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TEXTE Review and revision of empirical loads of nitrogen for Europe

Abstract

This report describes the scientific background and results from the review and revision of
empirical critical loads of nitrogen that had been established for Europe in 2011 under the
auspices of the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP
Convention). In 2020, the Coordination Centre for Effects started a project under the LRTAP
Convention to bring empirical critical loads up to date. New relevant information from studies
(2010 - summer 2021) on the impacts of nitrogen on natural and semi-natural ecosystems was
incorporated in the existing European database on empirical critical loads of N (CLempN). The
current review and revision used for the first time gradient studies to evaluate and determine
the ClempN. The CLempN were structured according to the updated classification used within the
European Nature Information System (EUNIS).

Consensus on the results was reached in a UNECE expert workshop on empirical critical loads of
nitrogen (26-28 October 2021, Berne, Switzerland), organised by the Swiss Federal Office for the
Environment (BAFU), the Coordination Centre for Effects, and the B-WARE Research Centre. The
results, as presented in Table 1 of the Executive Summary, show that in many cases the outer
ranges of the empirical critical loads have decreased. The resulting 2021 European database
includes both revised and newly established value ranges of CLempN for each EUNIS class. The
outcomes of this report are of major importance for the protection of N-sensitive natural and
semi-natural ecosystems across Europe. This knowledge is used to support European policies to
reduce air pollution.

Kurzzusammenfassung

Dieser Bericht beschreibt den wissenschaftlichen Hintergrund und die Ergebnisse der
Uberpriifung und Uberarbeitung der empirischen Critical Loads fiir Stickstoff (CLempN), die 2011
im Rahmen des UNECE-Ubereinkommens iiber weitrdumige grenziiberschreitende
Luftverunreinigung (Convention on Long-range Transboundary Air Pollution, LRTAP) fiir
Europa festgelegt wurden. Im Jahr 2020 startete das Coordination Centre for Effects ein Projekt
im Rahmen des LRTAP-Ubereinkommens, um die empirischen Critical Loads auf den neuesten
Stand zu bringen. Neue relevante Informationen aus Studien (2010 - Sommer 2021) zu den
Auswirkungen von Stickstoff auf natiirliche und naturnahe Okosysteme wurden in die
bestehende europdische Datenbank zu empirischen Critical Loads fiir N (CLempN) aufgenommen.
Bei der aktuellen Uberpriifung und Uberarbeitung wurden zum ersten Mal Gradientenstudien
zur Bewertung und Bestimmung der CLempN herangezogen. Die CLempN wurden gemaf3 der
aktualisierten Klassifizierung des Europaischen Naturinformationssystems (EUNIS) strukturiert.

Ein Konsens iiber die Ergebnisse wurde in einem UNECE-Expertenworkshop zu empirischen
Critical Loads fiir Stickstoff (26.-28. Oktober 2021, Bern, Schweiz) erzielt, der vom Schweizer
Bundesamt fiir Umwelt (BAFU), dem Coordination Centre for Effects und dem
Forschungszentrum B-WARE organisiert wurde. Die Ergebnisse, die in Tabelle 1 der
Zusammenfassung dargestellt sind, zeigen, dass sich in vielen Fallen die duf3eren Bereiche der
empirischen Critical Loads verringert haben. Die sich daraus ergebende europdische Datenbank
fiir 2021 enthalt sowohl iiberarbeitete als auch neu festgelegte Wertebereiche fiir CLempN fiir
jede EUNIS-Klasse. Die Ergebnisse dieses Berichts sind von grof3er Bedeutung fiir den Schutz
von N-empfindlichen natiirlichen und naturnahen Okosystemen in ganz Europa. Dieses Wissen
wird zur Unterstiitzung der europdischen Politik zur Verringerung der Luftverschmutzung
genutzt.
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10, 20, 40, 60 and 80 kg N ha yri oo, 87
Above-ground biomass showing a) total biomass of all species
and b) individual dry dune grassland species after exposure to
ammonia fumigation. Data from highest ammonia treatment
(35 ug m?3) not shown. Differing letters denote significant
differences between treatments for each species (p < 0.05).
Bars represent £ 1 8.6 . ccciiie i 88
Above-ground biomass of a) all species combined, and b) seven
different dry dune grassland species after exposure to a field-
gradient of ammonia concentrations away from a point source.
Differing letters denote significant differences between
treatments for each species (p < 0.05). Bars represent + 1 s.e.

Species richness (2 x 2 m) of vascular plants, bryophytes and
lichens in relation to N deposition in a UK survey of stable dune
grasslands. Filled diamonds represent calcareous sites, open
squares represent acidic sites. Bars show + 1 s.e. .................. 90
Picture of a Carex arenaria-dominated stable dune grassland in
the Baltic (Korshage DK). ... 91
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Species richness in acidic or decalcified dry dune grassland
communities of UK. Line shows fitted relationship, y = 98.351 -
20.4662 * In(x); R>=33%, p=0.003......ccveveereereereereereenenne 91
Negative (black circles) and positive (white circles) change
points for dry dune grassland species. Vertical lines show overall
community sum(z-) [solid line] and sum(z+) [dotted line]
change-points. Circles represent species showing high purity
and reliability negative (black circles) and positive (white circles)
change points in response to nitrogen deposition and bootstrap
5% and 95% QUANTIIES....ccoeiiiiieieeeeeeeee e 92
Negative (black circles) and positive (white circles) change
points for dune slack species. Vertical lines show overall
community sum(z-) [solid line] and sum(z+) [dotted line]
change-points. Circles represent species showing high purity
and reliability negative (black circles) and positive (white circles)
change points in response to nitrogen deposition and bootstrap
5% and 95% QUANTIIES....ccoeeiiiiieieeeieee e 96
Re-analysis of dune slack data used in Payne et al. (2020), data
originally from Lewis et al. (2016); Pakeman et al. (2015, 2016,
2017), showing a) mean unweighted Ellenberg N index and b)
species richness, against N deposition.........ccccccceeeeeeiireinnnnne. 97
Mass growth of Juncus bulbosus in a soft-water in an area with
high deposition of reduced N. .........coooviiiiiiiiiiiiiiciee e, 108
The relationship between mean ratios of chlorophyll a and total
phosphorus (Chla:tot P, g to g) and mean wet inorganic
nitrogen deposition (wet DIN deposition) in unproductive lakes
in different Swedish regions for the period 1995-2001. ....... 110
The relationship between median values of chlorophyll a per
unit total phosphorus (chla : TP) and median values of total N
deposition for lakes in 18 regions in Norway, Sweden and
Finland. Grey lines show median + one standard deviation for
chla : TP (vertical lines) and N deposition (horizontal lines)
within each region.........ccceeeiiiiiiiiccc e, 112
Mean fraction of wet N deposition to total N deposition in the
Nordic countries for 2006-2018. .........cccccevvvvviiiiiiiiiiiiiieeenenn, 112
Mean values (* 1 SE) of (a) N: P and (b) N: K ratios in hummock
and lawn Sphagnum plants across a natural gradient of bulk
atmospheric N deposition ranging from 1 to 20 kg ha™ yr? in
Europe (1g m? yr! is equal to 10 kg ha? yr?). Dashed and
continuous lines represent the theoretical patterns based on
regression model calculations. .........cccccceeeeiiiiiiiiiiiiie e 124
The relationship between soluble amino acid N tissue content
(mg g* DW) and N deposition (kg N ha? yr?) for S. balticum
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samples from a gradient study (filled triangles, dashed line), and
from a field experimentin 1997 (open circles, thin line) and 2004
(filled circles, solid iN@). .........uuvvvvurieiiiiiriiiiiiiiiiririrarreneeeaeann, 125
Numbers of individuals of Drosera rotundifolia in an
ombrotrophic raised bog (D1) near Stockholm (Sweden) during
three years of N additions. ........ccccccceeeeiiiiiiiiiicci e, 130
Individual above-ground biomass of Molinia caerulea after
three years at different rates of experimental N addition (means
+1 SE; n=4). Different letters indicate significant differences
(P <0.05) between N treatments (one-way ANOVA). Discussion
in text has converted to kg ha* by multiplying g m by 10... 131
Chronological percent cover of Calluna, Erica tetralix, Sphagnum
capillifolium, Eriophorum vaginatum, Cladonia portentosa,
Pleurozium schreberi and Hypnum jutlandicum in permanent
quadrats receiving 8, 24 and 56 kg N ha* yr! dry N deposition
and ambient (assessed from Year 1, 2003) from the start (2002)
through to 2009. ......ccoiiiiiee e 133
Changes (difference from start) in Calluna, Erica tetralix,
Sphagnum capillifolium, Eriophorum vaginatum, Cladonia
portentosa, Pleurozium schreberi and Hypnum jutlandicum in
permanent quadrats in control and treatments receiving 8, 24
and 56 kg N ha?l yr! wet N deposition, pre-treatment and
repeated after 2 (grey), 5 (open) and 7 (black) years, + SEM.134
a) Trend of mean (* SE) nitrogen (N) concentration in Sphagnum
capitula along the gradient of atmospheric N and b) Mean (+ SE)
N retention by Sphagnum capitula along the gradient in
atmospheric N deposition. To convert g m? to kg ha™ multiply
by 10. N retention was calculated as the ratio between
capitulum N concentration per square metre and atmospheric
N0 1=Y Yo Ty ]« To] o FA R 135
The N concentration (mg g dry weight?) in raised bog (D1)
Sphagnum species (apical parts) in Europe and the United
States, in relation to total atmospheric N inputs (estimated at
twice the wet deposition). Data taken from literature
(4@ Ferguson et al., 1984; o Malmer, 1988; m Aerts et al., 1992;
o Liitke Twenhoven, 1992; o Van der Molen, 1992; x Pitcairn et
al., 1995; AlJohnson and Maly, 1998); A collected by the
authors in 1998 in Europe and the United States)................ 136
Summer 2006 to Spring 2007 seasonal net daily mineralisation
rates from the top 10 cm surface peat from Whim a) Wet N plots
(reduced N addition plots in blue, oxidised N addition in green,
control plots in pink) and b) dry NH3 release transect. Ambient
deposition was circa 8-11 kg N hatyr..cooovciviviiiiiiiciiees 138
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Total species richness of the vegetation (left) and moss species
richness (right) in bogs in Norway over a gradient in nitrogen
deposition from 2.6 to 17.5 kg. Mean values (0-5 kg: n=5; 5-
10 kg: n=7 and 10-17 kg: n = 8) £ 95% confidence intervals are
SHOWN. e 141
Time series for the years 1995, 1996, 1997 and 1998 (white bars)
and 2003 (grey bars). Data represent cover (mean * SE) of
Sphagnum species, Eriophorum vaginatum, Andromeda polifolia
and Vaccinium oxycoccos for two treatments (C = control and
N=430Kg N ha yrl). o 144
Frequency of occurrence from point frame measurements for
the three most frequently occurring Sphagnum species
(Sphagnum  fuscum, Sphagnum angustifolium, Sphagnum
magellanicum), the two most frequently occurring shrub
species (Andromeda polifolia, Vaccinium oxycoccos), the most
frequently  occurring graminoid species (Eriophorum
vaginatum), the most frequently occurring forb species
(Scheuchzeria  palustris), dominant shrubs combined
(Andromeda polifolia, Vaccinium oxycoccos, Chamaedaphne
calyculata, Kalmia polifolia), and all vascular plant species
combined (Scheuchzeria palustris, Eriophorum vaginatum,
Andromeda polifolia, Vaccinium oxycoccos, Chamaedaphne
calyculata, Kalmia polifolia, Drosera rotundifolia, Rubus
chamaemorus, Maianthemum trifolia, Carex aquatilis, Carex
limosa, Picea mariana below 1m tall) as a function of N
addition. When there were differences between years, but no
significant effect of N addition, years with the same letter
superscript do not differ significantly (ANCOVA, a posteriori
Tukey's Honestly Significant Difference test). Slopes with the
same lower-case letter to the right of regression lines plotted
for individual years do not differ significantly (ANCOVA). .... 146
Cover estimates (% areal cover) of vascular plants and
Sphagnum vegetation as well as vascular plant litter at the long-
term fertilisation experiment at Deger6 Stormyr in July 2016; y-
axes: cover estimate; x- axes: experimental treatments:
¢ = control, S = sulfur (20 kg ha yr?), T = temperature (+3.6 °C),
N = nitrogen (30 kg ha™ yr?), SN = sulfur + nitrogen, ST = sulfur
+ temperature, NT = nitrogen + temperature, NTS = nitrogen +
temperature + sulfur; total number of plots = 16................. 147
Dry biomass (left) and species number (right) of bryophytes
after five years of N addition in a rich fen in central Ireland
(Scragh Bog). Treatments: O = control treatment;
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NH = ammonium addition; NO = nitrate addition. Number
before code = annual load of elementin kg halyr?. ........... 151
Above-ground biomass of Brachypodium pinnatum (g m) and
vascular plant species number (per 50 x 50 cm) on Dutch
perennial calcareous grassland (R1A) after three years of N
application in the form of ammonium nitrate (100 kg N ha* yr
B O oTo 1 (o) ISR 163
Change in probability of presence for species showing
statistically significant relationships to N deposition in
calcareous grasslands in the Vascular Plant database against
increasing total inorganic N deposition (kg N ha™ yr?). ....... 166
Frequency of bryophyte species at Wardlow Hay Cop after
12 years of treatment with different N loads and the impact of
sulphate rather than nitrate at 140 kg N a! yr?. Significance
between N forms is denoted by *...........cccvvvviiviiiiiiiiininiinnns 168
Species richness of acidic grasslands across a gradient of N
deposition in the Atlantic region of Europe..........cccceeeeees 175
Relationships between probability of presence for species
showing statistically significant relationships to N deposition in
lowland acidic grasslands in the Vascular Plant database against
increasing total inorganic N deposition (kg N ha™ yr?). ....... 177
Number of species of conservation concern in mountain hay
meadows (EUNIS R23) across a gradient of nitrogen (N)
deposition in Swiss mountains. The dots represent the raw
counts of species numbers in the sampling sites of 10 m?2. The
black line represents the change-point regression of species
richness on N deposition that simultaneously accounted for
seven confounding variables (see text). The vertical line
represents the position of the change-point, the dashed lines
the corresponding 95% credible intervals. The grey shaded area
represents the expert-based empirical critical load range from

Cover of moss species in Nardus stricta grassland mesocosmes,
exposed since 1997 to four N treatments (2, 10, 20, and 55 kg N
hat yrt; from left to right). The mosses are Racomitrium
lanuginosum, Rhytidiadelphus loreus, Hypnum jutlandicum and
Polytrichum juniperinum. ................ccvvveeeeeieeeeeiiiiiiieeeaeeennns 182
Responses of vegetation of high elevation (> 2450 m) grassland
and glacier foreland (most left) to two to four years of nutrient
addition in early and late successional habitats, control plots are
ShOWN @S -NPK OF -N. ..ot 184
Relative contribution (means * SE) of the four functional groups
(a-d): grasses, forbs, sedges, and legumes to the total
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aboveground biomass following N additions (incl. background N
deposition) of 4 (N4 - control), 9, 14, 29, and 54 kg N ha? y*
(background plus N additions) during the experimental years
2004-2000. ..ciieeeiicceiiiiee e a e a e 185
Change in cover, detected by the number of hits using the
pinpoint method, of the moss Racomitrium lanuginosum
following N additions (> 20 kg N ha yr?) as well as N reductions
(<20kg N ha? yr') on acidic grassland mesocosms in an
experimental misting facility that excluded ambient N
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Percentage of cover per (a) cover type and (b) functional group,
in 2006, following three years of N additions in a prostrate
dwarf-shrub, herb tundra (north-western Greenland). Each bar
represents the mean of six plots for each treatment. N+P
treatment=25g P m2 yr! + 5.0g N m? yr! Numbers behind
the type of treatment indicate nutrient load in g m2 yr (times
10 FOr kg N halyrd). e 205
Mean NDVI (Normalised Difference Vegetation Index; a
vegetation index that is correlated with the presence of
photosynthetically active vegetation), in 2005 and 2006,
representing the second and third growing season, respectively.
Values represent the treatment mean (n = 6) + 1.0 SE. Bars with
the same letter are not significantly different at alpha = 0.05.
N+P treatment=2.5gP m2yr*+5.0 g Nm2yr!Numbers behind
the type of treatment indicate nutrient load in g m2yr * (times
10 FfOr kg N halyrd). e 206
Effect on mean lichen species richness (+ 1 SE) of N addition
treatments of 10, 20 and 50 kg ha yr! (background deposition
of 10 kg N ha yrl). Means for years not sharing the same letter
are significantly different (P <0.05); error bars show the
standard error of the mean. ......cooeeeveeiiiiiiiiiieeeeeeeeee e, 208
Effects of seven years of ammonium nitrate additions (kg N ha™
yr!) on the frequency (means + SE) of damaged Calluna vulgaris
shoots in northern wet heath (5411) in North Wales. Columns
sharing a letter are statistically not significantly different.... 212
Effect of factorial combinations of N and P additions on the
cover of lichens in an upland Calluna vulgaris heath (background
N deposition of 16.4kg N hat yr?). NO=0 kg N ha? yr?,
N1=20kgNhalyrl, PO=0kgPhalyrtandP1=5kgPhalyr
!, The dotted line in Figure (a) indicates a separate N addition of
10kg N ha? yrl. The decline in Lichen cover in the control
(NOPO) reflects the increased growth of the Calluna canopy.213
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Lichen cover (%) following seven years of N additions applied to
dry heath (542) at plots in Thursley, Surrey (UK) with low (7.7 kg
N ha?yr?) and high (15.4 kg N ha yr) additions of N. ....... 219
Effects of increased N deposition in the form of ammonium or
nitrate (respectively b and c) on Mediterranean Maquis...... 225
Effects of N addition on percentage of change of lichen cover
(mean + SE) between the years 2008 and 2012. The different
letters indicate the statistically significant differences (P<0.05).

Relation between total N deposition (dry deposition and wet
deposition) and throughfall deposition from coniferous
(n=103), deciduous (n = 33), broadleaved evergreen (n = 4) and
mixed (n=2) forests. Swiss data: coniferous stands from
Thimonier et al. (2019) with one additional measurement site
(Muri) from Braun et al. (2018). German data: Ahrends et al.
(2020) and Schmitz (pers. Comm), Swedish data: Karlsson et al.
(2019) and Pihl-Karlsson (pers. Comm), Spanish data: Garcia-
Gbémez et al. (2018). Additional datasets included were from
Zimmermann et al. (2006), Neirynck et al. (2007; 1 site each
from Germany and Belgium), Flechard et al. (2011), Korhonen et
al. (2013) as well as 36 plots from the Czech Republic (HiUnova
€t al., 2016). e 242
The importance of dry deposition decreases towards northern
latitudes. The geographical index used on the x-axis,
latitude + longitude, decreases from south-west towards north-
east. It strongly reflects the gradient in N deposition over
VT Z=Te 1= o VO 242
N mineralisation, nitrification and C:N ratio in 10 pH classes
(topsoil) and three regions with varying N depositions. Means
] USSR 246
Europe-wide forest soil data analysis of N deposition in
throughfall (BE, CZ, RO, UK) or total deposition (CH) (Ni» kg N ha
L yrl) and NOs leaching (Nowt kg N ha? yr?) measured in the
mineral soil solution (50-80 cm). Annual data from 70 forest
sites averaged for the years 2015-2019 including six tree species
(beech, oak, Norway spruce, Sitka spruce, Scots pine and
Corsican pine) and tree species mixtures (beech/spruce and
oak/beech) for UK, see Vanguelova et al. (2010) and for CH see
Braun et al. (2020b). The linear model (LMEM) included besides
Nin the C:N ratio and tree group (deciduous, evergreen or mixed)
as confounding factors and the countries as random effect. The
estimated explained variances are RZmarginal = 0.16, RZconditional
=0.65. The line indicates the estimated effect based on the
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LMEM with the 95% confidence interval as the shaded area.
Data analysis made for this background document by Simon
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Relationship between forest soil organic layers C:N ratio and
total N deposition. Data from 167 BioSoil sites across England,
Scotland and Wales. Data from Vanguelova et al. (2013). The red
line is the organic layer C:N threshold for NOs leaching as
suggested by Gundersen (1998a)......cccceeeeeeeeiiiiieeieieeeeeeeenn, 248
Runoff leaching losses of NOs related to N deposition. Linear
regression coefficients shown (R?) at o = 0.05.........c..o......... 248
Stem increment of spruce in Norway, grouped in relation to the
amount of wet N deposition. Growth increase in the highest
deposition class, as well as growth decrease in the two highest
classes are significant at p<0.01. R. Wright (personal
communication) estimated dry deposition in southern Norway
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Volume increment of beech and Norway spruce in Switzerland
in relation to total N deposition. Dataset described in Braun et

Al (2022D). e 252
Fine-root biomass of Norway spruce in relation to N in soil
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Relationship between foliar N:P ratio of European conifer tree
species (103 sites, 10 conifer species from 1995-2017) and N
deposition (EMEP data spatial resolution 0.1° (~11.1 km))
provided by Du et al. (2021). The estimated change point from
the non-linear Bayesian change-point regression is given with
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95% Crl from the change-point model, with an estimated CL of
N of 9.0 (SD=4.3)kg N ha?l yrl. Analysis made for this
background report by Roth et al. (2022). .........ovvvvvvvvvvvvnnnnnns 256
Volume increment of beech in Swiss monitoring plots in relation
to N deposition. The interaction with drought is shown as
regression estimates for two levels of drought (ratio between
actual and potential evapotranspiration, Eta/Etp). 0.85 is moist,
0.7 is dry. Dataset described in Braun et al. (2022b). Data: 7400
trees, 8 increment periods, 91 Sites. ......cccvveviiiiiiieieereeiiinn, 258
Map of modelled total NOx deposition (5 x 5 km grid; data from
Centre of Ecology and Hydrology, UK) is shown with black dots
representing oak forests with Acute Oak Decline syndrome
(AOD, n=241), grey crosses representing healthy oak forests
(NO AOD, n=291) (a) and annual mean modelled total N
deposition in both AOD and healthy forests (d). .......cc......... 260
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Mortality of Norway spruce in Switzerland in relation to drought
(quantified as ratio between actual and potential
evapotranspiration averaged over the season, average lagged
effect over three previous years), with the interaction effect of
N deposition. Number of dead trees: 1132, 76sites,
131,819 tree observations for 36 years, gradient of total N
deposition 8.5-81 kg N ha yr!. Change point regression yields
critical load estimate of 10.1 + 3.5 (SD) kg N hatyrt............ 261
ECM threshold indicator taxa analysis results reproduced from
Van der Linde et al. (2018). Left) Individual OTU abundances in
response to N throughfall deposition. Black symbols show taxa
declining with increasing N deposition (z-), open symbols depict
increasing taxa (z+). Symbol size is proportional to magnitude of
response (z-score). Horizontal lines represent the 5" and 95
quantiles of values resulting in the largest change in taxon z-
scores among 1,000 bootstrap replicates. Tree shapes indicate
host generalist, conifer-specific or broadleaf-specific.
Right) Community-level output of accumulated z-scores per plot
is shown in response to N deposition. .........cccceeviviieieeeennnns 265
Ratio of bacteria to fungi on a wide N gradient across Europe.

Critical loads of N deposition on European ICP Forest plots
considering the % macrolichens. Plots with the lowest
depositions for which the response of % macrolichens was
significantly different in the model was set as the background
reference (horizontal dotted line). Their lower 95% confidence
limit is calculated (line a) and the point corresponding to where
this is met on the regression line is identified (line b). The x
coordinate (logN deposition) of this latter represents the critical

Percentage of cover by Rubus fruticosus agg. in Swiss forest
observation plots, in relation to modelled N deposition. ..... 270
Relationships between weighted averaged changes (cw) in the
cover of nitrotrophic (Ellenberg N value 7-9: filled symbols) and
oligotrophic plant species (Ellenberg N value 1-3, open symbols)
and critical load exceedance (ExCLempN). Significant linear
regression (P < 0.05, t-test) was found for oligotrophic species.

Plant community responses to N deposition between surveys
across European deciduous temperate forests. Shown are
predicted (a) graminoid (including sedges, grasses and rushes)
and (b) forb responses to N deposition based on the best-fit
model using 1814 plots across 40 forest regions. Changes in
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Moderate levels of N deposition reduce the biomass of
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expert judgement. Changes with respect to 2011 are indicated
as Values iN bold. ... 295
CLempN and effects of exceedances on forests and other wooded
land (T). ## reliable, # quite reliable and (#) expert judgement.
Changes with respect to 2011 are indicated as values in bold.

