exceedances of deposition for
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sensitive habitats (Hall et al., 2015). The CBED model estimates dry
deposition rates using a “big leaf” model (Smith et al., 2000); combining
gas and particulate concentration maps, constrained to measurements,
with maps of vegetation cover. The model accounts for
vegetation-specific deposition velocities and includes a simple model of
the complex bi-directional exchange of ammonia due to stomatal
emission. Wet deposition is estimated by combining spatially distributed
measurements of concentrations in precipitation with annual precipi-
tation maps and a two-dimensional seeder-feeder rainfall (“seeder” rain
from high level cloud falls through lower hill “feeder” clouds) model
(Dore and Choularton, 1992) to estimate wet deposition rates (Smith
and Fowler, 2000). Considerable uncertainty is associated with these
deposition estimates, particularly in areas of higher altitude and pre-
cipitation, where deposition rates are greatest. This is due to a number of
reasons, including a shortage of measurements at high altitude and the
added complexity of orographic enhancement. The direct use of con-
centrations in precipitation measurements as input to the model also
means that there is a shortage of measurements for model validation.
Smith and Fowler (2000) showed that uncertainty in the feeder rain
enhancement factor, specified as a parameter of the seeder-feeder
model, has a significant effect on the model output. This factor, which
is used to scale the estimated deposition due to feeder rain, is assumed to
be equal to 2 based on a single set of experiments conducted on the Great
Dun Fell over the course of a few days (Choularton et al., 1988). While
reasonable agreement has been shown with subsequent measurements
(Dore et al., 2001; Beswick et al., 2003), such validation datasets are
scarce. Further, measurements of wet deposition from bulk collectors
are known to overestimate wet deposition as they can also capture a
degree of dry deposition (e.g. Fowler and Cape 1984; Gonzalez Benitez
et al., 2009; Cape et al., 2011).

In contrast, Atmospheric Chemical Transport Models (ACTMs) are
generally found to underestimate deposition of reactive N when
compared to measurements in the UK (Dore et al., 2015) and across
Europe (Fagerli et al., 2021). To what extent this discrepancy is due to
bias in the models or the measurements is currently not well understood.
One cause could be an underestimation of NH3 emissions; the UK Na-
tional Atmospheric Emission Inventory estimates were recently shown
to give lower UK NHj emissions when compared to estimates derived
from satellite observations (Marais et al., 2021). Further research is
required before these differences are fully understood, and a substantial
increase in measurement sites is likely required.

The UK Integrated Assessment Model (UKIAM) is a model frame-
work, consisting of a family of physically-based models, used to inves-
tigate the impact of future emissions scenarios on UK air quality and
ecosystem health (Oxley et al., 2013; ApSimon et al., 2021). A scenario
can be run within an hour and possible outputs include national con-
centration and deposition maps, estimates of exceedances of CLs and a
full breakdown of source apportionment; allowing the identification of
the most harmful sources by habitat and by region. UKIAM also un-
derestimates deposition relative to measurements and the CBED model.
The degree of underestimation by UKIAM relative to CBED is of the same
order as the mean underestimation of the ACTMs considered by Dore
et al. (2015) relative to measurements. The areas of greatest disagree-
ment between UKIAM and CBED correspond to the areas of greatest
uncertainty in deposition, which tend to be areas of higher altitude and
precipitation where complex wet deposition processes occur, such as
occult and seeder-feeder deposition.

In this paper we outline a new methodology implemented within the
UKIAM framework for the assessment of the impact of N deposition on
sensitive habitats in the UK on a national and regional level. The
approach is based on the Joint Nature Conservation Committee’s (JNCC)
Nitrogen Decision Framework’s method designed for national level
evaluation while accounting for the uncertainty in both the N deposition
and CL estimates (Jones et al., 2016). We make use of CLs as a measure
of the varying sensitivities of habitats to eutrophication, but remove the
dependence on the exceedance of a single limit value by introducing an
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exceedance score based on two CL values; a minimum and a maximum.
These two CL values are combined with two deposition estimates based
on two fundamentally different models, UKIAM and CBED, providing an
upper and lower value in each grid square and used to create an ex-
ceedance scale. As the two deposition models used are based on inher-
ently different methodologies, they are unlikely to share the same
biases, therefore combining the two provides a more robust analysis
than using a single model prediction. Further, the exceedance scale
removes the dependency of the analysis on a single, imprecise limit
value and avoids step changes in exceedance which can occur when a
single limit value is used.

The method is used to assess the state of habitat exceedance of ni-
trogen deposition for the base year, 2016, in addition to two sets of
hypothetical scenarios designed to explore an effective strategy for
reducing exceedances in the UK and the degree of abatement required to
reach UK Government targets.

2. Method
2.1. The UKIAM framework

A brief overview of the components of the UKIAM framework rele-
vant to ecosystem assessment is provided here. For a detailed descrip-
tion of a recent version of the framework see ApSimon et al. (2021).

The framework brings together inputs from several independent
models. These include ASAM (ApSimon et al., 1994), used to calculate
the imported pollutant contribution from other countries; BRUTAL
(Oxley et al., 2009), a bottom-up traffic model which estimates the
emissions from traffic; and UKIAMS5, a 5 km resolution sub-model used
to estimate concentrations and deposition due to UK sources in addition
to international shipping. NOy emissions from shipping are substantial
and have a significant impact both on ecosystem health and on air
quality in the UK (ApSimon et al., 2019). UKIAMS estimates deposition
for future scenarios by scaling Source-Receptor (S-R) footprints of
deposition, generated by an ACTM, to reflect the change in emissions
relative to a base case.

The S-R footprints are generated by reducing the emissions from each
source individually relative to a base case, before calculating the
deposition rate using the ACTM. The difference between the calculated
deposition and the base case is then used to calculate a map of the
change in deposition per unit change in emission, i.e. the S-R footprint.
This is done separately for each pollutant.

For the work presented in this study the FRAME (Fine Resolution
Atmospheric Multi-pollutant Exchange) model (Singles et al., 1998) is
used to generate the UK S-R footprints; however, any atmospheric
dispersion model could be used to generate the S-R footprints and
implemented within the UKIAM framework. This scaling of S-R foot-
prints depends on the assumption that concentration and deposition
estimates vary linearly with emissions. This linear assumption has been
shown to be acceptable for variations in emissions of +40 % (Aleksan-
kina et al., 2018), i.e. within this range the effect of non-linearity is
acceptable relative to other uncertainties. The framework also includes
the UKIAM1 sub-model, used to generate 1 km resolution maps of
concentrations for primary pollutants (PM and NOy/NOy), for example
used to develop policy aimed at meeting the UK’s targets for PMy 5
concentrations set out in the UK’s Clean Air Strategy (DEFRA, 2019).
However, in this paper we focus on the utility of the UKIAM framework
in evaluating N deposition and corresponding CL exceedances at a na-
tional level.

In total UKIAM considers 94 UK sources. These are divided between
ten SNAP (Selected Nomenclature for Air Pollution) sectors as defined in
the UK’s National Atmospheric Emissions Inventory (NAEI). Table 1
shows the sectors and the associated emissions of NOyx and NHs. Inter-
national shipping in the sea areas surrounding the UK is not included in
the NAEI but is also considered. The NH3 emissions are dominated by
SNAP 10; agriculture. These NH3 emissions are mainly due to livestock,
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Table 1
SNAP sectors and major NH3; and NOx sources for 2016 (base year).

SNAP sector NHj; emissions NO4 emissions

(ktonnes) (ktonnes)
1. Combustion in energy and 0.2 139.4
transformation industries
2. Non-Industrial combustion plants 1.4 41.1
3. Combustion in manufacturing industry 0.3 135.6
4. Production processes 4.2 0.6
5. Extraction and distribution of fossil 0.0 1.9
fuels and geothermal energy
6. Solvent and other product use 1.2 0.0
7. Road transport 3.4 295.1
8. Other mobile sources and machinery 0.3 171.6
9. Waste treatment and disposal 13.0 1.3
10. Agriculture 239.9 0.0
Beef 55.5 0.0
Dairy 63.5 0.0
Pigs 18.5 0.0
Layers 9.3 0.0
Other poultry 25.9 0.0
Sheep 3.9 0.0
Other livestock 6.9 0.0
Fertiliser 56.2 0.0
11. Natural 16.8 0.4
International shipping in sea areas around 0.0 665.2
UK
Total 280.6 1502.1

but fertiliser also contributes a significant amount (56 ktonnes). NOy
emissions are distributed between several SNAP sectors, mainly SNAP 1,
3, 7 and 8, in addition to international shipping. The importance of
including international shipping is evident from the very high emission
of NOy surrounding the UK from this sector (ApSimon et al., 2019).

The imported contribution from other countries is also significant
and the magnitude is estimated using ASAM, which uses S-R footprints
derived from the European-scale model EMEP (Simpson et al., 2012).
These EMEP S-R footprints are used to calculate the total deposited N
from European emissions. This contribution is then spatially distributed
across the UK using FRAME S-R deposition footprints. EMEP is used to
provide the magnitude of the contribution from other countries reaching
the UK because FRAME is known to underestimate long-range transport
of ions such as NO3~ and NH4 " due to an assumption of constant drizzle
which overestimates washout of these pollutants. However FRAME then
gives a more detailed spatial mapping of the deposition reflecting
important orographic enhancement effects on wet removal over land at
higher altitudes. The use of both EMEP and FRAME therefore allows
both a reasonable estimate of the contribution from other countries and
the enhanced washout in areas of higher precipitation. The maps for the
imported contribution from other countries and for shipping is provided
in the supplementary material (Figs. S4 and S5).

Different deposition velocities are assumed for short habitats, such as
grasses and dwarf shrub heath, than for taller habitats, such as wood-
lands. Two separate maps are used; the first for short habitats which is
referred to as the “moorland” deposition map, and a second for wood-
land, referred to as the “woodland” deposition map. These deposition
values are calculated for all grid squares regardless of whether a given
habitat exists within the grid square and therefore do not represent the
actual deposition, which depends on the area of moorland and woodland
habitats within a grid square. The moorland and woodland maps for
deposition derived from beef production in 2016 are provided in the
supplementary material as an example (Fig. S2).

The sources given in Table 1 are broken down further into 94 indi-
vidual sources; the breakdown for agriculture is shown. The latest
version of UKIAM (version 6R) allows the emissions from different re-
gions of the UK (England, Wales, Scotland, Northern Ireland and Lon-
don) to be varied independently, although the distribution within these
regions remain fixed.
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2.2. Nitrogen-sensitive habitats

In total 13 nitrogen-sensitive habitats are considered for analysis.
These are given in Table 2 along with the range of CL values. These
habitats match those used for official reporting in the UK (Rowe et al.,
2020). The UKIAM includes a library of 1 km x 1 km maps indicating the
area of land covered by each habitat in each grid square, along with the
appropriate recommended CL value for those habitats for which this
value is not constant across the country. Therefore, while depositions are
estimated at 5 km resolution, all exceedance statistics and maps are
generated at 1 km resolution due to the higher resolution of the eco-
systems data.