Overview of empirical N critical loads (kg N ha yr?) to natural
and semi-natural ecosystems (column 1), classified according to
EUNIS (column 2), as established in 2011 (column 3), and as
revised in 2022 (column 4). The reliability is indicated by ##
reliable; # quite reliable and (#) expert judgement (column 5).
Column 6 provides a selection of effects that may occur when
critical loads are exceeded. Finally, changes with respect to 2011
are indicated as values in bold.........ccooevviiiiiiiiiiiiiiciiiieeee, 336
Suggestions to apply lower, middle or upper parts of the set
critical load ranges for terrestrial ecosystems (excluding
wetlands), if national data are insufficient........................... 342
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Summary

Introduction

This report describes the scientific background and results from the review and revision of
empirical critical loads of nitrogen (CLempN) as established for Europe in 2011 under the
auspices of the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP
Convention). In June 2020 the Coordination Centre for Effects (CCE) started a project under
the LRTAP Convention to bring the empirical critical loads of nitrogen up to date. New
relevant information on the impacts of nitrogen on natural and semi-natural ecosystems was
incorporated.

This report describes the scientific background and results from the review and revision of
empirical critical loads of nitrogen (CLempN) as established for Europe in 2011 under the
auspices of the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP
Convention). In June 2020 the Coordination Centre for Effects (CCE) started a project under
the LRTAP Convention to bring the empirical critical loads of nitrogen up to date. New
relevant information on the impacts of nitrogen on natural and semi-natural ecosystems was
incorporated.

The workshop on the review and revision of empirical critical loads for Europe was held
under the LRTAP Convention, in Berne, from 26 to 28 October 2021. The workshop was
organised by the Coordination Centre for Effects (CCE) and hosted by the Swiss Federal

Office for the Environment (BAFU).

The workshop was attended by 37 participants from Austria, Canada, Finland, France,
Germany, the Netherlands, Norway, Spain, Sweden, Switzerland, the United Kingdom, and
the United States, and by representatives from the International Cooperative Programme
(ICP) on ICP Waters, ICP Vegetation and ICP Modelling and Mapping. The secretariat to the
Convention was not represented.

The decision to organise the workshop was adopted at the 39t session of the Working Group
on Effects (ECE/EB.AIR/144/Add.2), following recommendations from 35t session of the
Task Force on Modelling and Mapping (2-4 April 2019) held as web-conference.

The meeting was opened by Reto Meier on behalf of the BAFU and Alice James Casas as chair
of the ICP Modelling and Mapping.

Objectives and structure of the workshop

The objective of the workshop was the revision of the CLempN for natural and semi-natural
ecosystems, which were set at the last expert workshop held in Noordwijkerhout from 23 to
25 June 2010 (see Bobbink and Hettelingh, 2011), based on additional scientific information
available for the period from 2010 to 2021. The workshop discussions were based on the
new and updated background document that was sent to all participants prior to this
workshop.

Most of the European Nature Information System (EUNIS) classes, which were addressed in
the present revision, have changed since the last update by Bobbink and Hettelingh (2011):
marine habitats (EUNIS class MA, formerly A), coastal habitats (EUNIS class N, formerly B),
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inland surface waters (EUNIS class C), mires, bogs and fens (EUNIS class Q, formerly D),

grasslands and lands dominated by forbs, mosses or lichens (EUNIS class R, formerly E),
heathland, scrubland and tundra (EUNIS class S, formerly F), woodland, forest and other
wooded land (EUNIS class T, formerly G).

An international team of 43 scientists prepared the background document for the workshop
in the period from June 2020 to September 2021, after a web-based kick-off meeting in June
2020:

EUNIS class MA - Roland Bobbink

e EUNIS class N - Laurence Jones, Emiel Brouwer and Eva Remke

e EUNIS class C - Heleen De Wit, Roland Bobbink, Christin Loran, Linda May and Jan-Erik
Thrane

e EUNIS class Q - Chris Field, Julian Aherne, Roland Bobbink and Hilde Tomassen

e EUNIS class R - Carly Stevens, Rocio Alonso, Vegar Bakkestuen, Erika Hiltbrunner and
Lukas Kohli

e EUNIS class S - Leon Van den Berg, Julian Aherne, Andrea Britton, Simon Caporn, Héctor
Garcia Gomez and Liv Guri Velle

e EUNIS class T - Sabine Braun, Rocio Alonso, Frank Ashwood, Tomas Chuman, Lucienne
De Witte, Thomas Dirnbdéck, Per Erik Karlsson, Sirkku Manninen, Michael Perring, Hans
Toémmervik, Simon Tresch, Liisa Ukonmaanaho and Elena Vanguelova

e Chapter 10 “Use of empirical critical loads of nitrogen in risk assessment and nature
protection” - Markus Geupel, Khalid Aazem, Sabine Augustin, Jesper Bak, Alice James
Casas, Laurence Jones, Christin Loran, Reto Meier, Anne-Katrin Prescher, Thomas
Scheuschner, Axel Ssymank and Susan Zappala

The background document was, after the internal review round, reviewed by Sabine
Augustin, Ariel Bergamini, Leonor Calvo Galvan, Tara Greaver, Kevin Hicks, Raul Ochoa-
Huesa, Tonje I. @kland and Jan Roelofs.

The working groups exchanged their progress in short plenary sessions. Results,
conclusions, and recommendations were discussed and summarised in a final plenary
session chaired by Christin Loran.

Conclusions

Statistically and biologically significant outcomes of field addition experiments were the
basis for the assessment of the CLempN. Only studies which have independent N treatments
and realistic N loads, and durations were used for updating and refining CLempN values.

In the present review and revision period an increasing number of gradient studies on
atmospheric N deposition have been published in several EUNIS habitat types and proved to
be useful for evaluation and setting of the ClempN.

Studies with higher N additions or shorter experimental periods were only interpreted with
respect to the understanding of effects mechanisms, possible N limitation or sensitivity of
the system. The methods used in these studies were carefully scrutinised to identify factors
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related to the experimental design or data analysis, which may constrain their use in
assessing CLempN ranges.

CLempN were agreed on for a range of N deposition values for all treated EUNIS classes (level
2 or 3). New results regarding nitrogen effects in surface waters could be included based on
activities presented by the ICP Waters. Novel findings for some Mediterranean habitats
could be adopted as well.

The new Chapter 10 “Use of CLempN in risk assessment and nature protection” was presented
and discussed. It contains a selection of examples of the use of CLempN on different scales and
in different European countries to provide guidance to practitioners and policy makers on
how CLempN can be used in practice.

The assessment of the reliability of the CLempN ranges was continued from the last update in
2011; distinguishing between ‘reliable’, ‘quite reliable’ and ‘expert judgement’ symbolised by
##, # and (#), respectively.

CLempN ranges resulting from the reviewing and revising procedure were agreed by
consensus at the workshop, as summarised in Table 1. In more than 40% of the EUNIS types
presented, the lower value of the range had become lower than in 2011. The same applies
for the upper value. In only one case did the upper value increase.

Recommendations

More research and data are required to establish a CLempN for the following ecosystems:
several grasslands and steppe meadows; all Mediterranean vegetation types; wet (swamp)
forests; many mires and fens and several coastal habitats; in addition, more research is
needed for all distinguished EUNIS habitat types that have an ‘expert’ judgement rating.

Impacts of N enrichment in (sensitive) freshwater and shallow marine ecosystems
(including coastal waters) need further research.

More well-designed gradient studies with both (very) low and high N loads are needed,
especially in EUNIS habitat types that are hardly investigated. Furthermore, combining the
results of both experimental and gradients studies increases the reliability of the CLempN.

More research is needed on the differential effects of the deposited N forms (NOx or NH,) to
be able to determine the critical loads for oxidised and reduced nitrogen separately in the
future.

To refine the current CLempN, long-term experiments (10-20 years) with a high N addition
frequency of between 5 and 50 kg N ha-! yr-1 in regions with low background deposition are
crucial. This would increase the reliability of the derived CLempN if the lowest treatment level
does not exceed the current critical load.

Climate change and nitrogen deposition are likely to have strong interactive effects on
ecosystem functioning, with climate change altering ecosystem responses to nitrogen
deposition and vice versa. More experimental studies are needed to investigate these
interactions, as well as more gradient studies that explicitly examine the impacts of nitrogen
deposition in combination with climatic gradients.

In conclusion, it is crucial to understand the long-term effects of increased N deposition on
ecosystem processes in a representative range of ecosystems. It is therefore important to

30



quantify the effects of N deposition by manipulating N inputs in long-term ecosystem studies
in both pristine and affected areas. These data in combination with gradient studies are
essential to validate critical loads and develop robust dynamic ecosystem models and/or
multiple correlative species models that are reliable enough to use in calculating CLempN for
natural and semi-natural ecosystems, and to predict natural recovery rates for N-affected

systems.
Table 1. Overview of empirical N critical loads (kg N ha* yr) to natural and semi-natural
ecosystems (column 1), classified according to EUNIS (column 2), as established in
2011 (column 3), and as revised in 2022 (column 4). The reliability is indicated by ##
reliable; # quite reliable and (#) expert judgement (column 5). Column 6 provides a
selection of effects that may occur when critical loads are exceeded. Finally,
changes with respect to 2011 are indicated as values in bold.
Ecosystem type EUNIS 2011 2022 2022 Indication of exceedance
code kg Nhalyr! | kg Nhalyr! | reliability
Marine habitats (MA)
Atlantic upper-mid | MA223 20-30 10-20 (#) Increase in dominance of
salt marshes graminoids; decline positive
indicator species
Atlantic mid-low MA224 20-30 10-20 (#) Increase in late successional
salt marshes species; decline positive
indicator species
Atlantic pioneer MA225 20-30 20-30 (#) Increase in late successional
salt marshes species; increase in
productivity species
Coastal habitat (N)
Shifting coastal N13, 10-20 10-20 # Biomass increase; increased N
dunes N14 leaching; reduced root
biomass
Coastal dune N15 8-15 5-15 H# Increased biomass and cover
grasslands (grey of graminoids and mesophilic
dunes) forbs; decrease in oligotrophic
species including lichens;
increased tissue N; increased
N leaching; soil acidification
Coastal dune N18, 10-20 10-15 # Increased plant production;
heaths N19 increased N leaching;
accelerated succession; typical
lichen C:N decrease; increased
yearly increment Calluna
Moist and wet N1H 10-20 5-15 # Increased cover of graminoids
dune slacks and mesophilic forbs;
decrease in oligotrophic
species; increased Ellenberg N
Dune-slack pools N1H1, 10-20 10-20 (#) Increased biomass and rate of
(freshwater aquatic | N1J1 succession
communities of
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EUNIS
code

Ecosystem type

permanent Atlantic
and Baltic or
Mediterranean and
Black Sea dune-
slack water bodies)

Inland surface water habitats (C

Permanent Cl.1

oligotrophic lakes,

ponds and pools

(including soft-

water lakes)

Alpine and sub- Cc1.1

Arctic clear water

lakes

Boreal clear water | C1.1

lakes

Atlantic soft water | C1.1,

bodies element
sC1.2

Permanent Cl.4

dystrophic lakes,
ponds and pools

Mire, bog and fen habitats (Q)

Raised and blanket | Q1

bogs

Valley mires, poor Q2

fens and transition

mires

Palsa and polygon Q3
mires

Rich fens Q41-Q44
Arctic-alpine rich Q45

fens

2011
kg N ha yr

)a

3-10

3-10

3-10

5-10

10-15

15-30

15-25

1

2022
kg N ha yr!

2-10°

2-4

5-10

5-10°¢

5-10

5-15

3-10

15-25

15-25

32

2022
reliability

#H#

##

##

#H#

(#)

#H#

##

(#)

(#)

Indication of exceedance

Increased algal productivity
and a shift in nutrient
limitation of phytoplankton
from N to P; shifts in
macrophyte community

Increased algal productivity
and a shift in nutrient
limitation of phytoplankton
from Nto P

Increased algal productivity
and a shift in nutrient
limitation of phytoplankton
fromNto P

Change in species composition
of macrophyte communities

Increased algal productivity
and a shift in nutrient
limitation of phytoplankton
from Nto P

Increase in vascular plants;
decrease in bryophytes;
altered growth and species
composition of bryophytes;
increased N in peat and peat
water

Increase in sedges and
vascular plants; negative
effects on bryophytes

Increase in graminoids, tissue
N concentrations and
decomposition rate

Increase in tall vascular plants
(especially graminoids);
decrease in bryophytes

Increase in vascular plants;
decrease in bryophytes



Ecosystem type

EUNIS
code

2011
kg N ha yr!

Grasslands and tall forb habitats (R)

Semi-dry Perennial
calcareous
grassland (basic
meadow steppe)

Mediterranean
closely grazed dry
grasslands

or
Mediterranean tall
perennial dry
grassland

or
Mediterranean
annual-rich dry
grassland

Lowland to
montane, dry to
mesic grassland
usually dominated
by Nardus stricta

Oceanic to
subcontinental
inland sand
grassland on dry
acid and neutral
soils

or

Inland sanddrift
and dune with
siliceous grassland

Low and medium
altitude hay
meadows

Mountain hay
meadows

Moist or wet
mesotrophic to
eutrophic hay
meadow

Temperate and
boreal moist and
wet oligotrophic
grasslands

R1A

R1D
or
R1E
or
R1F

R1IM

R1P
or
R1Q

R22

R23

R35

R37

15-25

15-25

10-15

8-15

20-30

10-20

15-25

10-20

2022
kg N ha yr

10-20

5-15

6-10

5-15

10-20

10-15

15-25

10-20

33

1

2022
reliability

#H

(#)

#H#

(#)

(#)

(#)

Indication of exceedance

Increase in tall grasses; decline
in diversity; change in species
composition; increased
mineralisation; N leaching;
surface acidification

Increased production;
dominance by graminoids;
changes to soil crusts; changes
to soil nutrient cycling

Increase in graminoids;
decline of typical species;
decrease in total species
richness

Decrease in lichens; increase
in biomass

Increase in tall grasses;
decrease in diversity; decline
of typical species

Increase in nitrophilous
graminoids; changes in
diversity; decline of typical
species

Increase in tall graminoids;
decreased diversity; decrease
in bryophytes

Increase in tall graminoids;
decreased diversity; decrease
in bryophytes



Ecosystem type

» Moss and
lichen
dominated
mountain
summits

» Temperate
acidophilous
alpine
grasslands

Arctic-alpine

calcareous
grassland

EUNIS
code

(Earlier
E4.2)

R43

R44

2011
kg N ha yr

5-10

5-10

5-10

Heathland, scrub and tundra habitats (S)

Tundra

Arctic, alpine and
subalpine scrub
habitats

Lowland to
montane
temperate and
submediterranean
Juniperus scrub

Northern wet
heath

» U’ Calluna-
dominated
wet heath
(upland)

» ‘L’ Erica
tetralix-
dominated
wet heath
(lowland)

Dry heaths

S1

S2

S31

S411

S411

S411

542

3-5

5-15

10-20

10-20

10-20

1

2022
kg N ha yr!

5-10

5-10

5-10

3-5¢

5-10 ¢

5-15

5-15°¢

5-15°¢

5-15°¢

34

2022
reliability

#

(#)

##

##

#H#

Indication of exceedance

Change in species
composition; effects on
bryophytes or lichens

Changes in species
composition; increase in plant
production

Changes in species
composition; increase in plant
production

Changes in biomass;
physiological effects; changes
in bryophyte species
composition; decrease in
lichen species richness

Decline in lichens; bryophytes
and evergreen shrubs

Shift in vegetation community
composition; reduced seed
viability

Decreased heather
dominance; decline in lichens
and mosses; increased N
leaching

Transition from heather to
grass dominance; decrease in
heather cover; shift in
vegetation community
composition

Transition from heather to
grass dominance; decline in
lichens; changes in plant
biochemistry; increased
sensitivity to abiotic stress



Ecosystem type

Maquis,
arborescent
matorral and
thermo-
Mediterranean
scrub

Garrigue

Forest habitats (T)

Broadleaved
deciduous forest

Fagus forest on
non-acid and acid
soils

Mediterranean
Fagus forest on
acid soils

Acidophilous
Quercus forest

Carpinus and
Quercus mesic
deciduous forest

Mediterranean
evergreen
Quercus forest

Coniferous forests

Temperate
mountain Picea
forest, Temperate
mountain Abies
forest

EUNIS
code

S5

S6

T1

T17,T18

T18

T1B

T1E

T21

T3

T31,T32

2011
kg N ha yr!

20-30

10-20

10-20

10-15

15-20

10-20

5-15

10-15

2022
kg N ha yr

5-15

5-15

10-15

10-15

10-15

10-15

15-20

10-15

3-15

10-15

35

1

2022
reliability

(#)

#H#

(#)

(#)

(#)

(#)

(#)

#H#

(#)

Indication of exceedance

Change in plant species
richness and community
composition; nitrate leaching;
acidification of soil.

Changes in species
composition; decline in shrub
cover; increased invasion of
annual herbs

Changes in soil processes;
nutrient imbalance; altered
composition mycorrhiza and
ground vegetation

Changes in ground vegetation
and mycorrhiza; nutrient
imbalance; changes in soil
fauna

Annual height and volume
tree growth; analogy to
temperate Fagus forest

Decrease in mycorrhiza; loss
of epiphytic lichens and
bryophytes; changes in ground
vegetation

Changes in ground vegetation

NOs in soil water and streams

Changes in soil processes;
nutrient imbalance; altered
composition mycorrhiza and
ground vegetation; increase in
mortality with drought

Decreased biomass of fine
roots; nutrient imbalance;
decrease in mycorrhiza;
changed soil fauna
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Ecosystem type EUNIS 2011 2022 2022 Indication of exceedance
code kg Nhalyr! | kg Nhalyr! | reliability

Mediterranean T33 10-15 (#) Tree foliar stoichiometry; tree

mountain Abies physiology; soil N losses

forest

Temperate T35 5-15 5-15 # Changes in ground vegetation

continental Pinus and mycorrhiza; nutrient

sylvestris forest imbalances; increased N,O

and NO emissions

Mediterranean T37 5-17 (#) Lichen chemistry and
montane community changes in

Pinus sylvestris- Mediterranean mixed-conifer
Pinus nigra forest forests in USA
Mediterranean T3A 3-15 5-10 (#) Reduction in fine-root
lowland to biomass; shift in lichen
submontane Pinus community

forest

Dark taiga T3F 5-10 3-5f #Hit Changes in epiphytic lichen

and ground-layer bryophyte
communities; increase in free-
living algae; decline in N-

fixation
Pinus sylvestris T3G 5-10 2-5°F # Changes in epiphytic lichen
light taiga and ground-layer bryophyte

a)

b)

c)

d)

e)

f)

communities; increase in free-
living algae; decline in N-
fixation

The lower part of the CLempN range should be applied for lakes in small catchments (with high lake to catchment
ratios), because these are most exposed to atmospheric deposition, given that a relatively high fraction of their N
inputs is deposited directly on the lakes and is not retained in the catchments. Similarly, the lower part of the range
should be applied for lakes in catchments with thin soils, sparse vegetation and/or with a high proportion of bare
rock.

This CLempN should only be applied to oligotrophic waters with low alkalinity and with no significant agricultural or
other human inputs. Apply the lower end of the range to clear-water sub-Arctic and alpine lakes, the middle range to
boreal lakes and the higher end of the range to Atlantic soft waters.

This CLempN should only be applied to waters with low alkalinity and with no significant agricultural or other direct
human inputs. Apply the lower end of the range to boreal dystrophic lakes.

Use towards high end of range if phosphorus limited, and towards lower end if phosphorus is not limiting.

Use towards high end of range with high intensity management, and use towards lower end of range with low
intensity management.

Mainly based on N deposition impacts on lichens and bryophytes.
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Zusammenfassung

Einleitung

Dieser Bericht beschreibt den wissenschaftlichen Hintergrund und die Ergebnisse der
Uberpriifung und Uberarbeitung der empirischen Critical Loads fiir Stickstoff (CLempN), die
2011 im Rahmen des UNECE-Ubereinkommens iiber weitrdumige grenziiberschreitende
Luftverunreinigung (Convention on Long-range Transboundary Air Pollution, LRTAP) fiir
Europa festgelegt wurden. Im Juni 2020 startete das Coordination Centre for Effects (CCE)
ein Projekt im Rahmen des LRTAP-Ubereinkommens, um die empirischen Critical Loads fiir
Stickstoff auf den neuesten Stand zu bringen. Es wurden neue relevante Informationen tiber
die Auswirkungen von Stickstoff auf natiirliche und naturnahe Okosysteme beriicksichtigt.

Im Rahmen des LRTAP-Ubereinkommens fand vom 26. bis 28. Oktober 2021 in Bern ein
Workshop zur Uberpriifung und Uberarbeitung der empirischen Critical Loads fiir Europa
statt. Der Workshop wurde vom Coordination Centre for Effects (CCE) organisiert und vom
Schweizer Bundesamt fiir Umwelt (BAFU) ausgerichtet.

Der Workshop wurde von 37 Teilnehmenden aus Osterreich, Kanada, Finnland, Frankreich,
Deutschland, den Niederlanden, Norwegen, Spanien, Schweden, der Schweiz, dem
Vereinigten Konigreich und den Vereinigten Staaten sowie von Vertretern des International
Cooperative Programme (ICP) Waters, ICP Vegetation und ICP Modelling and Mapping
besucht. Das Sekretariat der Konvention war nicht vertreten.

Die Entscheidung, den Workshop zu organisieren, wurde auf der 39. Sitzung der Working
Group on Effects (ECE/EB.AIR/144/Add.2) nach Empfehlungen der 35. Sitzung der Task
Force Modelling and Mapping (2. - 4. April 2019) getroffen, die als Webkonferenz stattfand.

Die Sitzung wurde von Reto Meier im Namen des BAFU und Alice James Casas als
Vorsitzende des ICP Modelling and Mapping eroffnet.

Ziele und Struktur des Workshops

Ziel des Workshops war die Uberarbeitung der CLempN fiir natiirliche und naturnahe
Okosysteme, die auf dem letzten Expertenworkshop vom 23. bis 25. Juni 2010 in
Noordwijkerhout festgelegt wurden (siehe Bobbink und Hettelingh, 2011), auf Grundlage
zusatzlicher wissenschaftlicher Informationen fiir den Zeitraum von 2010 bis 2021. Die
Diskussionen auf dem Workshop basierten auf dem neuen und aktualisierten
Hintergrunddokument, das allen Teilnehmern vor dem Workshop zugesandt worden war.

Die meisten Habitatklassen des Europédischen Naturinformationssystems (European Nature
Information System, EUNIS), die in der vorliegenden Uberarbeitung behandelt wurden,
haben sich seit der letzten Aktualisierung durch Bobbink und Hettelingh (2011) gedndert:
Marine Lebensrdume (EUNIS-Klasse MA, frither A), Kiistenlebensrdume (EUNIS-Klasse N,
frither B), Binnengewasser (EUNIS-Klasse C), Moore und Stimpfe (EUNIS-Klasse Q, frither D),
Grasland und von krautigen Pflanzen, Moosen oder Flechten dominierte Flachen (EUNIS-
Klasse R, ehemals E), Heideland, Buschland und Tundra (EUNIS-Klasse S, ehemals F),
Walder, Forste und andere bewaldete Flachen (EUNIS-Klasse T, ehemals G).
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>

Ein internationales Team von 43 Expertinnen und Experten erstellte das
Hintergrunddokument fiir den Workshop im Zeitraum von Juni 2020 bis September 2021,
nach einem digitalen Kick-off-Meeting im Juni 2020:

EUNIS Klasse MA - Roland Bobbink

¢ EUNIS-Klasse N - Laurence Jones, Emiel Brouwer und Eva Remke

e EUNIS-Klasse C - Heleen De Wit, Roland Bobbink, Christin Loran, Linda May und Jan-Erik
Thrane

e EUNIS-Klasse Q - Chris Field, Julian Aherne, Roland Bobbink und Hilde Tomassen

e EUNIS-Klasse R - Carly Stevens, Rocio Alonso, Vegar Bakkestuen, Erika Hiltbrunner und
Lukas Kohli

e EUNIS-Klasse S - Leon Van den Berg, Julian Aherne, Andrea Britton, Simon Caporn,
Héctor Garcia Gémez und Liv Guri Velle

e EUNIS-Klasse T - Sabine Braun, Rocio Alonso, Frank Ashwood, Tomas Chuman, Lucienne
De Witte, Thomas Dirnbdéck, Per Erik Karlsson, Sirkku Manninen, Michael Perring, Hans
Témmervik, Simon Tresch, Liisa Ukonmaanaho und Elena Vanguelova

e Kapitel 10 “Verwendung von empirischen Critical Loads fiir Stickstoff fiir
Risikobewertung und Naturschutz” - Markus Geupel, Khalid Aazem, Sabine Augustin,
Jesper Bak, Alice James Casas, Laurence Jones, Christin Loran, Reto Meier, Anne-Katrin
Prescher, Thomas Scheuschner, Axel Ssymank und Susan Zappala

Nach der internen Uberpriifung, wurde das Hintergrundpapier iiberpriift durch Sabine
Augustin, Ariel Bergamini, Leonor Calvo Galvan, Tara Greaver, Kevin Hicks, Raul Ochoa-
Huesa, Tonje I. @kland und Jan Roelofs.

Die Arbeitsgruppen tauschten sich in kurzen Sitzungen tiber ihre Fortschritte aus.
Ergebnisse, Schlussfolgerungen und Empfehlungen wurden in einer abschliefdenden
Vollversammlung unter dem Vorsitz von Christin Loran diskutiert und zusammengefasst.

Schlussfolgerungen

Statistisch und biologisch signifikante Ergebnisse von Feldversuchen waren die Grundlage
fiir die Bewertung der CLempN. Fiir die Aktualisierung und Verfeinerung der CLempN-Werte
wurden nur Studien mit unabhdngigen N-Behandlungen und realistischen N-Frachten und -
Zeitrdumen herangezogen.

Im aktuell tiberpriiften Zeitraum wurde eine zunehmende Anzahl von Gradientenstudien zur
atmosphdrischen N-Deposition in mehreren EUNIS-Lebensraumtypen veroffentlicht, die sich
als niitzlich fiir die Bewertung und Festlegung der ClempN erwiesen haben.

Studien mit h6heren N-Zugaben oder kiirzeren Versuchszeitraumen wurden nur im Hinblick
auf das Verstdandnis der Wirkungsmechanismen, einer moglichen N-Limitierung oder der
Empfindlichkeit des Systems interpretiert. Die in diesen Studien angewandten Methoden
wurden sorgfaltig gepriift, um Faktoren des Versuchsaufbaus oder der Datenanalyse zu
identifizieren, die ihre Verwendung bei der Bewertung der CLempN-Bereiche einschranken
konnten.
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Fiir alle untersuchten EUNIS-Klassen (Stufe 2 oder 3) wurde eine Einigung tiber CLempN fiir
eine Reihe von N-Depositionswerten erzielt. Neue Ergebnisse zu den Auswirkungen von
Stickstoff in Oberflaichengewassern konnten auf der Grundlage der von ICP Waters
vorgestellten Aktivitdten einbezogen werden. Neue Erkenntnisse fiir einige mediterrane
Lebensrdaume konnten ebenfalls aufgenommen werden.

Das neue Kapitel 10 "Verwendung von CLempN in der Risikobewertung und im Naturschutz"
wurde vorgestellt und diskutiert. Es enthilt eine Auswahl von Beispielen fiir die
Verwendung von CLempN auf unterschiedlichen Skalen und in unterschiedlichen
europdischen Landern, um Fachleuten und politischen Entscheidungstragern eine Anleitung
zu geben, wie CLempN in der Praxis eingesetzt werden kann.

Die Bewertung der Zuverlassigkeit der CLempN-Bereiche wurde seit der letzten
Aktualisierung im Jahr 2011 fortgesetzt, wobei zwischen "zuverlassig", "ziemlich
zuverlassig" und "Expertenurteil” unterschieden wurde, symbolisiert jeweils durch ##, #

bzw. (#).

Die aus dem Uberpriifungs- und Revisionsverfahren resultierenden CLemyN-Bereiche wurden
auf dem Workshop einvernehmlich festgelegt und sind in Tabelle 1 zusammengefasst. Bei

mehr als 40 % der vorgestellten EUNIS-Typen war der untere Wert der Spanne niedriger als
2011. Das Gleiche gilt fiir den oberen Wert. Nur in einem Fall hat sich der obere Wert erhoht.

Empfehlungen

Fiir die folgenden Okosysteme sind weitere Untersuchungen und Daten erforderlich, um ein
CLempN zu erstellen: mehrere Gras- und Steppenlandschaften, alle mediterranen
Vegetationstypen, feuchte (Sumpf-)Walder, viele Moore und Flachmoore sowie mehrere
Kiistenlebensraume; dariiber hinaus ist weitere Forschung fiir alle EUNIS-Lebensraumtypen
erforderlich, die ein Experten-Rating haben.

Die Auswirkungen der N-Anreicherung in (sensitiven) Siiffwasser- und flachen
Meeresokosystemen (einschliefdlich Kiistengewdassern) miissen weiter erforscht werden.

Es werden mehr gut konzipierte Gradientenstudien mit sowohl (sehr) niedrigen als auch
hohen N-Belastungen benétigt, insbesondere in EUNIS-Lebensraumtypen, die kaum
untersucht werden. Dariiber hinaus erh6ht das Zusammenfiihren von Ergebnissen aus
experimentellen und Gradientenstudien die Zuverlassigkeit der CLempN.

Die unterschiedlichen Auswirkungen der abgelagerten N-Formen (NOx oder NHy) miissen
weiter erforscht werden, um die Critical Loads fiir oxidierten und reduzierten Stickstoff in
Zukunft getrennt bestimmen zu kénnen.

Zur Weiterentwicklung der aktuellen CLempN sind Langzeitexperimente (10-20 Jahre) mit
einer hohen N-Zugabehaufigkeit zwischen 5 und 50 kg N ha-1 yr-1 in Regionen mit geringer
Hintergrunddeposition von entscheidender Bedeutung. Dies wiirde die Zuverlassigkeit der
abgeleiteten CLempN erh6hen, wenn die niedrigste Behandlungsstufe den derzeitigen
Critical Load nicht iiberschreitet.

Der Klimawandel und die Stickstoffdeposition haben wahrscheinlich starke interaktive
Auswirkungen auf die Funktionsweise von Okosystemen, wobei der Klimawandel die
Reaktionen der Okosysteme auf die Stickstoffdeposition verdndert und umgekehrt. Es
werden mehr experimentelle Studien benétigt, um diese Wechselwirkungen zu untersuchen,
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sowie mehr Gradientenstudien, die ausdriicklich die Auswirkungen der Stickstoffdeposition
in Kombination mit klimatischen Gradienten untersuchen.

» Zusammenfassend ldsst sich sagen, dass es von entscheidender Bedeutung ist, die
langfristigen Auswirkungen einer erhéhten N-Deposition auf Okosystemprozesse in einer
reprisentativen Auswahl von Okosystemen zu verstehen. Daher ist es wichtig, die
Auswirkungen der N-Deposition durch manipulierte N-Eintrdge in langfristigen
Okosystemstudien sowohl in unberiihrten als auch in beeintrichtigten Gebieten zu
quantifizieren. Diese Daten sind in Verbindung mit Gradientenstudien unerlasslich, um
Critical Loads zu validieren und robuste dynamische Okosystemmodelle und/oder Modelle
fiir mehrere korrelierende Arten zu entwickeln, die zuverlassig genug sind, um CLempN fiir
natiirliche und naturnahe Okosysteme zu berechnen und natiirliche Erholungsraten fiir N-
belastete Systeme vorherzusagen.

Table 1. Uberblick iiber die empirischen Critical Loads von Stickstoff (kg N ha™* a?) fiir
natiirliche und naturnahe Okosysteme (Spalte 1), klassifiziert nach EUNIS (Spalte 2),
wie 2011 ermittelt (Spalte 3) und wie 2022 {iberarbeitet (Spalte 4). Die Verldssigkeit
wird durch ## zuverlassig; # ziemlich zuverldssig und (#) Expertenurteil angegeben
(Spalte 5). Spalte 6 zeigt eine Auswahl von Effekten, die bei Uberschreitung der
Critical Loads auftreten kdnnen. Anderungen im Vergleich zu 2011 sind als
fettgedruckte Werte angegeben.

Okosystemtyp EUNIS 2011 2022 2022 Uberschreitungsindikator
Code kg Nha! | kg Nha' | Verlisslich-
al al keit

Marine Habitate (MA)

Atlantische maRig-stark MA223 20-30 10-20 (#) Zunahme der Dominanz von
salzbeeinflusste Wiesen Graminoiden; Riickgang
positiver Indikatorarten

Atlantische niedrige- MA224 20-30 10-20 (#) Zunahme von Arten spater
maRig salzbeeinflusste Sukzessionsstadien; Abnahme
Wiesen von positiven Indikatorarten
Atlantische Pionier MA225 20-30 20-30 (#) Zunahme von Arten spater
salzbeeinflusste Wiese Sukzessionsstadien; Zunahme

von produktiven Arten
Kiistenhabitate (N)

Wanderdlnen der Kiisten | N13, N14 | 10-20 10-20 # Zunahme der Biomasse;
verstarkte N-Auswaschung;
reduzierte Wurzelbiomasse

Stabile Kiistendiinen N15 8-15 5-15 H# Erhohte Biomasse und

(graue Dinen) Bodenbedeckung durch
Graminoiden und mesophilen
Grasern; Rickgang der
oligotrophen Arten,
einschlieRlich Flechten;
erhohter N-Gehalt im Gewebe;
verstarkte N-Auswaschung;
Bodenversauerung
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Okosystemtyp

Diinenheiden an der
Kuste

Feuchte und nasse
Dianentimpel

Dinentimpel
Wasserbecken
(Aquatische
SuRwassergemein-
schaften von
permanenten
atlantischen und
baltischen oder
mediterranen und
Schwarzmeer
Dinentiimpelgewassern)

SiiBwasserhabitate (C) ?

Dauerhaft oligotrophe
Stillgewasser
(einschlieRlich
Weichwasserseen)

Alpine und subarktische
Klarwasserseen

Boreale Klarwasserseen

Atlantische weiche
Gewasser

Dauerhaft dystrophe
Stillgewasser

EUNIS
Code

N18, N19

N1H

N1H1,
N1J1

C1l1

C11

C1l1

C1.1,
Elemente
C1.2

Ci1.4

Sumpf- und Moorhabitate (Q)

2011
kg N ha'

-1

10-20

10-20

10-20

3-10

3-10

3-10

2022
kg N ha'

-1

10-15

5-15

10-20

2-10°

2-4

3-6

5-10

5-10°¢
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2022
Verlasslich-
keit

#

(#)

#H#

##

##

#H#

(#)

Uberschreitungsindikator

Erhohte Pflanzenproduktion;
verstarkte N-Auswaschung;
beschleunigte Sukzession;
typische C:N Abnahme in
Flechten; erhohter jahrlicher
Calluna Zuwachs

Erhohte Bodenbedeckung
durch Graminoiden und
mesophilen Grasern; Abnahme
von oligotrophen Arten;
erhohter Ellenberg N-Wert

Zunehmende Biomasse und
Sukzessionsrate

Erhohte Algenproduktivitdt und
Wechsel der
Néahrstofflimitierung fir
Phytoplankton von N auf P;
Veranderungen der
Makrophytengemeinschaft

Erhohte Algenproduktivitdt und
Wechsel der
Né&hrstofflimitierung fir
Phytoplankton von N auf P

Erhohte Algenproduktivitdt und
Wechsel der
Néahrstofflimitierung fir
Phytoplankton von N auf P

Veranderung der
Artenzusammensetzung von
Makrophytengemeinschaften

Erhohte Algenproduktivitdt und
Wechsel der
Néahrstofflimitierung fir
Phytoplankton von N auf P



Okosystemtyp

Hoch- und Deckenmoore

Nahrstoffarmere und
nahrstoffarme
Niedermoore

Palsa- und Polygonmoore

Nahrstoffreiche
Niedermoore

Nahrstoffreiche arktische
und Berg-Flachmoore

Graslandhabitate (R)

Kalkreicher
Halbtrockenrasen
(basische Wiesensteppe)

Mediterraner, dicht
beweideter Trockenrasen
oder

Mediterraner hoher
mehrjahriger
Trockenrasen

oder

Mediterraner jéhrlicher
Trockenrasen

Tief- bis Bergland,
trockener bis mesischer
Rasen, gewohnlich
dominiert von Nardus
stricta

Ozeanischer bis
subkontinentaler Binnen-
Sandrasen auf trockenen
sauren und neutralen
Boden

EUNIS
Code

Q1

Q2

Q3

Q41-Q44

Q45

R1A

R1D
oder
R1E
oder
R1F

R1IM

R1P
oder
R1Q

2011
kg N ha'

-1

5-10

10-15

15-30

15-25

15-25

15-25

10-15

8-15

2022
kg N ha'

-1

5-10

5-15

3-10

15-25

15-25

10-20

5-15

6-10

5-15

42

2022
Verlasslich-
keit

#H#

##

(#)

(#)

#H#

(#)

#H#

(#)

Uberschreitungsindikator

Zunahme der GefaRpflanzen;
Rickgang der Moose;
verandertes Wachstum und
veranderte
Artenzusammensetzung von
Moosen; erhohter N-Gehalt in
Torf und Torfwasser

Zunahme von Riedgrasern und
anderen GefaRpflanzen;
negative Auswirkungen auf
Bryophyten

Zunahme der Graminoiden, der
N-Konzentration im Gewebe
und der Zersetzungsrate

Zunahme hoher GefaRpflanzen
(insbesondere Graminoide);
Rickgang von Moosen

Zunahme von GefaRpflanzen;
Rickgang von Moosen

Zunahme der Hochgraser;
Rickgang der Artenvielfalt;
Veranderung der
Artenzusammensetzung;
verstarkte Mineralisation; N-
Auswaschung;
Oberflachenversauerund

Erhohte Produktion; Dominanz
von Graminoiden; Verdnderung
der Bodenkruste; Verdanderung
des Nahrstoffkreislaufs im
Boden

Zunahme der Graminoiden;
Rickgang der typischen Arten;
Rickgang des gesamten
Artenreichtums

Rickgang der Flechten;
Zunahme der Biomasse



Okosystemtyp

oder
Sandverwehungen und
Dinen mit silikatischem
Grasland

Méahwiesen tiefer und
mittlerer Lagen

Bergmahwiesen

Feuchte oder nasse
mesotrophe bis eutrophe
Méahwiesen

Gemaligte und boreale
feuchte und nasse
oligotrophe Rasen

Moos- und
flechtendominierte
Berggipfel

GemaRigte acidophile
alpine Rasen

Arktisch-alpine
kalkhaltige Rasen

EUNIS
Code

R22

R23

R35

R37

(Friher

E4.2)

R43

R44

Heiden- und Strauchhabitate (S)

Tundra

Arktische, alpine und
subalpine
Zwergstrauchheiden

Tief- bis berglandisches
gemaRigtes und
submediterranes
Juniperus Buschland

S1

S2

S31

2011
kg N ha'

-1

20-30

10-20

15-25

10-20

5-10

5-10

5-10

5-15

2022
kg N ha'

-1

10-20

10-15

15-25

10-20

5-10

5-10

5-10

3-5¢

5-10 ¢

5-15

43

2022
Verlasslich-
keit

(#)

(#)

(#)

Uberschreitungsindikator

Zunahme an Hochgrasern;
Rickgang der Artenvielfalt;
Rickgang typischer Arten

Zunahme der nitrophilen
Graminoiden; Verdnderung der
Artenvielfalt; Riickgang
typischer Arten

Zunahme der hohen
Graminoiden; geringere
Artenvielfalt; Riickgang der
Moose

Zunahme der hohen
Graminoiden; geringere
Artenvielfalt; Riickgang der
Moose

Veranderungen in der
Artenzusammensetzung;
Auswirkungen auf Bryophyten
oder Flechten

Veranderungen in der
Artenzusammensetzung;
Zunahme der
Pflanzenproduktion

Veranderungen in der
Artenzusammensetzung;
Zunahme der
Pflanzenproduktion

Veranderungen in der
Biomasse; physiologische
Effekte; Veranderungen in der
Artenzusammensetzung der
Moospflanzen; Riickgang des
Flechtenartenreichtums

Rickgang der Flechten,
Bryophyten und immergriinen
Straucher

Verschiebung der
Zusammensetzung der
Vegetationsgemeinschaft;



Okosystemtyp

Nordliche feuchte Heide

» ‘U’ Calluna-
dominierte feuchte
Heide (Bergland)

» ‘U Erica tetralix-
dominierte feuchte
Heide (Tiefland)

Trockene Heiden

Macchia, baumformige
Hartlaubgebische und
thermo-mediterranes
Buschland

Garrigue

Wailder und Forsten (T)

Sommergriine
Laubwalder

Buchenwald auf nicht-
sauren und sauren Béden

EUNIS
Code

S411

S411

S411

S42

S5

S6

T1

T17,T18

2011
kg N ha'

-1

10-20

10-20

10-20

20-30

10-20

10-20

2022
kg N ha'

-1

5-15°¢

5-15°¢

5-15°¢

5-15

5-15

10-15

10-15

44

2022
Verlasslich-
keit

##

##

#H#

(#)

#H#

(#)

Uberschreitungsindikator

geringere Lebensfahigkeit der
Samen

Abnehmende Heidedominanz;
Rickgang von Flechten und
Moosen; erhéhte N-
Auswaschung

Ubergang von der Dominanz
von Heidekraut zu Gréasern;
Rickgang der
Heidekrautbedeckung;
Veranderung der
Zusammensetzung der
Vegetationsgemeinschaft

Ubergang von der Heidekraut-
zur Grasdominanz; Riickgang
der Flechten; Verdnderungen in
der Biochemie der Pflanzen;
erhoéhte Empfindlichkeit
gegenilber abiotischem Stress

Veranderung des
Artenreichtums und der
Zusammensetzung der
Pflanzengemeinschaften;
Nitratauswaschung;
Versauerung des Bodens.

Veranderungen in der
Artenzusammensetzung;
Rickgang der
Strauchbedeckung;
zunehmende Invasion von
einjahrigen Krautern

Veranderungen in
Bodenprozessen;
Néahrstoffungleichgewicht;
Veranderungen der Mykorrhiza
und Bodenvegetation

Veranderungen der
Bodenvegetation und
Mykorrhiza;
Né&hrstoffungleichgewicht;
Veranderungen der
Bodenfauna



Okosystemtyp

Mediterraner
bodensaurer Buchenwald

Bodensaurer
eichendominierter Wald

Eichen-Hainbuchen
mesischer Laubwald

Mediterraner
immergriner Eichenwald

Nadelwalder

Gemaligter
Fichtenbergwald
Gemaligter
Tannenbergwald

Mediterraner
Tannenbergwald

Gemaligter kontinentaler
Pinus sylvestris Wald

Mediterraner
Pinus sylvestris-Pinus
nigra Bergwald

Mediterraner Tiefland-
bis submontaner
Kiefernwald

Dunkle Taiga

EUNIS
Code

T18

T1B

T1E

T21

T3

T31,T32

T33

T35

T37

T3A

T3F

2011
kg N ha'

-1

10-15

15-20

10-20

5-15

10-15

5-15

3-15

5-10

2022
kg N ha'

-1

10-15

10-15

15-20

10-15

3-15

10-15

10-15

5-15

5-17

5-10

35f

45

2022
Verlasslich-
keit

(#)

(#)

(#)

(#)

#H#

(#)

(#)

(#)

(#)

#H#

Uberschreitungsindikator

Jahrliches Héhen- und
Volumenwachstum der Bdume;
Analogie zu Buchenwaldern der
gemaRigten Zonen

Rickgang der Mykorrhiza;
Verlust von epiphytischen
Flechten und Bryophyten;
Veranderungen der
Bodenvegetation

Veranderungen der
Bodenvegetation

NOs im Bodenwasser und
Wasserldufen

Veranderungen der
Bodenprozesse;
Néahrstoffungleichgewicht;
verdnderte Zusammensetzung
von Mykorrhiza und
Bodenvegetation; Zunahme der
Sterblichkeit bei Trockenheit

Verminderte Biomasse der
Feinwurzeln;
Né&hrstoffungleichgewicht;
Rickgang der Mykorrhiza;
veranderte Bodenfauna

Blattstochiometrie der Baume;
Baumphysiologie; N-Verluste
im Boden

Veranderungen der
Bodenvegetation und der
Mykorrhiza;
Né&hrstoffungleichgewicht;
erhdhte N,O- und NO-
Emissionen

Flechtenchemie und
Veranderungen der
Lebensgemeinschaften in
mediterranen Mischwaéldern in
den USA

Verringerung der
Feinwurzelbiomasse;
Veranderung der
Flechtengemeinschaft

Veranderungen der
epiphytischen Flechten- und
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Okosystemtyp EUNIS 2011 2022 2022 Uberschreitungsindikator
Code kg Nha! | kg Nha' | Verlisslich-
al al keit

Bodenschicht-
Bryophytengemeinschaften;
Zunahme der freilebenden
Algen; Riickgang der N-
Fixierung

Pinus sylvestris helle Taiga| T3G 5-10 2-5f # Veradnderungen der
epiphytischen Flechten- und
Bodenschicht-
Bryophytengemeinschaften;
Zunahme der freilebenden
Algen; Riickgang der N-
Fixierung

a)  Die Untergrenze des CLempN-Bereichs sollte fiir Seen in kleinen Einzugsgebieten (mit einem hohen Verhiltnis
zwischen See und Einzugsgebiet) angewandt werden, da diese der atmospharischen Deposition am starksten
ausgesetzt sind, da ein relativ hoher Anteil ihrer N-Eintrage direkt auf den Seen abgelagert und nicht in den
Einzugsgebieten zurilickgehalten wird. In dhnlicher Weise sollte die Untergrenze des CLempN-Bereichs fiir Seen in
Einzugsgebieten mit diinnen Boden, sparlicher Vegetation und/oder einem hohen Anteil an nacktem Felsen
angewendet werden.

b)  Dieser CLempN-Wert sollte nur auf oligotrophe Gewdsser mit geringer Alkalinitat und ohne nennenswerte
landwirtschaftliche oder sonstige menschliche Eintrage angewendet werden. Die Untergrenze des Bereichs gilt fiir
subarktische und alpine Klarwasserseen, der mittlere Bereich fiir boreale Seen und die Obergrenze des Bereichs fiir
atlantische Weichgewasser.

9 Dieser CLempN-Wert sollte nur auf Gewdsser mit geringer Alkalinitat und ohne nennenswerte landwirtschaftliche oder
sonstige direkte menschliche Eintrage angewendet werden. Die Untergrenze des Bereichs sollte auf boreale
dystrophe Seen angewendet werden.

4 Verwendung der Obergrenze, wenn der Phosphorgehalt begrenzt ist, und der Untergrenze, wenn der Phosphorgehalt
nicht begrenzt ist.

e Verwendung der Obergrenze bei hoher Intensitdt und Verwendung der Untergrenze bei niedriger Intensitat.

) Hauptsachlich basierend auf die Auswirkungen der N-Deposition auf Flechten und Moose.
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1 Introduction

Adapted by Roland Bobbink, Christin Loran and Hilde Tomassen

Nitrogen addition experiments are of utmost importance for the setting of empirical critical loads: overview of
the experimental N addition facility at Whim Bog, Scotland, UK. Photo: Roland Bobbink.

1.1 Impacts of N deposition

Emissions of ammonia (NH3) and nitrogen oxides (NOy) strongly increased in the second half of
the 20th century. Ammonia is volatilised from intensive agricultural systems, such as dairy
farming and intensive animal husbandry, whereas nitrogen oxides originate mainly from
burning of fossil fuel by traffic, industry and households. Because of short- and long-range
transport of these nitrogenous compounds, atmospheric nitrogen (N) deposition has clearly
increased in many natural and semi-natural ecosystems across the world. Areas with high
atmospheric N deposition (20-80 kg N ha'1 yr-1) nowadays are central and western Europe,
eastern United States and, since the 1990s, eastern Asia (e.g. Galloway and Cowling, 2002;
Dentener et al, 2006; Fowler et al.,, 2020). The modelled deposition for Europe is published
annually by EMEP/MSC-West (Figure 1.1).
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Figure 1.1. Modelled total depositions of oxidised (upper map) and reduced (lower map)
nitrogen (mg N m2yr'] across Europe in 2019. 1000 mg N m?2=10 kg N ha™.
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Source: EMEP Status Report, 2021

The availability of nutrients is one of the most important abiotic factors which determine plant
species composition in ecosystems. N is the primary limiting nutrient for plant growth in many
natural and semi-natural ecosystems, especially for oligotrophic and mesotrophic habitats. Most
of the plant species in such ecosystems are adapted to nutrient-poor conditions and can only
survive or compete successfully on soils with low N availability (e.g. Tamm, 1991; Aerts and
Chapin, 2000). The series of events which occurs when N inputs increase in an area with
originally low background deposition rates is highly complex. Many ecological processes interact
and operate at different temporal and spatial scales. As a consequence, high variations in
sensitivity to atmospheric N deposition have been observed between different natural and semi-
natural ecosystems. Despite this diverse sequence of events, the most obvious effects of
increased N deposition are significant changes in the N cycle, vegetation composition and
biodiversity. For more details, see Bobbink et al. (1998, 2010), Dise et al. (2011) and Stevens et
al. (2020).