Along with minimum and maximum CLs, a recommended value (CL
rec) within this range is also given for each habitat, although increas-
ingly use of the minimum CL value is recommended for this. Here the
recommended CL value is used to calculate the exceedance unless
otherwise stated, while the minimum and maximum values are used to
derive the exceedance score (Section 2.4).

2.3. Accumulated exceedance

The Accumulated Exceedance (AE) is used as a metric for the level of
exceedance of the recommended CL for a particular habitat at the
national or regional level. The AE for a habitat is calculated as follows:

AE (kg/year) = exceedance (kg/ha/year) x exceeded area (ha)

The Average Accumulated Exceedance (AAE) is used as a metric of
the exceedance across all N-sensitive habitats. The AAE is calculated by
dividing the total AE for all habitats by the total area of all habitats (Hall
et al., 2015).

Table 2
Nitrogen sensitive habitats considered for analysis.
Habitat Area EUNIS Habitat CLmin- CLrec
(km?) habitat type CLmax (kg N/
class range (kg ha/year)
N/ha/year)

Acid grassland 15213 El.7 & Short 10-15/10- 10/15
dry/wet E3.52 20

Calcareous 3565 E1.26 Short 15-25 15
grassland

Dwarf shrub 24776 F4.11 & Short 10-20 10
heath (wet & F4.2
dry)

Montane 5487 E4.2 Short 5-10 7

Bog 3128 D1 Short 5-10 8,9, 10"

Managed 8370 G3 Tall 5-15 12
coniferous
woodland

Managed 7473 Gl Tall 10-20 12
broadleaved
woodland

Beech woodland 718 Gl.6 Tall 10-20 15
(unmanaged)

Acidophilous oak 1407 G1.8 Tall 10-15 10
woodland
(unmanaged)

Scots Pine 201 G3.4 Tall 5-15 12
woodland
(unmanaged)

Other unmanaged 1747 G4 Tall 5-15 12
woodland

Dune grassland 257 Bl1.4 Short 8-15 9or12°

Saltmarsh 276 A2.53/ Short 20-30 25

54/55

@ Spatially varied and dependent on local rainfall.
b 9 used for acid dunes and 12 for non-acid.
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2.4. Exceedance score

The exceedance score is derived in order to provide a more stable and
reliable indicator of ecosystem protection than provided by the ex-
ceedance of a single CL value estimated using a single deposition value.
The method is based on that designed for national-scale evaluation
(“Factor 1" score) outlined in the JNCC’s Nitrogen Decision Framework
(Jones et al., 2016).

We use the minimum and maximum deposition values for a given
habitat in each grid square to provide an indicator of the uncertainty
(rather than the 95% confidence interval used in the Nitrogen Decision
Framework), as illustrated in Fig. 1. The two deposition estimates
consist of the UKIAM estimate, and the UKIAM-Scaled estimate. The
UKIAM-Scaled estimate is generated by multiplying the UKIAM depo-
sition in each grid square by the ratio of the CBED and UKIAM values for
the 2016 base year:

2016

1
i _ i CBED — .
Nyaam—scated = Nugiam % <N2016 ) for each grid square i.
UKIAM

The resulting UKIAM-Scaled map of deposition combines important
spatial information based on the empirical CBED model, for example
areas where measured deposition is greater than the modelled UKIAM
deposition, with estimates of the relative reduction in deposition esti-
mated by UKIAM. This allows us to incorporate the range in deposition
estimates into our analysis of future scenarios, which is otherwise not
possible for CBED due to its dependence on measurements. We then
define our minimum and maximum deposition values for each grid
square as:

Ni

min

Ni

max

— mi i i
= min (NUI(IAM’ NUKIAM—S(:aIz/d) ’

— e i i .
= max (N UKIAM ¥ N UKI/\M—S{:aIezI)

@

This is done separately for the woodland and moorland deposition
estimates. The maps of N,,;; and N, for moorland and woodland are
shown in Fig. S6. The difference between the deposition estimates pro-
vided by the two models varies in magnitude across the UK (Fig. S7).
Maps of the ratio of deposition given by CBED and UKIAM are shown in
Fig. S8. A statistical comparison of the UKIAM deposition estimates with
those of CBED is provided in the supplementary material. UKIAM
generally predicts lower values of deposition, particularly in areas of
higher precipitation and higher altitude such as much of Scotland, Wales
and the lake district, where the uncertainty in deposition estimates and
measurements are greatest.

For the base year the UKIAM-Scaled estimate is equal to the CBED
estimate since it is the base year values which are used to derive the ratio
maps. However, the method can also be used to provide a second esti-
mate of deposition for future scenarios, which are not available directly
from CBED.

CL values provide a useful measure of the varying degrees of resil-
ience of different habitats to excess nitrogen. For example, montane is a
particularly sensitive habitat and therefore has a lower recommended
CL value (7 kg N/ha/yaer) than a more resilient (yet still sensitive)
habitat, calcareous grassland, which has a higher recommended CL

CLmin
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value (15 kg N/ha/yaer). The damage per unit N deposited is likely to be
higher for montane than calcareous grassland and CLs provide a mea-
sure of this difference. Each habitat is assigned a recommended critical
load (CLrec) in addition to a minimum (CLmin) and a maximum
(CLmax), reflecting the imprecise derivation of CLs. We make use of this
range as an indicator of the habitat’s resilience to N deposition, and
therefore the likelihood with which a habitat will survive estimated
rates of deposited N.

The higher and lower deposition values within each grid square are
identified (equation (1)). Six scores, PO, P1, P4 and P5, are defined
ranging from highly unlikely to be in exceedance to highly likely to be in
exceedance, and P2 and P3 which are defined as marginal due to CL
estimates and deposition estimates, respectively (Fig. 1). The score is
assigned to each habitat grid square, i, as follows:

PO lj N,inu < CLm[m
P, if N, < CLyyand N\ > CLyy, and N', . < CL,4,
Py if N> CLyyand N =< CL,q,
P,‘ — 2 :f V?lm r.mu (2)
P; lfNinm < CLm,‘n and N:nax > C‘me(7
Py if N'. > CLyy, and N, < CLyg and N’ . > CLy,
Ps if N\, > CLy.
3. Results

3.1. Base year assessment

3.1.1. UKIAM deposition estimates and source apportionment

Maps of the total deposition of N, NOy and NHy estimated by UKIAM
for 2016 are given in Fig. 2(a—c). Note the different scale used for the
NOy and NHy components as compared with the total N map. The
deposition of NHy greatly exceeds that of NOy. The greatest deposition
occurs in areas of higher altitude and precipitation that are downwind of
many emissions sources, such as Wales and north west England. Here
orographic enhancement increases the rate of deposition through pro-
cesses such as occult deposition (Crossley et al., 1992) and seeder-feeder
effect (Fowler et al., 1988). The deposition given by UKIAM in Scotland
is much lower than the other regions of the UK due to the distance of
much of Scotland from major pollution sources. The distribution of NHy
deposition correlates closely with the distribution of agriculture emis-
sions (Fig. S3) since a large proportion of NHy is often deposited locally.
Some NOy deposition occurs in urban areas which are large sources of
NOy emissions, but most of the NOy deposition occurs after conversion to
NO3~ during long-range transport, with removal in precipitation
enhanced over areas of higher altitude.

Table 3 provides the contribution of UK sources, international
shipping and the imported contribution from Europe for each UK region
as calculated by UKIAM. This source apportionment is not available for
CBED since only the total NH, and NOy depositions are available - see
Fig. 2d—-f. Maps of the NHy and NOy deposition due to these sources are
provided in the supplementary material (Figs. S4 and S5).

P, = highly unlikely

P; = unlikely

P,=marginal due to CLs
P3;=marginal due to N dep
P,= likely

Ps= highly likely

Fig. 1. Illustration of exceedance scores.
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(a) , (b) _ (c)

UKIAM Total N 2016 . UKIAM NOx 2016 ~» UKIAM NHx 2016

kg/ha kg/ha kg/ha
dep_Ntot_SCEN dep_NOx_SCEN dep_NHx_SCEN
Il 0.0-4.34 Elo00-238 . B 0.0-238

R B 434-8.68 B 238 - 4.62 5 I 2.38-4.62
I 8.68 - 12.88 I 4.62 - 6.86 I 4.62 - 6.86

& 1 12.88 - 17.08 g [ 6.86 - 9.1 i [ 6.86- 9.1
7117.08- 21.42 []91-11.34 ]9.1-11.34
I 21.42- 25.62 [ 1134 - 13.58 0 11.34 - 13.58
I 25.62 - 29.82 B 13.58 - 15.82 I 13.58 - 15.82

Bl 29.52 - Inf I 15.82 - Inf I 15.82 - Inf

(e) { (f)

. CBED NOx 2016 . CBED NHx 2016
kg/ha kg/ha

. CBED Total N 2016
kg/ha

dep_Ntot_CBED dep_NOx_CBED dep_NHx_CBED
W 0.0-434 I 0.0-238 R I 0.0-238

u I 4.34-8.68 8 B 2.38-4.62 R W 2.38-4.62
I 8.68 - 12.88 B 4.62 - 6.86 I 4.62 - 6.86

o [0 12,88 - 17.08 K4 1 6.86 - 9.1 ¥ [ 6.86-9.1
. 17.08-21.42 19.1-11.34 9.1-11.34
I 21.42 - 25.62 0 11.34 - 13.58 I 11.34- 13.58
I 25.62 - 29.82 I 13.58 - 15.82 B 13.58 - 15.82

I 29.82 - Inf I 15.82 - Inf I 15.82 - Inf

Fig. 2. UKIAM 2016 deposition estimates for (a) N, (b) NOy and (c) NH, and CBED Average 2015-2017 deposition estimates for (d) N, (e) NOy and (f) NHy. Units
given for all maps in kg-N/ha.

Table 3
2016 UKIAM deposition source apportionment. Units = ktonnes-N.
National England Scotland Wales Northern Ireland
UK Sources Total NH, 97.8 63.6 17.6 10.6 6.0
Agriculture NHy 81.0 51.2 15.3 8.9 5.6
Total NOx 49.7 33.1 9.8 5.0 1.8
Road transp. NOy 21.0 14.8 3.4 1.8 1.0
International Shipping Total N 13.4 8.8 2.3 1.9 0.4
Imported from Europe Total N 58.4 35.2 11.3 7.5 4.4
All Sources NH, 132.0 84.5 22.8 15.4 9.3
NOy 87.3 56.1 18.2 9.6 3.4
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UK emissions of NHy make by far the greatest contribution to the
deposition budget in the UK (97.8 ktonnes), twice that of UK NOy
sources (49.7 ktonnes). A large proportion of the UK NHy contribution is
due to agriculture emissions (81.0 ktonnes), while the largest contrib-
utor to NOy deposition within the UK is road transport (21.0 ktonnes).
The relative contribution of agriculture is particularly high in Northern
Ireland where it constitutes 93% of the deposited NHy.