Many ecological processes interact and operate at different temporal and spatial scales.
Furthermore, N is the limiting nutrient for plant growth in many natural and semi-natural
ecosystems, especially oligotrophic and mesotrophic habitats. The severity of the impacts of
atmospheric N deposition depends on a number of factors, of which the most important are
(numbers not being a ranking): 1) the duration and total amount of inputs, 2) the chemical and
physical form of the airborne N input, 3) the intrinsic sensitivity of the plant and animal species
present, 4) the abiotic conditions, including climate, and 5) the past and present land use or
management. Acid neutralising capacity (ANC), soil nutrient availability, and soil factors that
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influence the nitrification potential, N immobilisation and denitrification rates, are especially
important. As a consequence, different ecosystems show high variability in sensitivity to
atmospheric N deposition (Bobbink et al, 2010; Pardo et al,, 2011). Despite this highly diverse
sequence of events, it is possible to generalise some types of impacts. A schematic overview of
the potential sequence of events is given in Figure 1.2.

Figure 1.2. Scheme of the main impacts of increased N deposition on ecosystems. Stress is
considered to occur when external constraints limit the rate of dry matter
production of the vegetation, whereas disturbance consists of mechanisms which
affect soils and plant biomass by causing its partial or total destruction.
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a) Direct toxicity of N gases and aerosols to individual species
An important effect of nitrogenous gases, aerosols and dissolved compounds (NHz, NO2,
NO, HNO3z and NH4*) can be direct toxicity to the above-ground parts of individual plants.
The impacts have been mostly studied in crops and saplings, but studies with native plant
species or mixtures of species in open-top chambers (OTCs) and free-air fumigation have
also demonstrated leaf injury, changes in physiology, and growth reductions at increased
concentrations of just-mentioned N pollutants (e.g. Pearson and Stewart, 1993; Grupa,
2003; Sheppard et al., 2009). Direct toxicity impacts of NO, were observed in parts of
Europe and North America in the 1980s, but are currently rare in these regions, except in
cities or in the direct neighbourhood of roads with heavy traffic. However, concentrations
of these nitrogen oxides in air are now increasing in large areas of Asia (primarily China
and India), possibly leading again to direct foliar impacts. In addition, lichens are clearly
the most sensitive group in the vegetation with respect to direct toxicity of NHz (e.g.
Hallingback, 1992; Van Herk et al., 2003). This, based on data from the United Kingdom,
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Italy and Portugal, has led to a significant lowering of the long-term critical level of NH3 for
ecosystems in which lichens and bryophytes are important (Cape et al.,, 2009; Sutton et al,,
2009). Furthermore, it became obvious that the exceedances of this critical level occur in
many areas of North-western Europe (Sutton et al., 2009).

b) Eutrophication
N is the limiting nutrient for plant growth in many natural and semi-natural terrestrial
ecosystems, especially under oligotrophic and mesotrophic conditions. Increased N
deposition results in an increase in the availability of inorganic N in the topsoil, in the short
term, except in bogs and fens. This gradually leads to an increase in plant productivity in N-
limited vegetation, and thus to higher annual litter production and litter with high
concentrations of N. Because of this, N mineralisation will also gradually increase, which, in
turn, may increase plant productivity. This is positive feedback, because higher N
mineralisation leads to higher N uptake and its subsequent effects. Local plant species
diversity increases with increasing resource availability at originally very low levels of
resource availability. Above a certain level of primary productivity, however, local plant
species diversity declines as production increases. Observational studies across N
deposition gradients, and many N addition experiments, demonstrate this effect in the long
term. Competitive exclusion (‘overshading’) of characteristic species of oligotrophic or
mesotrophic habitats occurs in the presence of relatively fast-growing nitrophilic species,
with rare species at low abundances being especially at risk (Figure 1.3) (e.g. Bobbink et al.,
1998; Suding et al., 2005).

Figure 1.3. A calcareous grassland (Mesobromion erecti) (R1A) in the Netherlands without N

addition (left) and after three years of N addition (100 kg N ha* yr?) (right).
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Source: R. Bobbink

The rate of N cycling in the ecosystem is clearly increased in such situations, although the
response time to increased N inputs can be long in highly organic soils (with high C:N
ratios), or, indeed in any soil with large potential N sinks. When N is no longer limiting in
the ecosystem, plant growth becomes limited by other resources, such as phosphorus (P),
potassium (K), magnesium (Mg), or water. In this situation, the productivity of the
vegetation will not increase any further with continuing increases in N. However, N
concentrations within the plants do tend to increase when N availability continues to
increase. This may affect the palatability of the vegetation for herbivores or the sensitivity
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d)

to pathogens (see below), and will influence microbial communities, too. Recently, it has
been suggested that after a shift from N to P limitation or in highly P-limited situations,
changes in plant species composition can gradually still occur under long-term N inputs
(see Chapter 6 for examples).

Acidification

Soil acidification is characterised by a wide variety of long-term effects. It is defined as the
loss of acid neutralising capacity (ANC) and may lead to a decrease in soil pH. Changes in
pH are dependent on the buffering capacity of the soil (e.g. Ulrich 1983, 1991). Acidifying
compounds (N and S) deposited on calcareous soils (including substrates of young moraine
regions) at first will not change soil acidity. In these soils HCO3- and Ca?* ions leach from
the system, but the pH remains the same until almost all of the calcium carbonate has been
depleted. In soils dominated by silicate minerals (pH 6.5-4.5), buffering is taken over by
cation exchange processes of the soil adsorption complexes. In this situation, protons are
exchanged with Caz* and Mg?+, and these cations are leached from the soil together with
anions (mostly nitrate or sulphate). Because of the restricted capacity of this buffering
system, soil pH will soon start to decrease. However, in mineral soils with a large cation
exchange capacity and high base saturation, this buffering may continue for several
decades, even at relatively high inputs.

Atlow pH (< 5.0), hydrous oxides of several metals dissolve. This causes a strong increase
in the levels of toxic Al3* and other metals in the soil solution. As a result of the decrease in
pH, nitrification is strongly hampered or even completely absent in most of these highly
acidic soils. This may lead to accumulation of ammonium, with nitrate levels decreasing to
almost zero (e.g. Roelofs et al., 1985). In addition, the decomposition rate of organic
material in the soil is lower in these acidified soils, which leads to increased accumulation
of litter (e.g. Van Breemen et al., 1982; Ulrich, 1983, 1991). As a result of this cascade of
changes, plant growth and species composition of the vegetation can be seriously affected:
acid-resistant plant species will gradually become dominant, and several species typical to
intermediate and higher soil pH will disappear.

Differences in effects of oxidised versus reduced N

Emissions of ammonia (NH3) and nitrogen oxides (NOx) both contribute to atmospheric N
deposition. Ammonia is volatilised from agricultural systems, such as dairy farming and
intensive animal husbandry, whereas nitrogen oxides originate mainly from burning of
fossil fuels in economic sectors including traffic (also by vehicle catalysts which may be a
locally important source of N deposition), households and industry (Truscott et al., 2005).
Because of this difference in sources (i.e. agriculture vs industry, households or traffic) and
different rates of deposition from the atmosphere, the spatial and temporal patterns of
deposition differ between reduced and oxidised compounds. Oxidised N deposition
prevails in urban or industrial areas, whereas reduced N deposition clearly dominates in
agricultural or rural regions. Furthermore, in most regions with a relatively high rate of N
deposition, a high proportion of the deposited N originates from NH, (e.g. Asman et al,,
1998; Fowler, 2002; Sutton et al., 2008). This may cause a change in the dominant N form
in the soil from nitrate to ammonium, especially in habitats with low rates of nitrification
(pH < 4.5).

The response of sensitive plant species can be significantly affected by this change in N
form. Species of calcareous or slightly acidic soils are able to use nitrate, or a combination
of nitrate and ammonium, as their N source, whereas early studies showed that species of
acidic habitats generally use ammonium (e.g. Gigon and Rorison, 1972; Kinzel, 1982),
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because at least some of these plants do not have nitrate reductase (Ellenberg, 1996). For
several plant species reduced N appeared to be only toxic at low pH (Lucassen et al,, 2003).
Laboratory and field studies demonstrate that the performance of most forest understory
species of deciduous forests in southern Sweden improves when not only ammonium but
also nitrate can be taken up (Falkengren-Grerup, 1998; Olsson and Falkengren-Grerup,
2000).

One of the impacts of increased ammonium uptake is a reduced uptake of base cations and
exchange of these cations (K+, Caz* and Mg?2+) to the rhizosphere. Ultimately this can lead to
severe nutritional imbalances, which are important in the decline in tree growth in areas
with high ammonia/ammonium deposition (e.g. Nihlgard, 1985; Van Dijk et al., 1990;
references in Bobbink et al., 2003). High concentrations of ammonium in the soil or water
layer are also toxic to many sensitive plant species, disrupting cell physiology, cell
acidification, accumulation of N-rich amino acids, poor root development, and finally,
inhibition of shoot growth. Strong evidence exists that many endangered vascular plant
species of grasslands, heathlands and soft-water lakes, and fen bryophytes, are very
intolerant to increased concentrations of reduced N and to high NH4*:NO3- ratios (De Graaf
et al,, 1998; Paulissen et al., 2004; Kleijn et al., 2008; Van den Berg et al.,, 2008) (Figure 1.4).

Figure 1.4. Characterisation of growth sites of common (blue diamonds) and rare (red squares)

species typical to Dutch heaths, matgrass swards and fen meadows in terms of pH
and NH;":NOs" ratio in the soil. Symbols indicate mean * SE. In contrast to common
species, almost all rare species occur only at a low NH,*:NOs" ratio.
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Increased susceptibility to secondary stress and disturbance factors

The sensitivity of plants to stress (defined here as external constraints, such as drought,
frost, pathogens or herbivores, which limit dry-matter production rate), or disturbance
factors, (mechanisms which affect plant biomass by causing its partial or complete
destruction), may be significantly affected by N deposition. With increasing N deposition,
susceptibility to fungal pathogens and attacks by insects also increases. This is probably
due to altered concentrations of phenolic compounds (leading to lower resistance) and
soluble N compounds, such as free amino acids, together with a lower vitality of individual
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plants as a result of polluted deposition. Increased levels of pathogenic fungi have been
found for several tree species in N addition experiments and field surveys, but for most
ecosystems data are lacking and the influence of such pathogens on diversity is still unclear
(e.g. Fliickiger et al., 2002; Bobbink et al., 2003).

In general, herbivory is affected by the palatability of plant material, which is strongly
determined by its N content. Increased organic N content in plants, caused by N deposition,
can thus result in increased insect herbivory (e.g. Throop and Lerdau, 2004). Data on
herbivory and N deposition are very scarce, but a link has been demonstrated in dry
Calluna heathlands. The frequency and intensity of infestations of heather beetle
(Lochmaea suturalis) are clearly related to atmospheric N inputs and N concentrations in
the heather (e.g. Brunsting and Heil, 1985; Berdowski, 1993; Bobbink and Lamers, 2002;
for details see Chapter 8). N-related changes in plant physiology, phenology, biomass
allocation (root:shoot ratios) and mycorrhizal infection can also differentially influence the
sensitivity of plant species to drought or frost stress, leading to reduced growth in some
species and possible changes in plant interactions.

1.2 Background to, and aims of the report

Within the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP Convention),
procedures have been developed to model and map critical loads for airborne N deposition in
support of effect-based European policies for the abatement of air pollution (Bull et al.,, 2001;
Hettelingh et al., 2001, 2007). Both the steady-state mass balance method and the empirical
approach are used to scientifically support European policies aiming at effective emission
reductions of air pollutants (ICP M&M, 2017). For the support of these policies it is important
that scientific knowledge be regularly updated with new findings. This report focuses on recent
knowledge for the review and revision of empirical critical loads of N (CLempN).

CLempN are in almost all cases based on observed changes in the structure and functioning of
ecosystems, primarily in a) species abundance, composition and/or diversity (‘structure’), or b)
N leaching, decomposition or mineralisation rate (‘functioning’). For a more complete overview
of indicators, see Lgkke et al. (2000). Effects have been evaluated for specific ecosystems.
Statistically and biologically significant results from field addition experiments and mesocosm
experiments conducted under close-to-field conditions have been used for quantifying CLempN.
Only studies on independent N treatments with a duration of two years or more have been used.
In particular data from long-term experiments in low-background areas are most useful for
observing effects of N enrichment. However, since experimental studies have been conducted for
a variety of reasons, their designs differ, and the methods used are carefully scrutinised to
identify factors related to the experimental design or data analysis that may constrain their use.
This includes evaluation of the accuracy of estimated values of background N deposition at
experimental sites. In addition, the results from correlative or retrospective field studies have
been used, but only as additional evidence to support conclusions from experiments, or as a
basis for an ‘expert judgement’ rating.

CLempN for natural and semi-natural ecosystems were first presented in a background document
for the 1992 workshop on critical loads held under the UNECE Convention at Lokeberg
(Sweden) (Bobbink et al,, 1992). After detailed discussions, before and during the meeting, the
proposed values were set at that meeting (Grennfelt and Thornelof, 1992). Additional
information from the 1992-1995 period was evaluated and summarised in an updated
background paper and published as Annex III (Bobbink et al, 1996) of the UNECE manual on
methodologies and criteria for mapping critical levels and loads. The updated CLempN were

53



TEXTE Review and revision of empirical loads of nitrogen for Europe

discussed and set with full consensus at the December 1995 expert meeting held under the
UNECE Convention in Geneva (Switzerland). They were also used for the development of the
second edition of the Air Quality Guidelines for Europe by the World Health Organization’s
Regional Office for Europe (WHO, 2000). Furthermore, the CLempN deposition was extensively
reviewed and updated in 2001-2002 (Berne workshop; Achermann and Bobbink, 2003). In that
update, classification of the receptor ecosystems was brought in line with that of the European
Nature Information System (EUNIS) (mostly level 3) (Davies and Moss, 2002; Hall et al., 2003;
Davies et al,, 2004), in addition to the incorporation of results from new N-impact studies from
the 1996-2002 period (Bobbink et al,, 2003). The last review and revision were in 2009/2011
(Noordwijkerhout workshop, Bobbink and Hettelingh, 2011). That revision incorporated N-
impact studies from November 2002 to spring 2010. The CCE workshop in Noordwijkerhout
included separate sessions of three Working Groups each addressing one or more EUNIS classes.
The summary reports of Working Group 1, 2 and 3 can be found in the Appendices in Bobbink
and Hettelingh (2011).

It was recognised at the CCE workshop and Task Force meetings of the International
Cooperative programme on Modelling and Mapping Critical Loads & Levels and Air Pollution
Effects, Risks and Trends in Madrid (ICP M&M, 2019) that considerable new insights into, and
data on, the impacts of N deposition on natural and semi-natural vegetation have become
available since the compilation of the last background document in 2011. An update of the
background material based on the availability of new scientific evidence for many N-sensitive
ecosystems is thus pertinent and was adopted by the Working Group on Effects at its

39th session (WGE, 2020), under the LRTAP Convention, and was included in the work plan
2020-2021. This new report will be the basis for the revision of Chapter 5.2 of the modelling and
mapping manual (ICP M&M, 2017).

The aims and structure of this report are as follows:

» New relevant information from studies (2010 - summer 2021) on the impacts of N on semi-
natural and natural ecosystems, with emphasis on Europe, to be added to the existing
database on CLempN

» To update the recently revised EUNIS classes (Chytry et al,, 2020) and link, where possible,
the CLempN based on the EUNIS classification with Natura 2000 Annex 1 habitats

» Toreview and revise Bobbink and Hettelingh (2011) and provide a revised table on CLempN
for Europe, using the new scientific data including gradient studies (Chapters 2 to 9)

» To synthesise examples of how CLempN can be used on different scales and in different
European countries (Chapter 10)

Furthermore, the report ends with three appendices. The correspondence between ecosystems
classified according to EUNIS and the EU Habitats according to Directive Annex 1 is provided in
appendix 1. Appendices 2 and 3 present the agenda and the list of participants from the expert
workshop in Berne (Switzerland, October 2021).
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2 Updating and reviewing procedures for empirical critical
loads of nitrogen (CLempN)
Adapted by Roland Bobbink

Environment

Critical Loads for |
Nitrogen

- a workshop report

1992

V. MAPPING CRITICAL LOADS FOR
ECOSYSTEMS

, - ““Review and revision of empirical critical
e-response rek

Compilation of cover pages of previous reports on empirical critical loads of nitrogen (ClempN).

2.1 Updating procedure

In this updating procedure, an ‘empirical approach’ has been used, similar to that of the
previous background documents (Bobbink et al., 2003; Bobbink and Hettelingh, 2011), with the
following phases: 1) Kick-Off meeting (June 2020), 2) data collection, 3) first drafting of the
different chapters (per class according to the European Nature Information System (EUNIS)),
4) optimisation of the drafts after exchange between the contributing authors (internal review
round), 5) review of the second draft by an external expert team, and 6) finalisation of the
background document for the UNECE CCE expert workshop, held in October 2021 (Figure 2.1).
Following the expert workshop, the background document was finalised after addition and
incorporation of the comments of the workshop participants.
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Figure 2.1. Schematic representation of the working procedure

a)
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(papers, reports...)

Exchanges among authors

Final draft to review team

Revision process

Background document

I
Tables of CLempN
L

Data collection

A comprehensive collection of European publications on the effects of nitrogen (N) in natural
and semi-natural ecosystems has been made for the period from early 2010 to September
2021. Peer-reviewed publications, PhD theses, book chapters, nationally published papers,
and ‘grey’ reports by institutes or organisations (if digitally available) were used. Relevant
information from these studies has been collected, including location, background deposition
(if available), and EUNIS classification. The correspondence between the EUNIS class and the
Natura-2000 habitat type has been added in an appendix (Appendix 1), as in Bobbink and
Hettelingh (2011).

In principle, only European studies have been used as the basis for the assessment of
empirical critical loads of N (CLempN). Exceptionally, when no or very few studies were
available for a particular important ecosystem, such as steppe grasslands or Mediterranean
vegetation, non-European (mostly Northern American and Chinese) literature was used for
an ‘expert judgement’ rating of ecosystem sensitivity to N deposition.

Drafting of the chapters

Following data collection, drafts of the several chapters (per EUNIS class) of the background
document were produced by groups of authors, using the 2011 document (Chapters 3 to 9
in Bobbink and Hettelingh (2011)) as a starting point. When no new data were available for
a specific habitat, the 2011 text was used. When new data were found to be available, the
2011 text was updated accordingly, which in places resulted in completely rewritten
chapters. At the end of each chapter, a concluding table presents the CLempN.
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c) Optimisation of the chapter drafts
All drafts of the different chapters were circulated in the author group of that chapter for
discussion and review. This was coordinated by the lead author of the chapter. Comments of
co-authors were discussed and incorporated into the main version of the chapter by the
lead author, which resulted in the generation of several drafts. All drafts of the different
chapters were then reviewed and checked for consistency by the team of lead authors. This
internal review round led to a draft version of each chapter, which was then checked and
integrated into the main document.

d) External review
The consolidated drafts of the chapters were presented to a team of international experts
on the impacts of N enrichment in natural and semi-natural ecosystems. This reviewing
team consisted of experts from different parts of Europe and the USA. Each chapter on a
specific EUNIS class was evaluated by at least two to three experts.

e) Finalisation of the background document
Review comments on the second draft were incorporated into the text by the leading
authors of each chapter, in close collaboration with the coordinator(s) of the revision. After
a final check, the background document was sent to the participants of the UNECE CCE
expert workshop on CLempN (October 2021, in Berne, Switzerland). The comments and
additions by participants were used to finalise the final CLempN table and background
document for the formal revision of the Manual on Methodologies and Criteria for Modelling
and Mapping Critical Loads & Levels and Air Pollution Effects, Risks and Trends (ICP
Modelling & Mapping, in prep.), within the framework of the UNECE Convention on Long-
range Transboundary Air Pollution.

2.2 Reviewing and setting values for CLempN

2.2.1 Types of empirical evidence

The type of “empirical” evidence used to set values for CLempN varies between terrestrial and
aquatic ecosystems. Long-term field manipulations in lakes are highly ecologically relevant but
are prohibitively expensive, and are therefore also limited in terms of duration and replication.
Experiments of more limited time-span in more controlled conditions in aquatic systems
(mesocosms) can supply valuable additional evidence on ecosystem effects related to N addition,
especially when they are done along environmental gradients. Therefore, the following text on
the type of evidence largely relates to terrestrial ecosystems, including wetlands, while for
aquatic ecosystems evidence has been gathered to a larger extent from gradient studies in
combination with controlled experiments.

There are two major types of “empirical” evidence available to relate atmospheric N deposition
to changes in the structure and/or functioning of ecosystems. The first is from long-term field
addition (or manipulation) experiments, in which N deposition is artificially increased, normally
by application of increased concentrations of mineral N (NH4* and/or NO3-). If significant
impacts were detected compared to the untreated controls, it was inferred with confidence that
simulated N deposition would have been the cause. Experiments can provide information on
how long it takes for different components of the system to respond to N addition, and can be
designed to assess interactions, for example with other stresses (e.g. drought, warming), land
management type or ecosystem type. Experiments can also identify thresholds for the effects of
N on biodiversity. However, since most experiments examine effects of increases in deposition, it
is difficult to identify thresholds from experiments in areas with a relatively long history of
elevated levels of N deposition, where there may already have been significant impacts of N
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deposition and where those thresholds may have already been crossed in the past. Other
limitations of experimental studies are that they typically assess relatively short-term responses
(even the longest-running experiments seldom exceed 20-25 years) and that peculiarities of the
experiment (e.g. very high concentrations of the applied pollutant compared with
environmentally realistic loads) or site-specific factors might also explain part of the observed
response.

A second approach - besides of the evaluation of N addition experiments - is through studies
exploring changes in ecosystem structure and/or functioning over an observational N deposition
gradient. Such targeted N-gradient studies may provide information on longer-term responses
of increased atmospheric N deposition and serve to demonstrate that the responses observed in
experiments can also be found in the real-world. They usually cover, if present, a more
differentiated range of N deposition than added in the N addition experiments, particularly at
the lower end of N deposition, as experiments typically deal with high N doses that are often
based on future projections. Most of the studies used species richness of the vegetation - or of
components of the vegetation - as a bioindicator, but sometimes (a)biotic factors including plant
tissue chemistry and soil biogeochemistry were also considered. In addition, these studies avoid
experimental artefacts and allow for analysis of interactions with other environmental stressors
(e.g. drought). However, since gradients of N deposition may also be correlated with gradients of
other potential important drivers of ecosystem structure and functioning (e.g. S deposition,
rainfall, temperature or management), gradient studies need a careful and appropriate design
and statistical evaluation. Thus, gradient studies have some advantages and disadvantages
compared with experimental evidence. Advantages include adequate sampling of the range of
climate space and variability in other factors such as soil type, elevation and management, as
well as the range of N deposition present across a habitat type. The disadvantage is greater
variability in ecological responses, which requires careful consideration of confounding
variables, as discussed above, and larger sample sizes, needed to give sufficient statistical power
to detect effects of N deposition. Confounding abiotic and biotic variables may also be
considered as modulating variables when they alter the response of the ecosystem to N
deposition. One special class of gradient study is the structured survey (defined here as survey
not explicitly set up to detect effects of N deposition). This can be analysed post-hoc to detect N
impacts (e.g. Maskell et al. 2010). As decided at the Kick-Off meeting of the 2020-2022 review
and revision of the CLempN and based upon the outcome of discussions within an expert group of
the authors, the outcome of published N gradient studies have been incorporated in the CLempN
approach as important insights.

2.2.2 Setting CLempN

In this background document, the authors focus particularly on statistically and biologically
significant outcomes of field N addition experiments and mesocosm studies for the assessment
of CLempN. Only studies which have independent N treatments and realistic N loads and
durations (below 100 kg N ha-! yr-1; 2 years or more, optimally > 5-10 years in low background
areas) were used for the update and refinement of CLempN values. Studies with higher N
additions or shorter experimental periods have only been interpreted with respect to the
understanding of effect mechanisms, possible N limitation or sensitivity of the studied
ecosystem. The methods used in these studies have been carefully scrutinised to identify factors
related to the experimental design or data analysis, which may constrain their use in assessing
critical loads. This includes evaluation of the precision of the estimated values of background
deposition at the experimental site, which are often based on models instead of on-site
measurements. This is necessary to get insight into the total N load in both the N-treated and the
control vegetation.
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In general, pot or microcosm studies were not used for setting CLempN values, except for
bryophyte layer studies. However, the outcome of these studies, in some selected cases, was
used as an indication of the N sensitivity of the most important or sensitive plant species of an
ecosystem (e.g. in coastal habitats).

When available, the outcomes from dynamic ecosystem models provided additional insight into
underlying mechanisms of ecosystem decline, which are difficult to incorporate or analyse in
experimental studies, such as increased frequencies of pests and diseases and a greater
sensitivity to environmental stressors such as frost, drought and heatwaves.