The imported contribution of total nitrogen is also provided in
Table 3 for international shipping and other European countries. The
international shipping contribution is entirely NOy since NHy emissions
from shipping are negligible. This contribution is mainly concentrated in
the south of England and Wales, near the major shipping lanes (see
Fig. S4). The contribution from other countries is highest in Wales,
Northern Ireland and the south east of England due to their proximity to
other countries. The NHy contribution from across the border in Ireland
is particularly high (Fig. S5).

3.1.2. CBED deposition estimates and model comparison

We refer to the base case as 2016 because UKIAM uses NAEI emission
estimates for this year. However, it should be noted that the CBED
deposition values are in fact derived from a three-year average spanning
2015-2017.

Fig. 2(d-f) shows this three-year average N, NOy and NHy deposition
in the UK. It is immediately evident that CBED gives significantly higher
deposition than UKIAM (Fig. 2(a—c)). This is particularly true in areas of
higher altitude such as much of Scotland, Wales and the north west of
England. Conversely, UKIAM gives higher deposition values in urban
areas, where London in particular stands out. Despite these differences,
the areas of highest deposition rates are generally in agreement between
the two models. Maps of the difference between the two models and the
ratio of deposition values are shown in Fig. 3 and Fig. 4 respectively.

Table 4 shows the deposition budget in each region of the UK as
predicted by the two models. With the exception of Scotland, UKIAM
estimates the total deposited NHy and NOy to be 83% and 80%,
respectively, of that estimated by CBED. However, in Scotland the
deposition is 46% and 60% of that given by CBED for NOy and NHy,
respectively.

A statistical comparison of the two models is given in the

(a)

NOx UKIAM-CBED 2016
kg/ha

modeldiff_NOx
Il -14.0 - -10.36
I -10.36 - -6.86
0 -6.86 - -3.36
[0 -3.36-0.14

| 0.14-3.64
[ 364-7.14
Bl 7.14-10.64
Il 10.64 - Inf
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3.1.3. Critical load exceedances

Fig. 5 shows the AAE for all ecosystems calculated using the rec-
ommended critical loads (Table 2) given by (a) UKIAM and (b) CBED.
Due to the higher deposition predicted by CBED, the exceedance tends to
be higher than for UKIAM across much of the UK. This is particularly
true in Wales and the north of England. In Scotland, the exceedance
predicted by CBED is also higher than that by UKIAM, however it is
considerably lower than that for the other regions of the UK (Table 5).
Over half of the N-sensitive habitat area considered is in Scotland,
therefore the UK-wide statistics are heavily dependent on the exceed-
ances in this region. As the situation in Scotland is not reflective of that
in the rest of the UK, it is worth considering the average exceedance
across England, Wales and Northern Ireland separately. These are also
given in Table 5 and can be seen to be significantly higher than the UK-
wide average. The significance of agriculture is evident from both
models with both predicting high exceedance in areas near high agri-
cultural NH3 emissions, shown in Fig. S3 (a).

3.2. Exceedance score

Table 6 shows the percentage area of habitat attributed to each ex-
ceedance score for 2016. For the UK, 46.5% of the N-sensitive habitat
area is either highly unlikely or unlikely in exceedance. This lies be-
tween the % area not in exceedance of the recommended CL estimated
by CBED and UKIAM independently in Section 3.1.3 of 42% and 57%,
respectively. Similarly, for Scotland 71.3% of the N-sensitive habitat
area is either highly unlikely or unlikely in exceedance, which lies be-
tween the independently estimated range of 65-87%. For Wales and N.
Ireland, the percentage area in these lowest two exceedance scores is
lower than the range derived from the two models. However, for these
two regions the percentage area assigned to P2 and P3 is much greater,
indicating a greater proportion of habitat area near the exceedance
limit. Therefore, the estimated proportion of protected habitat area in
these two regions is less certain than that for England and Scotland
which have a lower proportion of habitat area assigned to the P2 and P3
scores.

(b)

NHx UKIAM-CBED 2016
kg/ha

modeldiff_NHx
Il -14.0--10.36
B -10.36 - -6.86
I -6.86 - -3.36
[ -3.36 - 0.14

| 0.14 - 3.64
0 3.64-7.14
Bl 7.14 - 10.64
Il 10.64 - Inf

Fig. 3. 2016 model difference (UKIAM - CBED) for (a) NOy and (b) NH, deposition.
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NOx UKIAM/CBED 2016

modelratio_NOx
| No Data
I <0.25
W 0.26-0.5
B 0.51-0.75
0 0.76 - 1.0
[1.01-1.25
I 1.26- 1.5
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Source: UKIAMYSR

(b)
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NHx UKIAM/CBED 2016

modelratio NHx
[ No Data
I <0.25
W 0.26-05
B 0.51-0.75
[ 076-1.0
[ 1.01-125
[ 1.26-15
B 151-1.75

Source: UKIAMYSR

Fig. 4. 2016 UKIAM/CBED ratio for (a) NOyx deposition and (b) NH deposition.

Table 4
2016 total N deposition by region for UKIAM and CBED.

National England Scotland Wales Northern Ireland England, Wales & N. Ireland
NH, (kt-N) UKIAM 132.0 84.1 23.0 15.3 9.3 109
CBED 180.8 97.8 50.0 21.2 11.8 130.8
UKIAM/CBED % 73 86 46 72 79 83
NOy (kt-N) UKIAM 87.3 55.8 18.0 9.6 3.4 69.3
CBED 116.5 71.6 30.1 10.4 4.4 86.4
UKIAM/CBED % 75 78 60 92 78 80

(a)

¥

s AAE 2016 UKIAM

ka/ha

No Data
I 0.0-3.64
W 3.64-7.14
[ 7.14 - 10.64
[ 10.64 - 14.14
[]14.14-17.64
[ 17.64 - 21.14
B 21.14 - 24.64
W 24.64 - Inf

(b)

é-':' " AAE 2016 CBED
e kg/ha
No Data
I 0.0 -3.64
W 3.64-7.14
[ 7.14 - 10.64
77 10.64 - 14.14
[114.14-17.64
[0 17.64 - 21.14
B 21.14 - 24.64
M 24.64 - Inf

Fig. 5. 2016 Average Accumulated Exceedance for all ecosystems for (a) UKIAM and (b) CBED.
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Table 5
2016 Average Accumulated Exceedance for each region of the UK.
Habitat area % area exceeded ~ Average
(km?) Accumulated
Exceedance (kg/
ha)

UKIAM CBED UKIAM  CBED

England 19324 86 95 6.2 12.3
Wales 6822 88 88 5.1 8.6
N. Ireland 3427 83 84 6.0 7.9
Scotland 43053 13 35 0.3 1.9
UK 72625 43 58 2.6 5.6
England, Wales & N. 29572 86 93 5.9 10.9
Ireland
Table 6

Exceedance index for each region of the UK 2016. PO = highly unlikely, P1 =
unlikely, P2 = marginal due to CLs, P3 = marginal due to N dep. Estimates, P4 =
likely, P5 = highly likely.

PO P1 P2 P3 P4 P5
England 2.4 5.4 17.6 0.8 28.4 45.4
Wales 2.2 2.3 34.5 0.2 24.1 36.7
N. Ireland 3.4 3.9 35.3 0.2 15.5 41.7
Scotland 52.2 21.3 11.8 1.2 11.0 2.5
UK 32.0 14.5 16.6 0.9 171 19.0
England, Wales & N. Ireland 2.5 4.5 23.5 0.6 25.9 42.9

The regional differences in habitat protection are evident with a
much more positive outlook in Scotland than the remainder of the UK.

For each region the percentage area of habitats which lie within the
P2 score is much greater than that for P3. The percentage area of hab-
itats given the P3 score is very low, including in Scotland despite the
large differences in deposition here between the two models. While the
difference between the deposition estimates of the two models often
exceeds the range in habitat CLs, this tends to occur for grid squares for
which both deposition estimates are greater than the minimum CL value,
leading to a P4 or P5 score. Whether a habitat area is deemed to be in
exceedance or not is therefore considerably more sensitive to the range
in critical load values than the range in deposition estimates.

Fig. 6 (and Table S4 in supplementary material) shows the exceed-
ance scores for each habitat across the UK in 2016. It is immediately
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evident that woodland habitats are at greatest risk, other than scots pine
which is entirely within Scotland, with “other unmanaged woodlands”
in particular danger.

A large variation in exceedance is estimated for bog, with 35.8% in
category PO and 34.5% in category P5. This indicates a large variation in
the habitat’s exceedance depending on location. This variation is not
captured by the % area in exceedance and AAE statistics presented in
Table S2 (supplementary material). While the % area in exceedance
given by UKIAM and CBED are fairly consistent with the highly likely in
exceedance percentage, at 36% and 41%, respectively, the variation in
exceedance of the bog areas is not clear from the AAE values, which are
relatively low (1.7 kg/ha and 3.2 kg/ha). UKIAM can also provide a
regional breakdown of these statistics (Tables S5-S8), which reveals that
this variation is due to low exceedances in Scotland and high exceed-
ances elsewhere.

The scale provided by this approach also highlights the uncertain
picture for calcareous grassland, scots pine and dune grass, where large
proportions of the habitats lie within the P2 category (37.3%, 38.7% and
53.1%, respectively), indicating that for a large proportion of grid
squares the deposition estimates lie within the CL range.

3.3. Scenario analysis

We first consider three scenarios as an initial investigation into the
most effective strategy to reduce CL exceedance in the UK. These “se-
lective” scenarios include a 40% reduction in all imported emissions
(imported from other countries and sea areas, including international
shipping), a 40% reduction in all UK NOy emissions and a 40% reduction
in all UK NHs emissions. The absolute contribution of each of these
sources to the total N deposition, in addition to the spatial distribution of
the deposition due to each of these sources, varies significantly, as seen
in Table 3 and Figs. S4 and S5. Due to these differences their relative
impacts on CL exceedances are likely to vary significantly. By individ-
ually reducing each of these components by an equal proportion we are
able to explore their relative impacts on exceedances.

We then consider four “blanket” scenarios abating all NH3 and NOy
emissions, both domestic and imported, by 20%, 30%, 40% and 50%, in
order to investigate the degree of improvement that can be expected
from varying degrees of abatement.