2.2.3 N gradient studies

The outcomes of N gradient studies have been used to assess the impacts of atmospheric N
deposition in this 2020-2022 review and revision of the CLempN, combined with the results of N
addition experiments. Principally, peer-reviewed publications have been analysed, together with
some “grey” publications. N gradient studies show the relationships between (modelled)
atmospheric annual total inorganic N deposition and ecological parameters, e.g. species richness
of the vegetation (or of taxonomical or functional groups of the vegetation), species composition,
plant tissue stoichiometry, soil chemistry, drought resistance and sensitivity against pathogens
and pests. In almost all cases, significant relationships between the selected indicators and N
deposition have been found. Several functions have been fitted through the data, such as linear,
negative exponential or S-shaped curves and in several instances more rapid responses are
observed at lower N loads. The relationships as presented in many N gradient studies have been
originally quantified to demonstrate the potentially negative influence of N deposition on
ecosystem structure or functioning, mostly not to identify N thresholds per se. Several recent
studies have, however, been purposedly set up to reveal CLempN values/ranges and used
statistical techniques/models to identify these thresholds. These techniques may include change
point models (Roth et al., 2017; Tipping et al,, 2013), community change point analysis with
Threshold Indicator Taxa ANalysis (TITAN) (Payne et al., 2013; Wilkins and Aherne, 2016;
Wilkins et al., 2016) or simple comparison between classes of N deposition (e.g. per 5 kg N ha-1
yr-1) (Roth et al,, 2013). A comparison of the just mentioned techniques to reveal CLempN values
or ranges is given in the next chapter (1.3), demonstrating a good agreement between the
different techniques if applied to the same data set.

To evaluate the published N gradient studies in the empirical approach, two types of studies
have been identified: a) studies that did not use special techniques to quantify critical loads
(“only general” regressions) and b) studies using the previously mentioned special statistical
techniques. With respect to the first group of evidence (a), visual inspection of the basic figures
was used to reveal a “change range” in the curves (data points). For the second group of studies
(b) the presented technique has been shortly described and the outcome given as evidence with
respect to the setting of the CLempN of the studied ecosystem type.

Most of the N gradient studies used have been published in peer-reviewed, international
scientific journals. In this case it is likely that the (modelling of) atmospheric N deposition is
accurate and at a relevant scale (e.g. Braun et al,, 2017) for the specific situation and thus
useable for CLempN evaluation, as done for N addition experiments too. If relevant, possible
weaknesses in the presented N deposition values are evaluated, including suggestions with
respect to the setting of ClempN. In addition, it has been checked if confounding/modulating
predictors (e.g. temperature, rainfall, S deposition) were included sufficiently and if appropriate
statistical procedures were used. Some of the N gradient studies have so far only been available
in “grey” literature reports. In that case, special attention has been paid to the outcome of the
study with respect to both the method of disentangling the contributions of different predictor
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variables and the N deposition values used (which model etc). After this evaluation, (parts of)
the results have been used to find CLempN values.

2.3 A comparison of methods to estimate empirical critical loads from
gradient studies

Authors: Tobias Roth, Julian Aherne, Kayla Wilkins and Roland Bobbink

2.3.1 Introduction

There are numerous methods to estimate an abrupt change or ‘change-point’ along a gradient.
Several studies have used an abrupt change in plant species along a nitrogen deposition gradient
as a ‘quantitative estimate’ of the empirical critical loads for nitrogen (e.g. Wilkins et al., 2016;
Roth et al,, 2017). To our knowledge, these methods have never been applied to the same data. It
is thus unknown whether the different methods result in systematic differences between the
estimated critical loads. Consequently, it is difficult to compare critical load estimates between
studies. Here we apply four methods that were previously used in publications to estimate
empirical critical loads from gradient studies to the same data sets as indicated in Chapter 2. The
four methods are listed in Table 2.1. Our goals were 1) to give an overview of the differences
between the methods and list their potential advantages and shortcomings, and 2) to show
whether and how the results differ if they are applied to identical data sets.

2.3.2 Case studies: Mountain hay meadows in Switzerland and Atlantic oak woodlands in
Ireland

We applied the four methods (Table 2.1) to mountain hay meadow data from the biodiversity
monitoring in Switzerland (Weber et al., 2004) and Atlantic oak woodland data (species
abundances) from the Irish National Parks and Wildlife Service (Perrin et al., 2008). For
mountain hay meadows, we selected the same sites as in Roth et al. (2013) but used for each site
the most recent survey conducted between 2016-2020. For the recent surveys, species cover
(abundance) was recorded, whereas for the data in Roth et al. (2013) only presence / absence
data were available. For these surveys, we analysed all recorded species together and the subset
of species that are typically found on nutrient poor sites (i.e. oligotrophic species with N-values
of one and two; Landolt et al., 2010). For Atlantic oak woodlands, we used the same sites, plant
species data (surveyed between 2003-2007), and nitrogen deposition data as Wilkins and
Aherne (2016). We analysed all recorded species together and the subset of species identified as
positive indicators by the Irish National Parks and Wildlife Service. All analyses were conducted
in R. Data sets and scripts to reproduce the analyses are available on GitHub?.

1 https://github.com/TobiasRoth/eCL-methods
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Figure 2.2. Comparison of the results applying the four methods (a and e: visual inspection of
gradient categories; b and f: Threshold Indicator Taxa Analysis for plant species
with negative change-points; c and g: point at which significant reduction can be
observed; d and h: linear model with change-point) to the plant data of mountain
hay meadows in Switzerland. The upper panels (a—d) give the results based on all
plant species and the lower panels (e—g) give the results based on oligotrophic
species only. Critical load estimates (vertical orange line) with estimate range
(orange areas) are given if provided by the method.

Visual inspection of gradient categories Threshold Indicator Taxa Analysis Point at which significance reduction Linear model with change-point
(TITAN) can be observed
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Source: https://github.com/TobiasRoth/eCL-methods

For the mountain hay meadows, the critical load estimates based on the visual inspection of
gradient categories, TITAN and linear model with change-point were very similar and were
stable, independent of whether the analyses were based on all recorded species or on only the
oligotrophic species (Figure 2.2). The estimates were all in the range of the critical load that was
established in this revision. In contrast, the method of Cape et al. (2009), based on the point at
which significant reduction of species richness could be observed, showed a difference between
the total and subset species data and the critical load found was outside of the established range
for both (Figure 2.2). This method suggested the lowest critical load based on oligotrophic
species, but the highest critical load when based on all recorded species (Figure 2.2).

With respect to the Atlantic oak woodland, the critical load estimates of the visual inspection of
gradient categories and TITAN were again very similar and within the range of the established
critical load (Figure 2.3). They both showed very little difference in estimated critical loads
based on the total number of species or the subset. In contrast, the method of Cape et al. (2009)
and the linear model with change-points both suggested critical loads below the established
critical load with lower estimates for total species richness than for the number of indicator
species.
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Table 2.1. Comparison of four methods to estimate empirical critical loads from nitrogen deposition gradient studies.
V. VI. Visual inspection of VII. Threshold Indicator Taxa VIII. Point at which significance | Ix. Linear model with change-
gradient categories Analysis (TITAN) reduction can be observed point
References Wamelink et al. (2021) Baker and King (2010); Wilkins et al. | Cape et al. (2009) Tipping et al. (2013); Roth et al.

Short description

Example figure
from cited
references

Advantages

The gradient (nitrogen deposition)
is aggregated to equal sized classes
(e.g. 5 kg N ha™ yr™ deposition
ranges) and the average and
confidence interval of the
biodiversity measure is calculated
for each class. The critical load is
estimated ‘by eye’ between the
classes at which the first significant
decrease in the biodiversity
measure occurs.
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» Easy to apply and understand.

(2016)

A two-step approach; 1) Individual
taxa with significant change-points
in species occurrence or abundance
along a nitrogen deposition
gradient are identified. 2) The point
along the gradient at which these
single species change-points
accumulate (the community
change-point) is identified, and
interpreted as the critical load.
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»  Explicitly considers individual
species’ behaviour.
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(Generalized) linear (mixed) model
that describes the relationship
between the gradient and the
biodiversity measure and other
variables (covariates). The nitrogen
deposition at which a significant
change in the biodiversity measure
can be observed is considered as
the critical load.

P Can account for covariables.

(2017)

(Generalized) linear (mixed) model
that describes the relationship
between the gradient and the
biodiversity measure using a
change-point (or segmented,
piecewise, broken-stick). The
nitrogen deposition at which the
change-point occurs is considered
as the critical load.

» Can account for covariables.
P Estimates uncertainty in critical
load setting.



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

Potential
shortcomings

VI. Visual inspection of
gradient categories

» Arbitrary classification of the
continuous gradient into
discrete ranges.

» An exact change-point is not
identified (generally set to
middle of range).

» Sufficient sample sites are
needed for all categories.

P Limited to a summary statistic
across all species (e.g. species
richness, total number of
individuals).

VII. Threshold Indicator Taxa
Analysis (TITAN)

P Estimates uncertainty in
change-point.

» For some individual species the
estimated change-points seem
unrealistic (e.g. eutrophic
species with low change-points
and vice versa).

» Not possible to account for
covariates.
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VIII. Point at which significance
reduction can be observed

» Since the confidence interval
decreases with the sample size,
the estimated critical load will
also change with sample size.

P Assumes that statistical
significance corresponds to
biological relevance.

P Limited to a summary statistic
across all species (e.g. species
richness, total number of
individuals).

IX. Linear model with change-
point

» Brute force application of the
change-point model to the
data; a critical load is also
estimated if nitrogen
deposition does not negatively
affect biodiversity.

P Limited to a summary statistic
across all species (e.g. species
richness, total number of
individuals).
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Figure 2.3. Comparison of the results applying the four methods (a and e: visual inspection of
gradient categories; b and f: Threshold Indicator Taxa Analysis for plant species
with negative change-points; c and g: point at which significant reduction can be
observed; d and h: linear model with change-point) to the plant data of Atlantic
Oak Woodland in Ireland. The upper panels (a—d) give the results based on all plant
species and the lower panels (e—g) give the results based on positive indicator
species only. Critical load estimates (vertical orange line) with estimate range
(orange areas) are given if provided by the method.
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Source: https://github.com/TobiasRoth/eCL-methods

2.3.2 Discussion

» In general, three of the four methods (i.e. visual inspection of gradient categories, TITAN and
linear model with change-point) provided critical load estimates that were similar in most
cases suggesting that there is no systematic difference in the results they provide.

» Two of the methods (visual inspection of gradient categories and TITAN) appear to be less
influenced by the number of species (or sample size), as they showed very little difference in
estimated critical loads based on the total number of species or the species subset
(oligotrophic or indicator species).

» In the two example habitats presented here, the highest and most stable critical load
estimates were generally obtained from TITAN. We suggest that this may be related to the
greater resolution provided by individual species abundance and frequency data compared
with the summation to species richness from presence / absence data only used in the other
methods.

» In some cases, the TITAN approach estimates single-species change-points that seem
unrealistic (e.g. eutrophic species with low change-points and vice versa) and it was argued
that this may affect the estimated community change-points. If that is the case, one would
expect biased results particularly if all species (including all eutrophic species) are used in
the analyses. For the mountain hay meadows and Atlantic oak woodlands, however, the
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TITAN estimates were almost identical if applied to all species and if applied to the
oligotrophic or indicator species subsets only. Furthermore, for mountain hay meadows the
TITAN results were very similar (< 1.5 kg N ha-1 yr-1) to the results obtained from the linear
model with a change-point.

» The unrealistic single-species change-points estimated by TITAN may reflect a species with a
unimodal response to nitrogen that was not captured by the observed deposition range in
the case studies. Further, the unrealistic single-species response was present in the other
methods, which used the species and nitrogen deposition data. However, the response of the
single-species’ was masked in the summation to species richness.

» Based on our results we are confident that estimates of critical loads are comparable
between studies regardless of whether they were obtained using the visual inspection of
gradient categories, TITAN or linear models with change-points.

2.4 Ecosystem classification

In this background document, the groups of natural and semi-natural ecosystems have been
classified and ordered according to the EUNIS (European Nature Information System) habitat
classification for Europe. For a general description of the updated EUNIS classification and an
introduction to its use, see Davies et al. (2004) and the supporting website
(https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification). With respect to
the classification in 2011, the codes for two classes changed: heathland, scrub and tundra
became Class S (instead of F), whereas forest and other wooded land changed from G to T. In
addition, very recently, also marine habitats changed into MA (instead of A), coastal habitats to N
(formerly B), grasslands and lands dominated by forbs, mosses or lichens into R (instead of E)
and wetlands to Q (instead of D) (Chytry et al., 2020). Level 2 and 3 numerical codes changes in
many cases as well, but not always. In general, the ecosystems described in this document have
been classified down to level 3 of the EUNIS hierarchy, and the EUNIS code is given in the text
and tables in brackets, for example, perennial calcareous grasslands and basic steppes (R1A).
The Natura-2000 habitat type (e.g. H6210) have been presented in Appendix 1. Finally, as in
2011, additional attention has been paid to the classification of forest and other wooded land
(T), in order to better differentiate the CLempN between the wide range of European forest types.
As before, studies based on pure plantation stands were not included in the chapter on forest
habitats. The critical loads of N for these intensively managed systems are based upon steady-
state mass balance methods, see the UNECE Mapping Manual (2015-17). Ground-living lichens
and bryophytes, as before, have been incorporated in the chapters of the appropriate
ecosystems, because many experimental and gradient studies incorporated these species
groups. Epiphytic lichens and epiphytic bryophytes are mostly not part of the empirical
approach for N critical loads, as they often were not treated or exposed in experiments, but they
have been included in the critical levels for ammonia.

2.5 Revision, reliability and interpretation of CL.mpN ranges

The indication of reliability of the CLempN (Bobbink and Hettelingh, 2011) have been adapted
because of the implementation of N gradient studies in this review and revision. The following
guidelines have now been used:

P> expert judgement (#): we only use this indication if no empirical data (experimental and/or
gradient studies) were available for this type of ecosystem. For this, the CLempN was based
upon expert judgement and knowledge of ecosystems which were likely to be similar;
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P if, for a given ecosystem, few experimental data exist (and no N gradient study) showing a
significant effect at a certain range, then the CLempN is considered as quite reliable #;

P if, for a given ecosystem, no experimental data exist, but an appropriate gradient study
showed a significant effect at a certain range, then the CLempN is considered as quite
reliable #;

» if several good quality studies (both experimental and/or N gradient) revealed N deposition
effects at a certain level /range, then the CLempN is considered as reliable ##.
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3 Effects of nitrogen deposition on marine habitats (EUNIS
class MA, formerly A)
Adapted by Roland Bobbink

-

Upper-mid salt marsh (MA223) on a Wadden Island in the Netherlands. Photo: Bas Van de Riet.

Summary

In this chapter empirical N critical loads (CLenpN) for Atlantic coastal salt marshes (MA223, MA224
and MA225) have been updated and revised, if necessary. Unfortunately, no experimental field
studies with application of nitrogen compounds with low enough N loads have become available in
the present revision period. However, the outcome of two N gradient studies of Atlantic salt
marshes (MA223 and MA224) indicated that the CLempN of these two salt marsh types should be
lowered to 10-20 kg N ha1 yr-1 (expert judgement). Finally, it has been concluded that long-term N
addition studies with low doses of N application are highly needed in these typical intertidal
communities of high conservation value. In addition, no data are presently available for
ecologically important Mediterranean salt marshes (MAZ25).
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3.1 Introduction

Marine habitats, categorised in the European Nature Information System (EUNIS) under class
MA, are distinguished from other ecosystems by their direct connection to the sea. Most of these
systems are either not covered with vascular plants or fully aquatic, and therefore out of the
scope of this background document on the effects of atmospheric N deposition and empirical
critical loads. However, coastal salt marshes around and above the high (spring) tide in tidal
regions are included in marine habitats (Class MA) and therefore treated in this chapter. Since
the 2011 update, hardly any new evidence has become available for this EUNIS class, thus, the
content of this chapter is more or less identical to that of 2011 (Bobbink and Hettelingh, 2011),
except for a few corrections and the outcome of two additional “gradient” studies for salt
marshes. No N addition studies with low enough N loads have been published in the present
update and revision period.

3.2 Atlantic coastal salt marshes and saline reed beds (MA22)

Salt marshes develop where fine sediments accumulate along sheltered coastlines. They are
often associated with estuaries, but also frequently occur in areas where the coastline is
protected by islands and sandbars. They are typically intertidal, i.e. located in areas that lie
between lowest and highest tide and are periodically covered with salty water. The dominant
plants are rooted macrophytes and shrubs which are adapted to the environmental stresses
associated with sea water inundation (Archibold, 1995). They are characterised by an open
nutrient cycle, receiving large amounts of nutrients from surface water, and exporting similarly
large amounts of nutrients through surface water and denitrification (for N). This has led to the
conclusion, in accordance with Morris (1991), that these systems are not vulnerable to the
effects of increased atmospheric N deposition, at least not at most current deposition rates.

However, it is generally accepted that salt-marsh vegetation is primarily N limited (Mitsch and
Gosselink, 2000) and N limitation has been demonstrated, for example, in European salt
marshes at the Dutch island of Schiermonnikoog (Kiehl et al, 1997) and in Norfolk, in the United
Kingdom (Jefferies and Perkins, 1977). During salt-marsh succession, N accumulates in organic
material, and N mineralisation increases as marshes age, as shown by Olff et al. (1993) and Van
Wijnen et al. (1999). This accumulation of N is considered as a major driving force behind
succession, as competition for nutrients is replaced by competition for light.

Van Wijnen and Bakker (1999) added 50 kg N ha-! yr-1 for three years to a 15-year-old salt
marsh (EUNIS category MA224 - Atlantic mid-low salt marshes) and a 100-year-old salt marsh
(EUNIS category MA223 - upper-mid salt marshes) in the Netherlands (background deposition
15-20 kg N ha-1 yr-1). Biomass increased significantly after N application from the first growing
season in the young salt marsh, and it continued to be higher during all three years of this
treatment than in the control treatment (Figure 3.1). In the older salt marsh, however, the
addition of 50 kg N ha-1 yr-1 had no significant effect on biomass, although the response to a
much higher N application (250 kg N ha-! yr-1) showed that the vegetation was at least partly N
limited (Van Wijnen and Bakker, 1999). Fertilisation increased biomass of late-successional
species and decreased the floristic differences between the young and old marshes. However,
these species-composition responses were measured only in the combined high N (250 kg N ha-1
yr-1) and high P treatments, compared with the control situation. Thus, the effect of N on species
composition could not be separated from the effect of adding P. However, as the effects of added
P on biomass were either non-significant or quite small compared to the effects of N, there is a
clear indication that increased N availability does increase the rate of succession. The
successional age of these salt marshes is an important determinant of their quality as staging
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areas for Brent and Barnacle geese (Branta bernicla and Branta leucopsis, respectively) (Bakker,
1985). The increases in N deposition might decrease the surface area of early successional
vegetation on the marsh and thereby the foraging area that is suitable for these migratory birds.
Salt marsh areas that are also particularly important for migratory birds are those located in the
southernmost part of Europe (e.g. Dofiana National Park and Bay of Cadiz in Spain). However,
there are to date no available studies that have evaluated the effects of increased N deposition
on Mediterranean-type salt marshes (MA25).

Figure 3.1. Above-ground biomass of young salt marsh vegetation (MA224) in the Netherlands,
after a 1-year addition of differential nutrients; lower case n =50 kg N ha yr?,

capital N = 250 kg N ha yr?, lower case p = 20 kg P ha yr?, capital P = 100 kg P ha™
-1
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During primary succession N accumulates in organic material in the soil and is one of the main
driving forces of succession. Increased N deposition will accelerate this natural process, but,
because it does not affect the sediment accretion rate of salt marshes, this will result in a net loss
of salt marshes of a low successional age (EUNIS categories MA225 and MA224). Information
from long-term monitoring (25 years) of vegetation on one Dutch island with an estimated total
N deposition of 15 to 20 kg ha-1 yr-1 showed a trend towards more eutrophic vegetation, both in
grazed and ungrazed mid-successional salt marshes (Dijkema et al., 2005). This study was based
primarily on mid-successional salt marshes (MA223); in early successional salt marshes the
trend was less pronounced, partly because of the very low number of species. This has been
considered as an indication for a CLempN of 15-20 hal yr-1 in the previous update and revision.

Recently, changes in species composition - with positive indicator species - along a nitrogen
deposition gradient has been studied in Ireland (Aherne et al.,, 2020). Vegetation data (relevés)
of Irish salt marshes (EUNIS code MA22x) were obtained from the Irish National Parks &
Wildlife Service (Salt Marsh Monitoring Program [SMMP]). Unfortunately, no differentiation
could be made in the analysis between the different salt marsh types in this data set, but the
proposed habitat maps suggest that the relevés predominantly (68%) represented MA223 and
MA224. The TITAN (Threshold Indicator Taxa Analysis) model has been used to detect changes
in plant species distributions (e.g. plant species abundance) along an environmental gradient,
such as N deposition; the location along the gradient where the greatest change occurs is called
the ‘change point’ (Baker and King, 2010). Evidence for community thresholds is suggested by a
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convergence (or synchrony) of individual species change points along the environmental
gradient. TITAN produces two change points: one represents the species that significantly
decrease in abundance along the environmental gradient (z-), and the other represents the
species that significantly increase along the environmental gradient (z+). This study focused on
changes in positive indicator species of the salt marshes (Aherne et al, 2020). 65 plant species
were present in the Irish salt marshes dataset (EUNIS code MA22x), with 11 of the 15 species
with a z- change point were positive indicator species, and the z- community change point was
7.8 kg N ha-1 yr-1. The authors suggested a new range for Atlantic salt marshes of 5-10 kg N ha-!
yr-1,well below the previously set up CLempN range (20-30 kg N ha-t yr-1).

Furthermore, dose-response relations for 60 Annex 1 habitat types and N deposition based on
the responses of individual plant species were estimated (Wamelink et al., 2021). The deposition
was linked to the plant species present in over 400,000 vegetation relevés of the European
Vegetation Archive (EVA) database (http://euroveg.org/eva-database). In this study relevés
from 14 countries, from Portugal to Finland, and from Ireland to Austria were used. The total N
deposition (EMEP) at the site was calculated as the average deposition of the previous five years.
A response curve for N deposition was estimated for each species. From this spline function, the
percentiles were used to estimate the response of a habitat type to N deposition. The percentiles
and the occurrence of positive indicator species of a habitat type were added together - after
normalisation - and subsequently a mean response curve per habitat was estimated (Wamelink
etal,, 2021). This approach did not reveal a “change range” for pioneer salt marshes dominated
by Salicornia spp. (MA225), but for mid-low salt marshes (MA224) and upper-mid salt marshes
(MA223) a “change range” of 15-20 kg N ha-1 yr-twas observed (Figure 3.2). Thus, the results of
this study also indicate a lower CLempN, especially for the two just-mentioned salt marshes.

Figure 3.2. Normalised presence (Y-axis) of all indicator species (grey lines) and the mean of
the positive indicator species (black line) for the upper-mid salt marsh (MA225)
against total N deposition (kg N ha yr?). Grey area is the CLemN range in 2011,
striped vertical line the CL.mpN according to the Dutch modelling approach.
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Based on the previous expert judgement and the new evidence from the two “gradient studies”,
a new critical load range of 10 to 20 kg N ha-! yr-1is recommended for mid-low and upper-mid
salt marsh systems (MA224 and MA223; Table 3.1). The lower limit of 10 is the mean of 5
(Aherne et al,, 2020) and 15 (Wamelink et al., 2021). The upper limit represents the maximum
value proposed by Wamelink et al. (2021). For pioneer salt marshes (MA225) the range of the
CLempN has not been revised. However, field experiments with lower N additions over a longer
period of time and/or additional gradients studies to improve the reliability for these
adaptations are urgently needed, particularly in southern European latitudes that harbour areas
of extremely high importance for migratory birds.

Table 3.1. CLempN and effects of exceedances on marine habitats (MA). ## reliable, # quite
reliable and (#) expert judgement. Changes with respect to 2011 are indicated as
values in bold.

Ecosystem type EUNIS | 2011 2011 2022 2022 Indication of exceedance
code kg N reliability | kg N reliability
halyr? halyr?
Atlantic upper-mid MA223 | 20-30 (#) 10-20 (#) Increase in dominance of
salt marshes graminoids; decline positive

indicator species

Atlantic mid-low salt | MA224 | 20-30 (#) 10-20 (#) Increase in late successional
marshes species; decline positive
indicator species

Atlantic pioneer salt | MA225 | 20-30 (#) 20-30 (#) Increase in late successional
marshes species; increase in
productivity species

3.3 References

Aherne, J., Wilkins, C. and Cathcart, H. (2020). Nitrogen-sulphur critical loads: assessment of the impacts of air
pollution on habitats (2016-CCRP-MS.43). EPA research report, Wexford, Ireland.