Fig. 7 shows a map of the reduction in AAE for each scenario as given
by UKIAM. It is clear that the 40% reduction in UK NH3 emissions is the

2016 base
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Fig. 7. Map of reduction in AAE (kg/ha) for the (a) abated imported contribution, (b) abated UK NOy and (c) abated UK NHj3 scenarios relative to the 2016 base case

as given by UKIAM.

scenario which most effectively reduces the AAE. For this scenario both
UKIAM and UKIAM-Scaled (see Fig. S9) predict significant reductions in
AAE across much of England, Wales, Northern Ireland and southern
Scotland. The reductions predicted for the abated imported contribution
and abated UK NOy emissions are much lower. For the abated imported
contribution scenario, the reductions are highest in Wales, the north
west of England and the south east of England, which correspond to the
areas of higher deposition of imported emissions. The reduction in AAE
due to UK NOy abatement is low across the entire UK, with slightly
higher values in the north west of England.

Table 7 provides the reduction in N deposition for each scenario
relative to the 2016 base case, in addition to the change in % area of
habitat in the lower two and higher two exceedance categories; repre-
senting “highly unlikely or unlikely in exceedance” (P0+P1) and “likely
or highly likely in exceedance” (P4+P5). The upper and lower values
shown for the deposition represent the changes predicted by UKIAM and
UKIAM-Scaled. The UK NHj3 abatement scenario leads to a greater
reduction in deposition, by roughly a factor of 2, than the other two
selective scenarios. From the selective scenarios, only the UK NHj
abatement scenario achieves the 2030 target of 17% reduction in
deposited N outlined in UK’s Clean Air Strategy (DEFRA, 2019).

The greater reduction in deposition by a factor of 2 from the abate-
ment of NH3 as compared to the other two selective abatement scenarios
is unsurprising given that NH3 emissions contribute twice the amount to
the total N deposition budget (Table 3). However, the increase in the %

Table 7

area of habitats in categories PO+P1 for the UK NH3 abatement scenario
is a factor four greater than that for the NOy abatement scenario, and
three times greater than the imported abated scenario. A similar com-
parison is seen for the reduction in the % area of habitats in categories
P4-++P5. This increased factor is due to the different spatial distributions
of the deposition from these sources, with a greater proportion of the
deposited N from NHj affecting sensitive habitats. Therefore, the
abatement of UK NHj emissions is likely to be a much more effective
strategy for reducing CL exceedances than the abatement of UK NOy
emissions, and is likely to provide much greater benefits for sensitive
habitats than those gained from emission reductions outside the UK.

The UK NOy abatement scenario leads to the lowest improvement in
habitat area in exceedance, lower than the reduced imported contribu-
tion scenario. This is perhaps unsurprising since much of the deposited
NOy is from long-range transport and the total reduction in European
NOy emissions for the imported scenario is considerably greater than
that for the UK NOy scenario; for the imported scenario all European NOy
emissions outside the UK is reduced by 40%, including international
shipping. However, the reduction in deposited N for the two scenarios is
of a similar order. This suggests that N deposited due to imported
emissions has a proportionally greater impact on CL exceedances than
that deposited due to UK NOy emissions as it is more likely to deposit in
areas containing sensitive habitats.

For the blanket reduction scenarios, the rate of decrease in deposited
N with each 10% increment reduction of reactive N emitted is nearly

Reduction in UK emissions, deposited N and % area of habitat in the upper and lower exceedance categories for each scenario relative to the 2016 base case. The ranges
provided for deposition are derived from the values given by UKIAM and UKIAM-Scaled.

Abatement scenario A UK NOy emissions (kt)

A UK NHj3 emissions (kt)

A N dep (kt-N) % change PO+P1 % change P4+P5

40% Import 0.0 0.0
40% UK NOx 334.9 0.0
40% UK NH3 0.0 112.3
20% NOyx & NH3 167.4 56.1
30% NOx & NH3 251.2 84.2
40% NOy & NHj3 334.9 112.3

50% NOy & NH3 418.6 140.3

23.9-32.9 (11-15%) 4.8 -5.1

20.2-26.3 (9-12%) 3.3 -3.1

38.2-52.9 (17-24%) 12.7 -14.1
41.2-56.0 (19-26%) 10.6 —-10.6
61.9-84.1 (28-38%) 16.5 -17.1
82.5-112.1 (38-51%) 23.5 —25.1
103.1-140.1 (47-64%) 31.8 -31.3
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Fig. 8. % Area of all habitats in each exceedance category for each blanket scenario by region.

linear; the small non-linearity is due to cross-pollutant effects (SO2
emissions are kept constant for all scenarios). The % change in habitat
area in the PO+P1 categories also decreases fairly linearly at the national
level, however this is not the case by region, as seen in Fig. 8. In Wales,
there is an increasing rate of improvement as abatement is increased,
suggesting that in Wales high abatement policies are required in order to
see the most significant improvements.

It is also clear from Fig. 8 that there remains a significant variation in
habitat exceedance between each region, even for the 50% abated sce-
nario. In this case, the national % area of habitats in the PO+P1 categories
is up to 78%. Such an improvement would contribute significantly to the
achievement of the target set by the UK government in the 25 Year
Environment Plan (DEFRA, 2018) of restoring 75% of protected sites to a
favourable condition. However, given that each devolved administration
in the UK sets their own environmental targets, in reality this target ap-
plies only to England, for which the % area is significantly lower at 55%.
This is still a very large improvement on the base year value of 8%, and
there is a large proportion of habitat area near the exceedance limit with
32% of habitat area assigned to the P2 or P3 score.

It should also be noted that there remains a high degree of variation
in exceedance between habitats for all considered scenarios (see Fig. S10
in the supplementary material). The proportion of woodland habitats
unlikely to be in exceedance remains low across the scenarios, with the
% area of unmanaged woodland given the PO+P1 scores as low as 8% for
the 50% abated scenario. However, there is again a large proportion of
habitat area near the exceedance limit, reflected by the prominence of
the P2 score at 50%.

4. Discussion

The analysis of the 2016 base year given here highlights the urgent
need for action within the UK to protect nitrogen-sensitive habitats from
eutrophication. Outside Scotland, the vast majority of woodland habi-
tats are highly likely to be in exceedance of their eutrophication CLs,
with high levels of exceedance predicted by both UKIAM and CBED
models. Large areas of short habitats such as grasslands and bogs are also
likely to be in exceedance, with saltmarsh being the only habitat which
is currently almost entirely below its CL.

The 50% abatement scenario gives an indication of what could be
achieved were European nations to meet the highly ambitious target
proposed by the UNEP’s Colombo Declaration (United Nations, 2019) of a
50% reduction in all N waste by 2030. It is clear from the rather modest
gains that are achieved by the lower abatement scenarios that reductions
of the order targeted by the Colombo directive are required if these
N-sensitive habitats in the UK are to be protected. The significantly greater
reductions in exceedances achieved through the abatement of NH3 as
compared to NOy also highlights that significant abatement of NHj3
emissions iskey to achieve the UK government’s target of restoring 75% of
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protected sites to a favourable condition (25 Year Environment Plan
(DEFRA, 2018)). Itisunlikely that the UK NECD targets of a 16%reduction
in NH3 and a 73% reduction in NOy emissions will be sufficient.

It is important to note that here we consider all sensitive habitat
areas, not only those assigned for protection, for example SSSI (Sites of
Special Scientific Interest) sites. While the modelling suggests that a
considerable decrease in national emissions is required, this alone will
not be enough to protect these sites and therefore additional local
measures will also likely be necessary, as suggested in the Nitrogen
Futures report (Dragosits et al., 2020).

The outlook in Scotland is more positive than the other regions of the
UK, despite considerable uncertainty in the deposition estimates there.
This uncertainty is reflected in the large discrepancy between the two
model predictions in Scotland. The causes of the disagreement are not
yet fully understood, however both models result in lower exceedances
in Scotland than the remainder of the UK (Table 5). The exceedance
score shows that most of the habitat area in Scotland lies within the
lower PO and P1 categories, providing confidence in this regional
outlook despite the uncertainty in deposition estimates.

For each scenario, the P2 category is much more prominent than the
P3 category. This does not mean that the ranges in the CL estimates are
necessarily greater than the ranges seen in deposition estimates. How-
ever, the areas where the absolute difference between the deposition
estimates is large correspond to the areas where deposition is high, and
therefore both deposition estimates tend to be in exceedance of the
minimum CL value, leading to a P4 or P5 category. In areas where the
deposition estimates are of a similar order to the CL range, the absolute
difference between the two deposition estimates tend to be smaller than
the CL range, leading to a P2 category. This remains true for the
abatement scenarios, for which the % area in the P3 category remain low
despite areas of very high deposition being much reduced. Marginal
evaluations of CL exceedance are therefore in the most part due to the
range in CL values rather than the range in deposition estimates.

Finally, it should be noted that restoring a habitat area to N deposition
values below their CLs does not guarantee protection or restoration of the
habitat to a past state. First, there is evidence that there is no threshold of N
deposition below which no effects are seen (e.g. Armitage et al., 2014; Payne
et al., 2013). Secondly, a particular habitat could disappear from the area
before N deposition levels are reduced below the CL. Despite this, the CL
values do provide useful indicators of habitat resilience to N deposition.

5. Conclusions

The UKIAM framework has been extended to provide a second set of
nitrogen deposition estimates based on those given by the CBED model.
This second set of deposition values is used to provide higher and lower
CL exceedance estimates at a national and regional level for nitrogen
sensitive habitats. The difference between the two models is used as an
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indicator for the uncertainty, which is in turn projected to future sce-
narios by scaling the UKIAM projections by the 2016 UKIAM/CBED
ratio. It is unlikely that both models share the same biases and as a result
a more robust analysis is provided. Further, an exceedance score has
been developed, using the two deposition values and the minimum and
maximum CL estimates, removing the dependency of the analysis on a
single, imprecise limit value and avoiding step changes in exceedance
which can occur when a single limit value is used.

Applying the method to the base year, 2016, it is shown that the vast
majority of woodland habitats in the UK are likely to be in considerable
exceedance of their CLs. Outside of Scotland, where deposition is lower in
the most part, large areas of short habitats are also likely in exceedance.

Three hypothetical scenarios are considered in order to explore the
varying impacts of N emissions from different sources on CL exceedances
in the UK. It is shown that UK NH3 emissions contribute a dispropor-
tionate amount to exceedances as compared to UK NOy and imported
emissions, with a 40% reduction in NH3 emissions leading to a factor
four greater decrease in habitat exceedance, relative to the 2016 base
year, than the other two scenarios. Four further scenarios are used to
explore what level of protection is feasible given increasing abatement
levels. It is shown that a reduction in the order of 50% of all NOy and
NH3 sources, a level consistent with the Colombo declaration target, is
likely required to reach the UK government’s target of restoring 75% of
protected sites to a favourable condition (DEFRA, 2018).
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