Archibold, O.W. (1995). Ecology of world vegetation. Chapman & Hall, London.

Baker, M.E. and King, R.S. (2010). A new method for detecting and interpreting biodiversity and ecological
community thresholds. Methods in Ecology and Evolution 1, 25-37.

Bakker, J.P. (1985). The impact of grazing on plant communities, plant populations and soil conditions on salt
marches. Vegetatio 62, 391-398.

Bobbink, R. and Hettelingh, J.P. (2011). Review and revision of empirical critical loads and dose-response
relationships. Coordination Centre for Effects, National Institute for Public Health and the Environment (RIVM),
RIVM report 680359002/2011 (244 pp).

Dijkema, K.S., Van Duin, W.E. and Van Dobben, H.F. (2005). Kweldervegetatie op Ameland: effecten van
veranderingen in de maaiveldhoogte van Nieuwlandsrijd en De Hon. In: Begeleidingscommissie Monitoring
Bodemdaling Ameland, Monitoring effecten van bodemdaling op Ameland-Oost: evaluatie na 18 jaar
gaswinning.

Jefferies, R.L. and Perkins, N. (1977). The effects on the vegetation of the additions of inorganic nutrients to salt
march soils at Stiffkey, Norfolk. Journal of Ecology 65, 867-882.

Kiehl, K., Esselink, P. and Bakker, J.P. (1997). Nutrient limitation and plant species composition in temperate
salt marches. Oecologia 111, 325-330.

77



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

Mitsch, W.J. and Gosselink, J.P. (2000). Wetlands, 3rd edition. Wiley, New York.

Morris, J.T. (1991). Effects of nitrogen loading on wetland ecosystems with particular reference to atmospheric
deposition. Annual Review of Ecology and Systematics 22, 257-279.

OIff, H., Huisman, J., and Van Tooren, B.F. (1993). Species dynamics and nutrient accumulation during early
primary succession in coastal sand dunes. Journal of Ecology 81, 693-706.

Van Wijnen, H.J. and Bakker, J.P. (1999). Nitrogen and phosphorus limitation in a coastal barrier salt marsh: the
implications for vegetation succession. Journal of Ecology 87, 265-272.

Van Wijnen, H.J., Van der Wal, R. and Bakker, J.P. (1999). The impact of herbivores on nitrogen mineralization
rate: consequences for salt-marsh succession. Oecologia 118, 225-231.

Wamelink, G.W.W., Goedhart, P.W., Roelofsen, H.D., Bobbink, R., Posch, M., Van Dobben, H.F. and Data
providers (2021). Relations between the amount of nitrogen deposition and habitat quality. Wageningen,
Wageningen Environmental Research Rapport 3089; ISSN 1566-7197.

78



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

4 Effects of nitrogen deposition on coastal habitats (EUNIS
class N, formerly B)

Adapted by Laurence Jones, Emiel Brouwer and Eva Remke

Coastal landscape, Terschelling (The Netherlands). Photo: Eva Remke.

Summary

In this chapter empirical N critical loads (CLempN) for coastal habitats have been updated and
revised where necessary. Since the last CLenpN update in 2011, a number of experimental and
gradient studies have been published for coastal dunes and sandy shores (N1). Based on nhew
evidence, the CLenpN ranges were confirmed or narrowed down to a lower level. For shifting coastal
dunes (N13, N14), the CLempN range of 10 to 20 kg N ha-lyr-1was confirmed. However, it should be
kept in mind that the mechanisms of N impact may differ in temperate Europe compared with the
Mediterranean. Compared to the last review in 2011, it is proposed to decrease the CLempN range
for coastal dune grasslands (N15), coastal dune heaths (N18, N19) and moist to wet dune slacks
(N1H). For these subcategories, the evidence status should be increased to reliable (dune
grasslands) or quite reliable (dune heaths, dune slacks).

New in this chapter, compared to the last update by Bobbink and Hettelingh (2011), is the inclusion
of the EUNIS class dune slack-pools which belong to the freshwater aquatic communities of
permanent Atlantic and Baltic (N1H1) or Mediterranean and Black Sea (N1j1) dune-slack water
bodies (Chytry et al, 2020). Due to relatively little new evidence for this habitat the CLempN range
did not change.

Beside this good evidence for coastal dunes and sandy shores (N1), there remain major knowledge
gaps for coastal shingle (N2) and rock cliffs, ledges and shores, including the supralittoral (N3), for
which CL.mpN could not be established due to a lack of evidence.
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4.1 Introduction

This chapter presents an evaluation of the impacts of atmospheric nitrogen (N) deposition on
coastal habitats (class N, formerly B) of the European Nature Information System (EUNIS), with
respect to the setting of empirical critical loads of N (CLempN). Coastal habitats are defined as
situated above the high spring tide limit (or above mean water level in non-tidal waters) with
coastal features and characterised by their proximity to the sea. They include coastal dunes (dry
grasslands, wet to moist dune slacks, dune-slack pools, scrub and wooded dunes), beaches and
cliffs (Davies et al., 2004 ). Dune-slack pools in the EUNIS system were classified under
permanent oligotrophic waters in Bobbink and Hettelingh (2011). However, due to their coastal
location, this habitat is now incorporated within the coastal sand dunes chapter for the purposes
of CLempN evaluation.

The first subdivision within class N in EUNIS is based on underlying substrates, that is, sand,
shingle or rock, but data to support proposals for CLempN are only available for sand substrates
(N1; coastal dune and sandy shores). The following chapter integrates information from the last
review of CLempN (Bobbink and Hettelingh, 2011) with information published since the last
review to evaluate the total evidence base and determine whether to retain or revise the CLempN
values. In this background document, separate critical load values for N deposition are evaluated
and reviewed for major habitats within the EUNIS category N1. There remain major knowledge
gaps on the effects of atmospheric N on the other coastal habitats, including coastal shingle (N2)
and rock cliffs, ledges and shores, including the supralittoral (N3).

4.2 Coastal dunes and sandy shores (N1)

Dune ecosystems in the coastal areas of Europe retain a large part of their original plant and
animal life, and are thus a major reservoir of European biodiversity, especially for lowland
species adapted to calcareous substrates which have been lost elsewhere due to agricultural
expansion. They are found on sandy, nutrient-poor soils, and considered to be sensitive to the
impacts of both eutrophication and acidification (e.g. Ellenberg, 1988a; Wellburn, 1988; De Vries
et al,, 1994). With respect to the setting of CLempN in coastal dune and sand habitats, evidence
exists only for some EUNIS categories, namely those of shifting coastal dune (N13 and N14),
coastal dune grassland (grey dune) (N15), coastal dune heaths (N18 and N19), Atlantic and
Baltic moist and wet dune slack (N1H), and dune slack pools (N1H1, N1J1).

4.2.1 Shifting coastal dunes (N13, N14)

Shifting coastal dunes are coastal, mobile sand habitats of the boreal, nemoral, steppe,
Mediterranean and warm-temperate humid zones of Europe. They include embryonic shifting
dunes at the beach and shifting dunes along the shoreline with Ammophila arenaria (‘white
dunes’). There is only little evidence available on this EUNIS category. This includes two
experimental studies: one from Iceland with rather high N addition rates but low ambient
deposition (Greipsson and Davy, 1997) and evidence from a new study in Italy with low
additions and also low ambient deposition (Menicagli et al., 2020). The other evidence comes
from a gradient study in the UK (Jones et al., 2004). There are other, non-European studies on
shifting dunes, but the studies are carried out at relatively high ambient N deposition (15 kg N
ha-1 yr-1) and with high experimental additions of three to nine times ambient N deposition (Bird
and Choi, 2017). For these reasons, their results are not included in this review.

In the Iceland study (Greipsson and Davy, 1997), the effects of N addition over a two-year period
were reported for coastal dunes (probably Atlantic and Baltic shifting coastal dune EUNIS N13)
in a region with very low atmospheric N deposition. The number of flowering spikes and total
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seed weight of the tall dune grass Leymus arenarius strongly increased within the first year of
application of either 50 or 100 kg N ha-L. This study is not ideal as nitrogen fertiliser has been
applied only once (in June) and in high doses, but as there are only limited studies available for
this habitat type it has been included in this review.

The Italian study consisted of a one-year field experiment in Mediterranean, Macaronesian and
Black Sea shifting coastal dunes (N14) on the Tuscan sandy coast (Menicagli et al., 2020). The
study examined the individual and combined effects of N deposition (current and predicted in
the Mediterranean for 2050), macro-plastic and biotic condition on the performance of
vegetative propagules of dune plants. Two clonal grass species typical for the Mediterranean
embryonic dunes were chosen: Thinopyrum junceum (L.) A. Love (previously known as a Elymus
farctus or sand couch), a typical dune-building and endemic species, and Sporobolus pumilus
(Roth) P.M. Peterson and Saarela (previously Spartina patens), a generalist species not involved
in the dune formation process and probably introduced from North America. Background wet N
deposition rate along the Tuscan coast ranged from 4.7 to 5 kg N ha-1yr-1(Marchetto et al,,
2014). As a necessary simplification to estimate total N deposition, dry deposition has been
assumed to be broadly equivalent to wet deposition (this is typical of seasonally dry
Mediterranean environments), giving a background load of approximately 10 kg N ha-1yr-1. In
experimental plots an amount of 5.2 kg N ha-1yr-1was added, which would give a total N input of
~15 kg N ha-tyr1, which is in the range of the atmospheric N inputs predicted in the
Mediterranean for 2050 (10-15 kg ha-1yr-1, Phoenix et al.,, 2006). Nitrogen additions were
applied in four doses per year (liquid solution of NH4sNO3). After one year, T. junceum plants had
a significantly lower root biomass with added N; shoot biomass and establishment probability
was slightly lower, though not significantly due to low replicate numbers. S. pumilus showed no
changes to N addition alone, but it did so in interaction with added bio-degradable plastic where
N and plastic together were found to increase root growth. This study indicates that elevated N
could hinder growth of the dune-building function of the endemic species T. junceum.

Supporting evidence for the effects of N deposition is also available in the form of a targeted
gradient study in the United Kingdom (Jones et al.,, 2002, 2004). Eleven sand dune sites were
surveyed with a range of atmospheric N inputs from 10 to 30 kg N ha-! yr-1. The relationship
between site parameters and N deposition was examined using linear regression. Each
parameter was also checked for significant soil pH effects. Where significant relationships with
pH occurred, pH was included as the first term of the regression to separate these effects from
those of atmospheric N, with the assumption that these represented existing underlying
gradients in sand parent material rather than effects of acidification due to atmospheric
deposition in generally well-buffered systems. Above-ground biomass (p < 0.05) and sward
height (p < 0.10) related positively to N inputs (Figure 4.1). Consequently, there was also a
positive correlation between N deposition and the pool of N in the vegetation. The increase in
biomass was largely caused by the increased height and cover of the typical grass species
Ammophila arenaria. In general, the observed effects start to become apparent above 10 kg N ha-
Lyr1 if there are no other modifying factors. The authors suggested that, in the long term, this
increase in biomass may also lead to enhanced organic matter accumulation and thus
accelerated soil development and increased succession rates. This agrees with the evidence
provided by Jones et al. (2008), where accelerated dune soil development was positively
correlated with both N deposition and temperature. The longer-term consequences of increased
grass height and vigour in shifting dunes are likely to be a decrease in the area of bare sand
which are important for many rare invertebrate and other species (Howe et al., 2010), and
reduced natural dynamics which is important for a healthy dune system (Jones et al., 2021). As
with all gradient studies, this survey indicates an association and not causality, but on the basis
of these results it appears likely that the sites with the higher N inputs have been impacted.
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Figure 4.1. Above ground biomass (g m?) in relation to N deposition in a UK survey of mobile
and semi-fixed dunes. Filled diamonds represent calcareous sites, open squares
represent acidic sites. Bars show * 1 SE.
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Summary for shifting coastal dunes (N13, N14)

The 2011 CLempN range was 10-20 kg ha-t yr1 (expert judgement). Taken together, the British
gradient study and the new experimental evidence from the Mediterranean region support a
negative impact on shifting coastal dunes from 10 kg N ha-1 yr-1 upwards. However, the
mechanisms of N impact may differ in temperate Europe compared with the Mediterranean. In
the drier Mediterranean there may be interactions with drought stress since N reduces root
biomass of dune building species common in embryonic dunes, while in temperate dunes N
generally led to increased total cover or biomass of the dominant grasses. Despite differences in
potential mechanisms acting in the Mediterranean compared with temperate Europe, the
evidence for embryonic dunes suggests retaining the CLempN range for shifting coastal dunes of
10-20 kg ha-1 yr-1 but increasing the evidence status to quite reliable. Further experimental work
is required to improve the evidence base for this habitat, and also to better understand the
mechanisms of impact across different European climatic regions.

4.2.2 Coastal dune grassland (grey dune) (N15)

Alarge number of stable dune grasslands are located along the coasts of Europe, from the boreal
to the Mediterranean and warm-temperate zones. They are found in fixed dunes, usually with
herbs and graminoids as the dominant life form, although in certain areas in the northern and
western systems, bryophytes make up a substantial component of the biomass - up to 70 %,
particularly where grazed (e.g. Plassmann et al,, 2009). In early Corynephorus stages in drier
dunes, mosses and lichens may dominate, both in abundance and in species richness. They occur
in dune habitats which are mostly out of reach of the water table (typically Mean Spring water
Level values deeper than 85 cm) and occur on calcareous to acidic sandy soils, thus from high to
low base status (e.g. Davies et al, 2004). In general, these stable dune grasslands have a high
species diversity and many characteristic plant and animal species.
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Synthesis of observed effects in dune grasslands

In many Dutch dry dune grasslands, tall grasses have increased since the 1970s, a period with
relatively high N loading (20-30 kg N ha-! yr-1) and sulphur (S) deposition. The dominant tall
grass species are mainly Calamagrostis epigejos, Elymus repens and Elymus athericus (Kooijman
and De Haan, 1995; Remke, 2010). In more acidic or decalcified (i.e. partially acidified) dunes,
Ammophila arenaria and Carex arenaria are usually the dominant species. Because of reduced
light penetration through the tall grass canopies formed by these species, the development of
several prostrate species has been reduced and management is now necessary to maintain the
diversity of these systems. In the past, tall graminoids were usually not dominant on these low
nutrient sandy dune soils in the Netherlands. A survey in the 1990s of dry dune grasslands along
the Dutch coast revealed that non-calcareous, iron-poor dry dune ecosystems were N limited,
but that in calcareous, iron-rich dunes there was co-limitation of N and phosphorus (P)
(Kooijman et al,, 1998; Kooijman and Besse, 2002). Kooijman et al. (1998) concluded that
atmospheric N deposition may cause tall grass dominance encroachment in non-calcareous
dunes, but probably only accelerates the process in calcareous dune grasslands. Yet, a strong,
negative correlation between the percentage of open dunes and total N deposition, especially
above 15 kg N ha'! yr-1, has been seen in both Dutch dune regions (Van Hinsberg and Van der
Hoek, 2003). The hypothesis that the present dominance of tall grasses and increased rate of
succession in the Netherlands might be a result of increased atmospheric N deposition is also
supported by the fact that in many coastal areas of Britain, receiving relatively lower N
deposition loads (approximately 10 kg N ha-! yr-1), stable dune grasslands are still rich in species
(Jones et al, 2002; Field et al., 2014; Jones et al., 2018). N deposition is recognised as a major,
although not the only, factor altering dune vegetation since approximately the 1960s. Other
factors include reduction in traditional grazing, climate change and reductions in rabbit
populations (Provoost et al., 2011). All of these factors, in combination with increased N
deposition, tend to drive vegetation change in the same direction.

The principal new sources of evidence to add to the previous assessment come from Rowe et al.
(2011), Hall etal. (2011), Jones et al. (2013), Field et al. (2014), Ford et al. (2016), Pakeman et al.
(2016), Aherne et al. (2021) and Payne et al. (2020).

Evidence from short-term, high dose, N-manipulation experiments

The effects of nutrients in dry dune grasslands on sandy soils (calcium carbonate 1%) were
experimentally studied at Braunton Burrows (Devon, UK) by Willis (1963). Nutrients were
applied during a two-year period and complete NPK fertilisation strongly stimulated the growth
of grasses, such as Festuca rubra, Poa pratensis and Agrostis stolonifera, which significantly
reduced the abundance of many small plants, such as prostrate phanerogamic species, mosses
and lichens. The impacts of different combinations of N, P and potassium (K) were also
investigated and N (> 100 kg N ha-! yr-1) proved to be more limiting for plant growth than P.
Although the changes in vegetation were clearly less profound than after complete fertilisation,
reduction in species numbers (especially annual species, lichens and mosses) was observed
under N addition (Willis, 1963). Boorman and Fuller (1982) examined the effects of nutrient
additions on species composition of rabbit grazed dune grassland in Norfolk (UK) over a five-
year period. They added 80 kg N ha-! yr-1 as (NH4)2SO4 and NaNOj3 in five replicates in April, June
and September of each year. The grazing prevented F. rubra from becoming dominant, but
several species (especially annuals, mosses and lichens) declined, while two species (Carex
arenaria and Calystegia soldanella) increased under all treatments containing N (80 kg N ha-! yr-
1. In this study, no evidence was found for reduced diversity in plots that had received P and K
additions. In a one-year experiment with additions of N (20, 40, 80 and 160 kg N ha-1 yr-1;
atmosphericload 15 kg N ha-1 yr-1) or P, the above-ground biomass of a stable dune grassland at
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the Dutch Wadden island of Schiermonnikoog proved to be strongly N limited; plant biomass
significantly increased above additions of 40 kg N ha-1 yr-1 in this 30-year-old stable dune
grassland (Olff et al, 1993). In summary, these short-term experiments clearly indicate the
importance of N limitation in several stable dune grasslands, but the high N doses applied
prevent a reliable determination of CLempN. Moreover, in some cases, co-limitation with P has
been observed, or rabbit grazing may have prevented the dominance of tall grasses, suggesting
the importance of these two drivers as modulators of the response of these ecosystems to
increased N deposition.

Evidence from longer-term, low dose, N-manipulation experiments

Two low-dose N addition experiments have been carried out in stable dune grasslands, one in
the Netherlands, and one in the UK, with the specific objective to examine the effects of N
deposition. In the Dutch N addition experiment, the effects of N additions and the interaction
with rabbit grazing were investigated in a factorial design in two coastal stable dune grasslands,
one calcareous and one partly decalcified, by Ten Harkel and Van der Meulen (1995) and Ten
Harkel et al. (1998). After four years of N additions twice a year (25 kg N ha-1 yr-1 in the form of
ammonium nitrate pellets; background deposition approximately 23 kg N ha-! yr-1) no
significant changes were found in species composition, neither in the grazed nor the ungrazed
situation. Exclusion of grazing by rabbits and horses, through the use of enclosures, resulted in
graminoid dominance (Festuca rubra, Festuca ovina and Poa pratensis), especially where N
additions were made, which suggested that grazing may prevent grass dominance in stable dune
grasslands (Ten Harkel and Van der Meulen, 1995). Because of the high, direct leaching losses
resulting from the added fertiliser pellets used in the first phase of the experiment, for the last
year and a half of the experiment the treatment was changed to a fortnightly solute addition by
watering of 50 kg N ha1 yr-1 as ammonium sulphate (Ten Harkel et al, 1998). In the last year and
a half, even in the no added-nitrogen controls in the ungrazed exclosures, the data suggest that
there was leaching of 36% of N inputs from background deposition in the foredune plots and
13% of N inputs in the older decalcified plots, suggesting a degree of N saturation already at
background deposition of 23 kg N ha-1 yr-! (Ten Harkel et al,, 1998). From this experiment in
stable dune grasslands, experimental N enrichment had no effect on species composition after
four years of increased N addition. This may have been related to a shift towards P limitation
after the long period of high atmospheric N inputs in the Netherlands, during which time some
botanical changes may already have occurred, and the relatively high rabbit grazing pressure in
that period which may enhance nutrient co-limitation. However, the high N leaching from the
control unfertilised vegetation is also a strong indication of N saturation of these dune
grasslands, probably because of the high N deposition rates (> 20 kg N ha! yr-1) over several
decades, but also because the young dune soils have a thin top layer with relatively low organic
matter content, lack clay particles, and therefore have fewer exchange sites with which to bind
ammonium ions.

In the N addition experiment in the UK, the effects of low levels of N additions (and P) were
studied on the Isle of Anglesey under relatively low background deposition (10-12 kg N ha-1 yr-1)
in a calcareous, heavily grazed fixed dune grassland (Plassmann et al,, 2009). The experiment
also looked at the impacts of grazing management in combination with N. Four N treatments
(unwatered control, watered control, 7.5 kg N ha-1 yr-1, 15 kg N ha-1 yr-1, on top of the
background N deposition) were nested within three grazing treatments. In a separate treatment,
effects of fertilisation with both N (15 kg ha-1 yr-1) and P (15 kg ha-! yr-1) on top of background N
were investigated. After two years, N addition resulted in significantly greater amounts of total
above-ground biomass and bryophyte biomass, under both low and high N treatment, compared
to the control situation. In bryophytes, the tissue N concentration was significantly greater
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under high N treatment (15 kg N ha-! yr-1), whereas the total N pool in the bryophytes was
significantly greater under both N addition treatments. No effects on vegetation composition,
sward height or soil parameters occurred within the two-year research period. Furthermore,
combined addition of N and P together had a greater impact on above-ground biomass, sward
heights and sward structure than N addition alone. Demonstrating similarities with the Dutch
experiment, further work at the site after six years of nutrient additions, on N and P
mineralisation suggests the site is N and P co-limited, and that there were no longer differences
in moss biomass due to elevated N, unless P was also added (Ford et al.,, 2016). Leaching
calculations at this site show that the majority of deposited N is retained within the soil-plant
system (Hall et al., 2011). A maximum of 6 % of inputs was leached at the highest N load in the
fully grazed treatments (combined experimental and background load of 27 kg ha-t yr-1) in the
form of inorganic N (or up to 18%) if dissolved organic N compounds were included in the
calculations (Figure 4.2). Dynamic modelling of various scenarios of increased N deposition from
a nearby poultry unit suggests that the accumulated soil N will eventually trigger changes in
botanical composition over longer time scales at additions above current background levels of
~11 kg N ha-t yr-1 (Rowe et al.,, 2011). These experimental and modelling results suggest that N
and P co-limitation may prevent species composition changes in the short-term in dune
grasslands, but that N still accumulates in the soil and plant system, and is likely to eventually
cause species change at additions above ~11 kg N ha-1 yr-1.

Figure 4.2. Leaching fluxes of inorganic and organic N with N additions (kg N ha yr?) above a
background of 10-12 kg N ha yr! under two grazing regimes on a partially de-
calcified calcareous fixed dune grassland at Newborough Warren, North Wales, UK.
(DON = dissolved organic nitrogen).
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Evidence from mesocosm studies

The effects of N loads have also been studied in a series of mesocosm studies in the Netherlands
and the UK. The effects of elevated N loads in a situation of low background deposition (< 5 kg N
ha-1 yr-1) have been studied during two to three years, in recreated dry dune calcareous
grassland mesocosms in a greenhouse (1 x 1 m in size) (Tomassen et al, 1999; Van den Berg et
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al, 2005). After a pre-treatment period of two months with clean rainwater that removed the
excess of nitrate from the soil, N was added twice a week in the form of ammonium nitrate (1, 5,
10, 15, 20, 40, 60 and 80 kg N ha'1 yr-1). The effects on soil-pore water chemistry and on two
characteristic graminoid species (Calamagrostis epigejos and Carex arenaria) and two
endangered herb species were monitored. Within one year of N additions, a clear difference was
found in the amount of green algae (Chlorophyta) growing on the surface of the sand. The
amounts of green algae increased under the treatments of between 10 and 20 kg N ha'1 yr-1, but
the difference with the two lowest treatments was especially distinct above 20 kg N ha-! yr-1
(Figure 4.3). The strong increase in algae on the soil layer due to N deposition may have
important implications as the algae prevent sand drifts that are caused by wind action. Such
‘blowouts’ are important for renewed vegetation succession, and biodiversity will decrease
when young successional stages decline. Concentrations of nitrate in soil-pore water showed a
strong seasonal fluctuation. During the first winter period an increase in nitrate was measured
for the treatments > 40 kg N ha-1 yr-1. During spring, nitrate concentrations rapidly decreased.
During the second and third winter, an increase in nitrate could only be observed at the highest
N addition level. Ammonium concentrations remained consistently at a very low level (< 5 pmol
1-1) most likely due to fast nitrification.

Figure 4.3. Algal material, measured as active chlorophyll concentration (mg cm?; means +
standard error; n = 4), in the top layer of the soil at different N addition rates.
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Differences in plant growth were first observed after one year, and they became more obvious
after two to three years. The total cover of the vegetation increased with elevated N inputs. This
increase could almost completely be attributed to the growth of Calamagrostis epigejos. Biomass
of this tall grass species increased significantly, above 20 kg N ha-! yr-1 for shoots and above

15 kg N ha'1 yr-1 for roots (Figure 4.4). No clear effects of elevated N deposition rates on the two
herbaceous species Galium verum and Carlina vulgaris were measured over the initial two years,
however, in the third year, the number of individuals and dry weight of G. verum decreased
significantly above 20 kg N ha-1 yr-1 (Van den Berg et al, 2005). After two years of treatment, the
total amount of N stored in the vegetation was strongly elevated due to increased N deposition
(Tomassen et al, 1999).
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Figure 4.4. Above- and below-ground biomass (g m) of Calamagrostis epigejos and Carex
arenaria after two years of N application in coastal dune grassland (N15)
mesocosms. From left to right: 1, 10, 20, 40, 60 and 80 kg N ha* yr.
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A series of mesocosm experiments were conducted in the UK (Mohd-Said, 1999; Jones et al,,
2013), using a mix of seven dry dune grassland species including the following grasses and
forbs: Dactylis glomerata, Festuca rubra, Plantago lanceolata, Centaurea nigra, Achillea
millefolium, Leontodon hispidus and Galium verum. The species were planted in 4 litre, 20 cm
diameter pots filled with sand, containing two individuals of each species in random positions,
and exposed to N in three experiments: wet deposition, ammonia fumigation, and an in-situ
exposure along a field-gradient of ammonia concentration. The simulated wet N deposition rates
were an additional 2, 10, 20 and 55 kg ha-! yr-! on top of an estimated background of ~4 kg N ha-
1yr-1 At additions of 10 kg N ha-! yr-1 and over, the cover of the grass Festuca rubra increased,
while there was no significant change in the cover of other grass or herb species (Figure 4.5). A
separate experiment used the same species, exposed to different ammonia concentrations in
open-top chambers, with treatments ranging from 0.4 pg m-3 NH3 (equivalent to 2 kg N ha-t yr-1)
up to 35 pg m-3 (200 kg N ha-! yr-1). The background deposition in this experiment was not
measured, but it was estimated around 10-15 kg N ha-! yr-1. The total above-ground biomass
(Figure 4.5a) showed a significant increase above an ammonia concentration of 0.4 pg m-3
(equivalent to N addition of 2 kg N ha-! yr-! on top of background of at least 10 kg N ha-1 yr-1),
and again above ammonia concentration of 4.3 pg m-3 (equivalent to 24 kg N ha-! yr-! on top of
background).

When biomass was analysed by species (Figure 4.5b), both P. lanceolata and F. rubra showed
significant biomass increases above an ammonia concentration of 0.4 pg m-3, and D. glomerata
showed significant biomass increase above an ammonia concentration of 4.3 pg m-3. The other
species showed no significant effects of ammonia fumigation. However, all species showed
significant increases in tissue N concentration with each successive treatment, i.e. showing
luxury N accumulation, except D. glomerata which showed significant increases in tissue N at all
but the lowest ammonia treatment. The third experiment involved in situ exposure to elevated
ammonia concentrations in a field gradient study away from a poultry unit point source. Here,

87



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

total biomass (Figure 4.6a), and for individual species D. glomerata and P. lanceolata
(Figure 4.6b), increased between exposures of 8.3 and 11.1 kg N ha-! yr-L. Tissue N increased in
all seven species between N exposure of 11.1 and 40 kg N ha-1 yr-.

Figure 4.5. Above-ground biomass showing a) total biomass of all species and b) individual dry
dune grassland species after exposure to ammonia fumigation. Data from highest
ammonia treatment (35 pg m3) not shown. Differing letters denote significant
differences between treatments for each species (p < 0.05). Bars represent £ 1 s.e.
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As a general conclusion, all the mesocosm experiments showed a significant increase in species
cover that was often attributed to the response of a few dominant graminoid species, with the
three separate UK mesocosm experiments consistently showing effects on the mainly calcareous
species between total N loads of around 8 to 14 kg N ha-1 yr-1. In all experiments, higher loads led
either to dominance of graminoid species within a few years (Dutch experiment), or
considerably greater biomass, primarily of graminoid species, and increased tissue N
concentrations in most species with increasing N (UK experiments).
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Figure 4.6. Above-ground biomass of a) all species combined, and b) seven different dry dune
grassland species after exposure to a field-gradient of ammonia concentrations
away from a point source. Differing letters denote significant differences between
treatments for each species (p < 0.05). Bars represent £ 1 s.e.

14 - a

L)
S

12

=
=]
o

Biomass (g)

Site A Site C Site D Site E
(348) (40) (11) (8)
(N deposition, kg/ha/yr)

o
S
Lot

3.0
b .

25 O Dactylis
@ Plantago

2.0
B Festuca

1.5 B O Centurea

Biomass (g)

1.0 O Achillea

0.5 .ab O Leontodon

W Galium

0.0 T . & .
Site A Site C Site D Site E

(348) (40) (12) (8)
(N deposition, kg/ha/yr)

Source: Jones et al., 2013

Evidence from gradient studies

Additional field evidence on the effects of N deposition of dune grasslands is currently available
from a series of gradient studies. A targeted survey in the coastal dune areas across England and
Wales, in regions with much lower N deposition than in the Netherlands (Jones et al, 2004),
surveyed eleven coastal dune sites with atmospheric N deposition ranging from 10 to 30 kg N
ha-1 yr-L. In these stable dune grasslands, above-ground biomass was related positively to N
deposition, while species richness showed a weak negative relationship (Figure 4.7). In addition,
in these grasslands, a strong positive relationship was found between dissolved organic N in
groundwater and N deposition, which may be an indicator of high inorganic N inputs, or perhaps
increased mineralisation in response to N deposition. Furthermore, the cover of Carex arenaria
also related positively to N inputs. In general, the observed effects in this study started to
become apparent in the range 10 to 20 kg N ha'1 yr-1.
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Figure 4.7. Species richness (2 x 2 m) of vascular plants, bryophytes and lichens in relation to N
deposition in a UK survey of stable dune grasslands. Filled diamonds represent
calcareous sites, open squares represent acidic sites. Bars show + 1s.e.
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The impacts of atmospheric N deposition on dry lichen-rich dune grasslands (N151 - acidic to
slightly calcareous) around the Baltic Sea was also studied in a targeted survey by Remke et al.
(20094, 2009b) and Remke (2010). Coastal dunes around the Baltic Sea are rather pristine
ecosystems, to date receiving small amounts of atmospheric N. Across the 19 investigated dune
sites, atmospheric wet N deposition ranged between 3 to 8 kg N ha-! yr-1 (wet N deposition of
nearby EMEP certified weather stations). The dry deposition at these cleaner sites was
subsequently estimated to be at least 3 kg N ha- yr-1. The N content of the dominant lichen,
Cladonia portentosa, was demonstrated to be a suitable bio-indicator of N deposition at these
low to medium N deposition levels, with tissue N concentrations increasing above 5 kg N ha-1 yr-
1 wet N deposition. Comparison with EMEP deposition data showed that tissue N concentrations
in Cladonia portentosa also reflected the deposition history of the last three to six years.
Moreover, a shift from lichen-rich short grass vegetation towards species-poor vegetation
dominated by Carex arenaria also correlated with increasing wet N deposition loads. Plant
species richness, however, was not shown to correlate with these low to medium N deposition
loads (Remke et al, 2009a). Accelerated soil acidification, as well as increased growth of Carex
and accumulation of organic matter, was observed only in acidic grasslands with pHyac of the
parent material between 5.0 and 6.0. At sites with more calcareous parent material (pHwac 6-7),
these relationships with N deposition were not apparent. A trigger for grass encroachment
seems to be high acidification in early successional stages to below pHnaci 4.0. Metals such as
aluminium (Al) were more freely available and may inhibit more sensitive species. From the
acidic sites, N mineralisation was higher at those sites with higher N deposition, which may
further stimulate Carex. Carex-dominated dune grasslands are species-poor (Figure 4.8). The
number of foliose lichen species, forbs and grasses was lower in regions with wet deposition
above 5 kg N ha-1 yr-1, compared with ‘clean’ areas (2-5 kg N ha-! yr-1) at the investigated acidic
sites (Remke et al,, 2009Db). Including the estimated 3 kg N ha-1 yr-! in dry deposition, it is likely
that 5 kg N ha'! yr-1 wet deposition will correspond with approximately 8 kg N ha-t yr-1total
deposition.
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Figure 4.8. Picture of a Carex arenaria-dominated stable dune grassland in the Baltic (Korshage
DK).

Source: E. Remke

A further targeted gradient survey in the UK was carried out in 2009 in acidic/decalcified stable
dune grasslands (Field et al., 2014; data also re-analysed in Jones et al., 2018). The gradient
covered a range from 5.4 to 16.8 kg N ha-! yr-! total N deposition. This showed a decrease in
vegetation species richness almost from the lowest N deposition points along the gradient

(> 5 kg N ha-1 yr-1), with the most rapid change in species richness of the fitted curve occurring at
the cleanest sites (Figure 4.9). The number of bryophyte species was also lower above 5-10 kg N
ha-tyr1.

Figure 4.9 Species richness in acidic or decalcified dry dune grassland communities of UK. Line
shows fitted relationship, y = 98.351 - 20.4662 * In(x); R? = 33%, p = 0.003.
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A series of datasets including gradient surveys designed to detect impacts of N deposition, and
untargeted surveys were collated by Payne et al. (2020) for analysis of N impacts. They collected
36 vegetation datasets across multiple habitats, including dunes, to conduct a TITAN (Threshold
Indicator Taxa Analysis). In the final analysis, only five datasets were used as most did not pass
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initial screening stages, including the criterion that studies were only included when N
deposition (current annual or 30-year cumulative) explained significant variation in the
redundancy analysis with co-variates partialled out. Therefore, this represents a highly robust
analysis of N impacts from large datasets with co-variates explicitly accounted for. The analysis
used both annual deposition and 30-year cumulative deposition. Annual N deposition was
calculated with the Concentration Based Estimated Deposition (CBED) model for the UK,
cumulative N deposition for the past 30 years via the Fine Resolution Atmospheric Multi-
Pollutant Exchange (FRAME) model. Two dune habitats, fixed dune grasslands and dune slacks
(see Chapter 4.2.2 and 4.2.5), were analysed in this study. The analysis of fixed dune grasslands
used data from Scottish coastal dunes (Pakeman et al.,, 2016), covering mostly the very clean end
of the N deposition gradient, 2.7-11.8 kg N ha-! yr-1 total N deposition, and included mostly
calcareous dune habitats, but some acidic ones. In total, 39 species showed significant negative
change points (i.e. a defined point above which there was a significant decrease in the
abundance of that species) and 16 species showed a positive change point, analysed against
annual total N deposition. The overall community sum(-z) change point was determined as 5 kg
N ha-1 yr-! (Figure 4.10).

Figure 4.10.  Negative (black circles) and positive (white circles) change points for dry dune
grassland species. Vertical lines show overall community sum(z-) [solid line] and
sum(z+) [dotted line] change-points. Circles represent species showing high purity
and reliability negative (black circles) and positive (white circles) change points in
response to nitrogen deposition and bootstrap 5% and 95% quantiles.
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An entirely different dataset, this time from Ireland, also used TITAN analysis of dune habitats
(Aherne et al., 2021). Their analysis was conducted across a mixture of predominantly
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calcareous dry dune and dune slack habitats, although the species showing significant change
points were more commonly found in dry dune habitats (Trifolium repens, Plantago lanceolata,
Cerastium fontanum, Rhytidiadelphus squarrosus, Linum catharticum, Bellis perennis, Achillea
millefolium). Their estimated community change point was 6.2 kg N ha-1 yr-1.

Lastly, additional evidence comes from a re-survey of Scottish coastal vegetation over a 35-year
interval (1975-2010) (Pakeman et al,, 2016). The study looked at mobile dune grasslands, fixed
dune grasslands, and dune slacks, as well as other coastal vegetation types. This showed
increased fertility of fixed dune grasslands, from mean Ellenberg N score of 4.003 to 4.195 over
time, consistent with an increase in N deposition over that period (CBED model for N
deposition). In fixed dune habitats, the greatest increases in the Ellenberg N index occurred at
the more polluted end of the gradient at 4.1-5.9 kg N ha-! yr-1 total deposition. At this higher end,
the species richness declined with an average of 3.12 species per quadrat, although former S
deposition cannot be excluded as a confounding factor for the change in species richness. Based
on changes in overall vegetation composition and Ellenberg N indices, Pakeman et al. (2016)
suggested a CLempN of 4-6 kg N ha-1 yr-1for fixed dune grasslands.

Summary for coastal dune grasslands (grey dunes) (N15)

The 2011 CLempN range for coastal dune grassland (grey dune) (N15) was 8 to 15 kg N ha-1 yr-!
(quite reliable) (Bobbink and Hettelingh 2011). For this habitat, there is now strong evidence
from a wide range of studies including in situ N additions, experimental mesocosms under a
range of exposure methods, gradient studies and analysis of untargeted surveys. There is new
evidence, from multiple sources, of ecological changes in both calcareous and acidic dunes at the
lower end of this range. Based on this evidence we propose a reduction of the lower limit of the
CLempN range for coastal dune grasslands to 5 kg N ha-! yr-1. However, phosphorus limitation
may lead to fewer botanical responses in calcareous dunes compared with acidic or decalcified
dune sites. The higher end of the range is kept at 15 kg N ha-1 yr-! as there are calcareous rich
sites with P limitation where there are few botanical changes, but other receptors are still
affected, such as nitrate leaching. In summary, the revised CLempN range for coastal dune
grasslands is 5 to 15 kg N ha-1 yr-1, and the authors increase the evidence status to reliable.

4.2.3 Coastal dune heaths (N18 and N19)

Besides dry dune grasslands, heathland vegetation is also present in the coastal dunes in Europe
(Gimingham et al,, 1979; Ellenberg, 1988b). These natural coastal dune heaths are mostly
dominated by the typical dwarf shrub Empetrum nigrum, while Calluna vulgaris is less common.
Within EUNIS, there are now two categories of coastal heaths: Atlantic and Baltic coastal
Empetrum heath (N18) and Atlantic coastal Calluna and Ulex heath (N19), which are both
classified as a subcategory of coastal dune and sand habitats. There is one new study to add to
the previous assessment for dune heaths, Bahring et al. (2017).

Only two N manipulation experiments have been performed in coastal heaths, one in Denmark
within the Danish HEATH experiment (Riis-Nielsen, 1997; Nielsen et al,, 2000), located in a
coastal heath at Lodbjerg, and a new study at the island of Fehmarn, Germany (Bahring et al.,
2017).

The Danish coastal heathland, dominated by Empetrum nigrum and Ammophila arenaria, is
located in an area of approximately 250 to 300-year-old dunes on the coast of Jutland, with a
relatively low naturally occurring N deposition (13 kg N ha-1 yr-1) (Nielsen et al, 2000).
Ammonium nitrate (0, 15, 35 and 70 kg N ha-1 yr-! dissolved in demineralised water) has been
applied six times per year and was carried out over a period of two years. As a response to N
additions, vascular plant species increased in cover, whereas lichens and bryophytes showed a
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very slight but non-significant decrease over those two years (Riis-Nielsen, 1997). Hypnum
cupressiforme, a typical heathland moss, declined linearly with applications of N, whereas the
cover of Empetrum and Carex arenaria increased linearly. Thus, plant productivity in this coastal
heath system was obviously controlled by N. However, observed drought effects on Empetrum
showed no interaction with N inputs (Tybirk et al, 2000). The leaching of both nitrate and
ammonium was also quantified in this coastal Danish heath. In the control plots and those
receiving 15 kg N ha-t yr-1, virtually no N leached to the subsoil. However, with higher N
additions, especially 70 kg N ha-! yr-1, a considerable part of the N leached as nitrate from the B
horizon, accompanied by aluminium, leading to soil acidification (Nielsen et al, 2000).
Johansson (2000) found no effects of N additions on ericoid mycorrhizal infection of Calluna
vulgaris in this coastal heath experiment.

At the island of Fehmarn, in the Baltic Sea, an experiment has been conducted within dry heaths
on sand (EUNIS type S42; Bahring et al., 2017). Background deposition was 9 kg N ha-! yr-1based
on modelled data of Schaap et al. (2015). Six levels of N fertilisation (0, 2.5, 5,10, 20, and 50 kg N
ha-1 yr-1) were applied for three years in 12 doses during the growing season (May to October)
as dissolved NH4NO3 solution. The growth responses of different plant species of different life
forms (dwarf shrubs, graminoids, bryophytes, and lichens) as well as shifts in the C:N ratios of
plant tissue and humus horizons were quantified. The current year’s shoot increment of the
dominant dwarf shrub Calluna vulgaris was the most sensitive indicator of N fertilisation. Shoot
increment was significantly greater after additions of = 5 kg N ha-1 yr-1 (on top of background,
i.e. total load > 14 kg N ha-1 yr-1) already in the first year. Cladonia spp. tissue C:N ratios
decreased with N additions = 5 kg N ha-! yr-! in the second year of study. After three years, an
increase in the cover of graminoids and a corresponding decrease of cryptogams at N
fertilisation rates of 2 10 kg N ha-! yr-! were observed.

Summary for coastal dune heaths (N18 and N19)

The CLempN of coastal dune heathlands established in 2011 was 10-20 kg N ha-1 yr-! (expert
judgement). Since then, only one additional relevant study has been performed (Bahring et al.,
2017). The responses observed after only a few years at total N loads of = 14 kg N ha-1 yr-1 in this
well-designed study suggest it would be appropriate to lower the upper end of the range of the
CLempN to 15, giving a CLempN of 10 to 15 N ha-1 yr-1, and to increase the evidence status to quite
reliable. However, more long-term information from even cleaner environments and additional
evidence would be desirable to inform this CLempN.

4.2.4 Moist to wet dune slacks (N1H)

Atlantic and Baltic moist and wet dune slack (EUNIS N1H) of primary or secondary origin are
hot spots of plant diversity in the sandy dune regions of Europe. They are characterised by
typical graminoids (sedges, rushes and grasses), together with a high diversity of forb species
and bryophytes, including many rare basiphilous species. Groundwater level is usually at or
above soil level in winter, whereas in the growing season the groundwater level is considerably
lower in these dune slacks. A defining feature of these dune slack vegetation communities is that
they dry out in most years in summer, otherwise the vegetation tends towards mire or swamp
communities. Typical Mean Spring Level (as average depth from soil surface to the groundwater
in March, April and May) is less than 85 cm from the ground level, but varies by community
(Jones et al,, 2021), and can be near the ground surface for the wetter communities. Dune slacks
in nature reserves are often maintained though management, such as grazing, hay production
and harvest or sod cutting (e.g. Ellenberg, 1988b; Lammerts and Grootjans, 1997; Davies et al,,
2004). Because of their isolation in the landscape and their successional position, they mostly
receive nutrients via atmospheric inputs, but some sites are also affected by groundwater

94



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

nutrients (Rhymes et al., 2014). In addition, they are very sensitive to hydrological changes from
groundwater extraction.

The limitation of dune slack vegetation by nutrients has been the topic of several studies (e.g.
Willis, 1963; Olff et al, 1993) and reviewed by Lammerts and Grootjans (1997). Factorial
fertilisation experiments have shown that in almost all studied moist to wet, primary or
secondary dune slacks in the United Kingdom, the Netherlands and the United States, the above-
ground biomass production is limited by N availability. Primary P limitation was found only once
in a dune slack where sod cutting had been applied shortly before. Single N additions (above
100 N kg ha-t yr-1) have led to increased dominance of Carex and Juncus species, and of tall
grasses such as Agrostis stolonifera and Calamagrostis epigejos. In some studies, typical forb
species had declined in such situations (for an overview and references, see Lammerts and
Grootjans, 1997). Unfortunately, none of the studies have been carried out with low N additions
(<100 N kg ha-1yr-1; > 1 year), and thus they are not adequate for setting a CLempN. The
following new studies add to the previous assessment of CLempN for dune slacks: Rhymes et al.
(2014, 2015), Pakeman et al. (2016), and Payne et al. (2020).

A targeted field survey of eleven dune systems in the United Kingdom, with a calculated total N
deposition ranging from 6.9 to 29.4 kg N ha1 yr-1 (Jones et al,, 2004), showed no significant
relationship between atmospheric N deposition and either soil or bulk vegetation parameters in
dune slacks. This may, in large part, be due to the relatively small sample size and the absence of
wet dune slacks in two of the eleven sites. However, the cover of Carex arenaria and Hypochaeris
radicata related positively to total N deposition, suggesting a response in some vegetation
species of dune slacks to N enrichment at rather low loads. A second gradient study focusing on
rare dune slack species at 12 sites in the United Kingdom, in a total N deposition range of 4 to

20 kg N ha-t yr1, also showed no significant effects of N on species richness or soil parameters
such as total N content, or available N (Jones, 2007).

However, there is experimental evidence that N may cause major shifts in the germination
community of dune slacks. In a UK seedbank germination experiment, 15 kg N ha-1 yr-1 (in the
form of NH4NO3) was applied to soils from dune slacks with a site background deposition of
approximately 11 kg N ha-! yr-.. The emerging seedling community on N treated soil differed
strongly from communities on untreated dune slack soil. Germination in response to N was
generally greater in species with low Ellenberg N indicator values (Plassmann et al,, 2008). This
enhanced germination may deplete the seedbank of early successional species which depend on
seed longevity to survive until the next sand dune mobility phase or disturbance event which
exposes bare sand allowing germination.

There is new evidence since the 2011 review from gradient studies on dune slack data from
Scotland, generally covering the lower part of the N deposition range, that suggest there are
impacts of N on dune slack vegetation. Payne et al. (2020) analysed non-targeted survey data
using TITAN change-point analysis for dune slacks in Scotland, along a gradient of 2.7-11.8 kg N
ha-1 yr-t and showed that 30 species had negative change points within this deposition range.
Four species also showed positive change points (i.e. started to increase) within this range
(Figure 4.11). The overall community change point for species declines was estimated at 5 kg N
ha-1 yr-L. Further analysis of the dune slack data used by Payne et al. (2020) was undertaken,
since the species exhibiting change points and the order in which they responded to the N
deposition gradient did not always match expectations based on their ecology. This analysis
showed that there was an increase in the unweighted Ellenberg N at around 5-6 kg N ha-1 yr-,
and a decrease in species richness at around the same point on the N deposition gradient
(Figure 4.12). This is consistent with the observed community change point reported in Payne et
al. (2020).
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Figure 4.11.  Negative (black circles) and positive (white circles) change points for dune slack
species. Vertical lines show overall community sum(z-) [solid line] and sum(z+)
[dotted line] change-points. Circles represent species showing high purity and
reliability negative (black circles) and positive (white circles) change points in
response to nitrogen deposition and bootstrap 5% and 95% quantiles.
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Data looking at change in dune slack vegetation over time also provides evidence of impacts
within this deposition range. The Scottish re-survey of coastal vegetation by Pakeman et al.
(2016) over a 35-year interval (1975-2010) also showed a shift towards more nitrophilous
vegetation in dune slacks, from a mean Ellenberg N score of 3.997 to 4.147 over time, consistent
with the increase in N deposition over that period.

Separate evidence comes from a UK study (Rhymes et al., 2014, 2015) which looked at N impacts
on dune slack vegetation and soils through observation of within-site gradients in groundwater
contamination. While this represents a different nutrient pathway, this study provides strong
additional evidence for the sensitivity of dune slacks to N. The Aberffraw dunes in Wales, UK,
contain an N gradient in groundwater coming from adjacent farmland. Analysis of soils and
vegetation along this gradient suggests higher available nitrate in soil where dissolved inorganic
N (DIN) concentrations in groundwater were greater than 0.084 + 0.034 mg L1, and altered
vegetation composition where DIN concentrations in groundwater were greater than

0.0224 + 0.011 mg L-t (Rhymes et al., 2014), by comparison with locations towards the middle of
the site where the vegetation was least impacted, and assumed only to receive N from
background atmospheric deposition with no additional groundwater inputs of N (Rhymes et al.,
2015). The background deposition to the site is approximately 11 kg N ha-1 yr-1, therefore,
regardless of the source and pathway of N, this study provides evidence for further impacts of N

96



TEXTE Review and revision of empirical critical loads of nitrogen for Europe

above this level. This also shows the importance of understanding all significant N inputs at any
given site.

Figure 4.12. Re-analysis of dune slack data used in Payne et al. (2020), data originally from
Lewis et al. (2016); Pakeman et al. (2015, 2016, 2017), showing a) mean
unweighted Ellenberg N index and b) species richness, against N deposition.
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Summary for moist to wet dune slacks (N1H)

The 2011 CLempN range was 10-20 kg ha-t yr1 (expert judgement). There is new evidence
suggesting that dune slacks are sensitive to N deposition. This is based on surveys, and from
monitoring of change over time, particularly from studies focused in areas of relatively low N
deposition. Together, these studies suggest that the CLempN range should be lowered to 5 to
15 kg N ha'l yr-1 with the evidence status improved to quite reliable. This is reinforced by
evidence of impacts from additional N inputs via groundwater in a site receiving atmospheric
deposition of 11 kg N ha-! yr-1. Experimental studies to reinforce this new value would certainly
be desirable. Due to new evidence of impacts at low N deposition loads in calcareous systems,
we no longer recommend to apply a different part of the CLempN range to slacks of low base
status. However, acid to acidic slacks may still show greater impacts than well-buffered slacks
for a given level of N deposition.
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4.2.5 Dune-slack pools (freshwater aquatic communities of permanent Atlantic and Baltic
(N1H1) or Mediterranean and Black Sea (N1J1) dune-slack water bodies)

These relatively small pools are found in the European coastal dune areas, both in the temperate
as well as the Mediterranean zone. Dune pools can dry out totally in some years and the very
shallow and small ones also every year, but they have a waterbody for more than 34 of the year.
Wet dune slacks have typically less than half year with an open water body. Dune slack pools are
a typical part of young, expanding coastal dune areas. These pools with young sediments are
oligotrophic to mesotrophic nutrient poor, but not extremely so. Whereas large, permanent
water bodies in such dunes are often rather eutrophic, dune slack pools are characterised by
clear water and a diverse submerged macrophyte vegetation (e.g. Potamogeton and Chara
species, and littoral isoetids). Relative to oligotrophic inland surface waters, they show a high
succession rate towards large helophytes and shrubs. A distinct influence of local groundwater
from the surrounding dunes is present, transporting dissolved iron that ensures phosphorus
limitation in the water layer. Contaminated groundwater may also transport nutrients to such
pools. Desiccation with aeration of a large part of the sediment may frequently occur and
aeration of the sediments also occurs by radial oxygen loss of the root system of isoetids like
Littorella uniflora (Adema et al., 2005). Oxygenation of the rhizosphere stimulates denitrification
of N> to the air via nitrate production, reducing the amount of N in the pool. In addition, the
fluctuation of the water table improves phosphorus binding to iron, reducing its availability. The
interactions between carbonate content, desiccation, N deposition and succession rates are yet
not well studied.

Despite their well-defined geographic location, their functioning can differ in several ecologically
important aspects. Water bodies can be permanent, or annual desiccation may occur. This may
also vary from year to year depending on precipitation and the local hydrology. Dune sands can
also vary from highly calcareous to almost without calcium carbonate and slightly acidic.
Accumulation of organic matter is a dominant factor in determining the succession rates. Both
desiccation as well as calcareous soils stimulate decomposition of organic material, thereby
slowing down succession (Sival and Grootjans, 1996). Water eutrophication and N deposition
accelerate succession rates and shorten the lifespan of dune slack pools. Eutrophication in these
dune slack pools is more likely to be caused by atmospheric inputs or by high densities of
waterfowl than by the inflow of enriched surface water, because of the hydrological isolation of
these habitats and their location in (large) natural coastal areas but could in principle occur
from contaminated groundwater.

Very few experimental data exist on the sensitivity of dune slack pools with respect to CLempN
setting, despite the generally well-known N limitation of dune slack wetlands (Lammerts and
Grootjans, 1997; Romo et al, 2016). In Australian dune lakes, algal growth was stimulated by N
additions as low as 50 pg L'l ammonium nitrate, but these lakes are ancient and rather acidic
(Hadwen, 2002). The impact of atmospheric N deposition was quantified in dune-pool
mesocosms (approximately 2-m diameters) during a two-year experiment with different liquid
N loads (1, 20, 40 and 120 kg N ha-! yr-t as (NH4)2S0O4 in an unheated glasshouse (Brouwer et al,
1996). No acidification of the water was found in those two years, but total biomass of water
plants and helophytes increased strongly at over 20 kg N ha-! yr-1. Nitrogen additions clearly
accelerated the rate of succession in these dune slack mesocosms, leading to more helophytes
and less open water. This phenomenon has also been observed in many dune slack pools in the
Netherlands receiving relatively high atmospheric N loads (15-20 kg N ha- yr-1). A recent
problem in temperate dune pools is invasion by an exotic plant species, Crassula helmsii (Dean,
2015). Experiments have shown that the colonisation of phosphorus poor soils is strongly
enhanced after three months of adding N at a rate of 15 kg N ha'1 y-}(Brouwer et al., 2017).
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Summary for dune-slack pools (N1H1, N1J1)

The 2011 CLempN range was 10-20 kg ha-t yr1 (expert judgement) rated as ‘expert judgement’.
There is relatively little new evidence for this habitat and it does not change the previous
assessment. Therefore, we retain the existing CLempN range.

In this case we also recommend that long-term field experiments are held, with realistic doses of
N added to these waters, especially in regions with low naturally occurring N deposition.
Mediterranean dune pools differ from pools in the Atlantic/Baltic zone by higher temperatures,
longer desiccation periods, on average more alkaline conditions and less accumulation of
organic matter (Romo et al.,, 2016). This highly dynamic situation stimulates N losses through
cycles of nitrification and denitrification and prevents accumulation of nitrogen in organic
matter. Therefore, Mediterranean pools might be less sensitive to increased N deposition but
could be more affected by N pollutants from surrounding agricultural areas.

4.2.6 Coastal forests

Coastal forests on sand occur as natural Atlantic dunes woodland or other natural assemblages,
in addition to plantation woodland. For N impacts on these woodlands, please refer to the forest
chapter (EUNIS class T).

4.3 Overall summary of CL.mpN for coastal dunes and sandy shores (N1)

The CLempN for coastal habitats (N) are summarised in Table 4.1.

Table 4.1. CLempN and effects of exceedances on coastal habitats (N). ## reliable, # quite
reliable and (#) expert judgement. Changes with respect to 2011 are indicated as
values in bold.

Ecosystem type EUNIS | 2011 2011 2022 2022 Indication of exceedance
code kg N reliability | kg N reliability
halyr! halyr!
Shifting coastal N13, 10-20 (#) 10-20 # Biomass increase; increased
dunes N14 N leaching; reduced root
biomass
Coastal dune N15 8-15 # 5-15 H# Increased biomass and cover
grasslands (grey of graminoids and mesophilic
dunes) forbs; decrease in

oligotrophic species including
lichens; increased tissue N;
increased N leaching; soil

acidification
Coastal dune heaths | N18, 10-20 (#) 10-15 # Increased plant production;
N19 increased N leaching;

accelerated succession;
typical lichen C:N decrease;
increased yearly increment

Calluna
Moist and wet dune | N1H 10-20 (#) 5-15 # Increased cover of graminoids
slacks and mesophilic forbs;

decrease in oligotrophic
species, increased Ellenberg
N
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Ecosystem type EUNIS | 2011 2011 2022 2022 Indication of exceedance
code kg N reliability | kg N reliability
halyr! halyr!
Dune-slack pools N1H1, | 10-20 (#) 10-20 (#) Increased biomass and
(freshwater aquatic | N1J1 increased rate of succession

communities of
permanent Atlantic
and Baltic or
Mediterranean and
Black Sea dune-slack
water bodies)
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5 Effects of nitrogen deposition on inland surface water
habitats (EUNIS class C)

Adapted by Heleen De Wit, Roland Bobbink, Christin Loran, Linda May and Jan-Erik Thrane

Helgetjerne, Hemsedal municipality, Norway. Photo: Jacqueline Knutson.

Summary

In this chapter empirical N critical loads (CLenpN) for standing inland surface water habitats (C1)
have been reviewed and revised. The assessment is given for the permanent oligotrophic lakes,
ponds and pools (C1.1) and for the permanent dystrophic lakes, ponds and pools (C1.4). New,
compared to the last report (Bobbink and Hettelingh, 2011), is the differentiation of the permanent
oligotrophic class (C1.1) into the following three subcategories: alpine and sub-Arctic clear-water
lakes (C1.1), boreal clear-water lakes (C1.1) and Atlantic soft-water bodies (C1.1/C1.2). New
CLempN ranges are proposed for the first two subcategories, respectively 2-4 and 3-6 N ha! yr-1. For
the permanent dystrophic class (C1.4) the lower end of the CLempN range has been increased from
three to five (5 to10 kg N ha! yr-1). New in this chapter, compared to the last update by Bobbink
and Hettelingh (2011), is the exclusion of the EUNIS class dune slack-pools, which has been moved
to Chapter 4 in this report (EUNIS class N). It belongs to the freshwater aquatic communities of
permanent Atlantic and Baltic (N1H1) or Mediterranean and Black Sea (N1j1) dune-slack water
bodies (Chytry et al, 2020).
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5.1 Introduction

In this chapter, the effects of atmospheric N deposition on freshwater ecosystems (inland
surface water habitats; class C of the European Nature Information System (EUNIS)) are
evaluated. Inland surface water habitats are non-coastal, open, fresh or brackish water bodies
(e.g. lakes and pools, rivers, streams, ditches and springs), including their littoral zones. This
class includes constructed inland freshwater, brackish or saline water bodies (e.g. canals and
ponds) which support a semi-natural community of both plants and animals, and seasonal water
bodies which may dry out for part of the year (temporary or intermittent rivers and lakes and
their littoral zones). Freshwater littoral zones include those parts of banks or shores that are
sufficiently frequently inundated to prevent the formation of closed terrestrial vegetation.
Permanent snow and ice are excluded from this EUNIS class.

The main subcategories of EUNIS class C are: surface standing waters (C1), surface running
waters (C2), and the littoral zone of inland surface water bodies (C3) (Davies et al, 2004). This
chapter summarises field and experimental evidence to establish critical loads for atmospheric
N deposition with respect to eutrophication or effects of adverse ammonium. This chapter only
discusses surface standing waters (C1) because of limited data availability for class C2 and C3.
As usual in earlier empirical critical load reports, rivers (C2) were not assessed because most
rivers with potentially available data received high loads of nitrogen from agricultural sources.
Only surface waters with no significant agricultural or other human impacts besides
atmospheric deposition are considered in this chapter. Atmospheric nitrogen inputs also has
acidifying effects on surface waters (Stoddard et al.,, 1994; Marchetto et al., 1994; Wright et al,,
2001). Critical loads for acidification in relation to atmospheric N deposition have been
established using mass- and charge balance models (Forsius et al., 2021).

Surface standing waters vary according to nutrient status, depth, sediment type, alkalinity and
colour (Moe et al, 2008; Arts, 2002) and these characteristics are also used in the classification
of ecological status of surface waters for the EU Water Framework Directive (European
Communities, 2003). These characteristics determine their suitability as habitat for aquatic
organisms, most importantly fish, phytoplankton (free-floating algae), water plants
(macrophytes), organisms growing on solid substrates (epilithon), zooplankton and macro-
invertebrates. Nitrogen leaching from semi-natural catchments, which remains challenging to
predict (Dise et al,, 2009), is related to both N deposition and catchment characteristics,
including habitat management and land use within the catchment (Dise and Wright, 1995; Aber
et al, 1998; Oulehle et al., 2013). Lake nitrate is often found to be positively related to the
catchment ratio (Helliwell et al.,, 2001; Helliwell et al., 2007).

Nutrient status, in particular phosphorus (P) concentrations, is likely to be an important control
of aquatic biological responses to changes in N inputs (Bergstréom, 2010). Terrestrial and aquatic
food webs have similarities and differences related to nutrient limitations (Elser et al., 2000).
There are structural contrasts between terrestrial and aquatic food webs that regulate trophic
pathways, apparently related to nutritional quality of autotrophs (Shurin et al., 2006). The
effects of N deposition on biology in freshwater habitats will depend on catchment N retention
capacity, and on the sensitivity of habitats and organisms to changed N availability. The
assessment is given for three subcategories of C1, i.e. Atlantic soft-waters, clear-water boreal
and alpine lakes, and dystrophic boreal waters. No changes were made in empirical critical loads
for Atlantic soft-waters whereas new ranges are now supplied for clear-waters and dystrophic
surface waters.
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5.2 Surface standing waters (C1)

The main division of permanent standing waters containing fresh water (i.e. non-saline) is based
on the nutrient status of the waters, from oligotrophic (C1.1) to mesotrophic (C1.2) and
eutrophic lakes, ponds and pools (C1.3). In addition, dystrophic water bodies (C1.4) which are
rich in humic substances and often with a brown colour, are also included in C1. Unfortunately,
the important gradient in alkalinity (from very soft to hard water), which is at least partly
independent of the nutrient status of the water (e.g. Moss, 1988; Brouwer et al, 2002), is not
separately treated in the EUNIS habitat hierarchy, making it difficult to classify these systems
under EUNIS. As in the previous update (Bobbink and Hettelingh, 2011), the impacts of N
deposition are first discussed for the elements of category C1.1 Atlantic soft-water lakes. The
effects of N deposition in pristine boreal and alpine oligotrophic water bodies across Europe and
North America have received considerable attention in the last 15 years, leading to new
evidence, experimental and from gradient studies, to set CLempN for this important group of
category C1.1.

5.2.1 Atlantic soft-water lakes (part of permanent oligotrophic lakes, pools and ponds
(C1.1) and some elements of permanent mesotrophic water bodies (C1.2))

In the lowlands of western Europe, many shallow soft waters are found on sandy sediments that
are poor in, or almost devoid of, calcium carbonate. These waters are poorly buffered and their
concentrations of calcium are very low. Also, they are shallow, fully mixed water bodies with
fluctuating water levels that are mainly fed by rain water or water from acidic catchment soils.
Thus, they are oligotrophic. In the EUNIS classification scheme, these waters are classified as
either permanent oligotrophic (C1.1) or permanent mesotrophic (C1.2) lakes, pools and ponds.
These ecosystems are characterised by plant communities from the phytosociological alliance
Littorelletea (Schoof-Van Pelt, 1973; Wittig, 1982; Arts, 1990; 2002). Stands of these
communities are characterised by the presence of rare and endangered isoetids (with the
growth form of Isoetes), such as Littorella uniflora, Lobelia dortmanna, Isoetes lacustris, Isoetes
echinospora, Echinodorus species, Luronium natans and other soft-water macrophytes.
Nowadays, these soft-waters have become very rare in western Europe (Arts, 2002) and are
almost all located within nature reserves. This decline is illustrated by the fact that Littorella
uniflora, which was recorded at more than 230 sites in the Netherlands in the early 1950s, was
found at about only 40 locations by the end of the 1980s. In addition, these soft waters have also
seen a marked decline in their amphibian species (Leuven et al, 1986). It has been suggested
that systems in western Europe (e.g. The Netherlands, northern Germany, Belgium) have been
affected more than in other European countries (e.g. Poland) because they are smaller and
shallower than elsewhere (Arts, 2002).

The effects of atmospheric N pollutants on these hydrologically isolated soft-water systems -
with (hardly) any catchment - have been studied intensively in the Netherlands, in both field
surveys and experimental studies. Field observations in approximately 70 soft-water systems
that supported well-developed isoetid vegetation in the 1950s showed that the waters in which
characteristic macrophytes were still abundant in the early 1980s were those that were poorly
buffered (alkalinity 50-500 meq 1), circumneutral (pH 5-6) and very low in N (Roelofs, 1983;
Arts et al, 1990). The 53 soft-water sites from which these plant species had disappeared fell
into two groups. In 12, eutrophication resulting from the inflow of enriched water seemed to be
the main cause of the decline. In this group of non-acidified waters, plants such as Lemna minor
had become dominant and high concentrations of phosphate and ammonium were measured in
the sediment of these waters. In some of the larger water bodies in this group, no macrophytes
were found due to dense plankton blooms. In the second group of lakes and pools (41 out of 53),
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the isoetid species were found to have been replaced by dense stands of Juncus bulbosus or
aquatic mosses, such as Sphagnum cuspidatum and Drepanocladus fluitans. This indicates,
clearly, that acidification has occurred in these soft-waters over recent decades, probably as a
result of increases in atmospheric N deposition. Also, this field study found that N levels in the
water were higher in ecosystems from which the natural vegetation had disappeared, compared
to those in which isoetid stands were still present (Roelofs, 1983). This strongly suggests a
detrimental effect of atmospheric N deposition on these lakes.

A number of ecophysiological studies have revealed that 1) low inorganic carbon availability due
to intermediate levels of alkalinity, and 2) low N concentrations in the water are important to
the success of endangered isoetid macrophytes communities. Furthermore, most of the typical
soft-water plants had a relatively low potential growth rate. Increased acidity and higher
concentrations of ammonium in the water clearly stimulated the development of Juncus bulbosus
and submerged mosses, such as Sphagnum and Drepanocladus species (Roelofs et al, 1984; Den
Hartog, 1986) (Figure 5.1). Laboratory experiments have also shown that the form of N involved
(ammonium or nitrate) differentially influences the growth of aquatic plant species. For
example, almost all of the characteristic soft-water isoetids developed more effectively when
nitrate was added compared to ammonium, whereas the growth of Juncus bulbosus and aquatic
mosses (Sphagnum and Drepanocladus) were stimulated by higher levels of ammonium
(Schuurkes et al, 1986). The importance of ammonium for the growth of these aquatic mosses is
also reported by Glime (1992).

Figure 5.1. Mass growth of Juncus bulbosus in a soft-water in an area with high deposition of
reduced N.

Source: E. Lucassen

The effects of atmospheric deposition on macrophyte communities were studied over a two-
year period in soft-water mesocosms contained in an unheated greenhouse; the mesocosms
were treated with different types of artificial rain (Schuurkes et al, 1987). Acidification due to
sulphuric acid, without N inputs, did not result in increased growth of Juncus bulbosus, and a
diverse isoetid vegetation remained. However, when N concentrations of 19 kg N ha'! yr-tor
higher were applied in the form of ammonium sulphate, changes in floristic composition were
observed compared to the control treatments (< 2 kg N ha-! yr-1). These changes were similar to
those seen under field conditions, i.e. a dramatic increase in dominance of Juncus bulbosus,
submerged aquatic mosses and Agrostis canina (Schuurkes et al,, 1987). This strongly suggests
that the observed changes in the field may have occurred due to ammonium sulphate deposition,
which led to both eutrophication and acidification. The increased levels of ammonium in the
system also stimulated the growth of plants such as Juncus bulbosus, and any surplus ammonium
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was nitrified in these soft-water systems (pH > 4.0). During this nitrification process, H* ions are
produced that increase the acidity of the system. The results from this study demonstrate that
large changes occurred within two years of treatment with = 19 kg N ha-! yr-1. In addition, the
strongest decline in macrophyte species composition in Dutch soft-water communities was
found to occur in areas with atmospheric N loads of approximately 10 to 13 kg N ha-1 yr-1 (Arts,
1990). In addition, Brouwer et al. (1997) showed that, after ten years of treatment with clean
rainwater, there was only a partial recovery within the soft-water mesocosms that had been
treated with ammonium sulphate, and that Juncus and Molinia were still the dominant species,
suggesting a strong legacy effects of the N deposition impacts.

The previously established CLempN for shallow soft-water bodies (most in C1.1, but some
elements in C1.2) was based on experimental evidence and was set at 3 to 10 kg N ha-1 yr-1 and
was considered as reliable (Bobbink et al, 1996, 2003; Bobbink and Hettelingh, 2011). As no
new evidence from experimental studies or targeted gradient studies has been published since
then on the impacts of N deposition in (shallow) soft-water lakes, the CLempN range for these
systems remains unchanged. This has been incorporated into the more general CLempN range for
oligotrophic lakes, ponds and pools (C1.1) of 2 to 10 kg N ha-1 yr-! (reliable), with a
recommendation that the upper part of the range (5 to10 kg N ha-1 yr-1) is applied in practice
(see also Chapter 5.2.2).

5.2.2 Oligotrophic boreal and alpine lakes (part of C1.1 and C1.4)

There is ample evidence that an increase in acidic and acidifying compounds in atmospheric
deposition has resulted in the acidification of lakes and streams in geologically sensitive regions
of Scandinavia, western Europe, Canada and the United States (e.g. Hultberg, 1988; Muniz,
1991). This acidification is characterised by a decrease in pH, alkalinity and acid neutralising
capacity (ANC), and by increases in concentrations of sulphate, aluminium, and sometimes
nitrate and ammonium. Since the 1970s, various research approaches (field surveys, laboratory
studies, whole-lake experiments) have shown that surface water acidification can have dramatic
consequences for plant and animal species (macrofauna, fish), and for the functioning of these
aquatic ecosystems (Havas and Rosseland, 1995). However, due to the strong reduction in
sulphur deposition over the last decades, a (partial) chemical recovery from acidification in
these very sensitive waters has been observed in both North America and Europe (e.g. Stoddard
et al, 1999; Skjelkvale et al,, 2005; Van Kleef et al., 2010; Monteith et al, 2014; Garmo et al.,
2014). Currently, critical loads for acidification of surface waters take into account acidifying
effects of S and N deposition (Forsius et al., 2021).

Before the 1990s, effects of eutrophication by atmospheric N deposition were hardly viewed as
relevant with regards to surface waters, except for some permanent oligotrophic or mesotrophic
water bodies (see Chapter 5.2.1). This is because primary production in almost all surface
waters was thought to be limited by phosphorus (e.g. Moss, 1988). However, in the past decades
it has become obvious that this paradigm does not hold for all freshwater systems, especially in
pristine areas of alpine, sub-Arctic, Arctic or boreal regions and that N limitation or co-limitation
is widespread (e.g. Saros et al, 2005; Bergstrom and Jansson, 2006; Wolfe et al, 2006; Sterner,
2008; Elser et al, 2007; De Wit and Lindholm, 2010). This view appears to be widely accepted
now, as evidenced in the review from Howarth et al. (2021), on N and P limitation in aquatic
ecosystems. The authors conclude that for freshwaters located in catchments with no local N and
P sources, and in low N deposition areas, N limitation or co-limitation is common and that lakes
can be driven towards P-limitation when N deposition is high and/or catchment N retention is
low (Howarth et al,, 2021). An update of the literature review in De Wit and Lindholm (2010)
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also concludes that evidence for the limiting role of N in alpine and boreal lakes has increased
(Thrane et al., 2021).

Bergstrom et al. (2005, 2008) conducted lake sampling and in situ nutrient enrichment
enclosure experiments with N and P in oligotrophic boreal lakes (C1.1) along a gradient of
increasing atmospheric N deposition (0.9 to 8.0 kg N ha-! yr-1 wet deposition) in Sweden.
Regional and seasonal patterns of nutrient limitation of phytoplankton were clearly related to
the levels of N deposition and catchment N inputs that these lakes received. In areas of low N
deposition in northern Sweden (< 3 kg ha-1 yr-! wet deposition), N limitation of phytoplankton
growth was evident in the summer season due to high N retention in the catchment areas and
very low dissolved inorganic N (DIN) inputs during the early summer. Higher N deposition in the
south (> 3 kg ha'! yr-1 wet deposition) was accompanied by high DIN concentrations in the lakes
during the early summer and subsequent P limitation of phytoplankton. However, in these lakes
P limitation did not persist over the summer and, as a result of a declining DIN pool, co-
limitation by N and P subsequently occurred, followed by N limitation only. Generally, in the
summer, the studied oligotrophic Swedish lakes were N limited rather than P limited. The
authors concluded that N limitation is probably a natural state of boreal and sub-Arctic
oligotrophic lakes, but that P limitation of varying intensities and duration had been induced by
elevated atmospheric N deposition (> 3-4 kg ha-1 yr-1 wet deposition).

In a lake survey that included over 4000 oligotrophic lakes in Europe and North America,
Bergstrom and Jansson (2006) showed that phytoplankton biomass per unit P increased with
increasing wet N deposition. The range in wet N deposition was < 1 to 14 kg N ha-1 yr-1, and the
largest increase in algal biomass per unit P occurred at wet N deposition < 5 kg N ha1 yr-1. Lake
sampling, bioassays and physiological assays in four acid-sensitive lakes in the United States
(5to 9 kg N ha-1 yr-1) demonstrated that N enrichment gave growth responses in phytoplankton
that were similar to or larger than those of P enrichment, and that N deposition was large
enough to satisfy daily algal demand for N (Axler et al, 1994). These results support findings
from Sweden (Bergstrom et al,, 2005; Figure 5.2) and indicate that N deposition has contributed
to higher algal productivity in oligotrophic lakes, including dystrophic ones.

Figure 5.2. The relationship between mean ratios of chlorophyll a and total phosphorus
(Chl a: tot P, g to g) and mean wet inorganic nitrogen deposition (wet DIN
deposition) in unproductive lakes in different Swedish regions for the period 1995-
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The impact of atmospheric N deposition on element stoichiometry was investigated in a survey
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