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NORSK SAMMENDRAG

Kartlegging av talegrenser for vann, vegetasjon og skogsjord er et felles europeisk
prosjekt lagt under UN/ECE-konvensjonen. Begrepet talegrenser mé sees i sammenheng
med at en gnsker a kvantifisere gkosystemets toleranse ovenfor en belastning av
forsurende komponenter som ikke medfgrer langvarige skadelige effekter pd
gkosystemets struktur og funksjon. Formalet er at tilegrenser skal legges til grunn for
fremtidige reduksjoner i utslipp av S og N. Kartlegging av tilegrenser for S er avsluttet og
danner et viktig underlagsmateriale for den felles-europeiske reduksjonsavtale for S.
Beregningen av talegrenser for skogsjord er gjort pa ca. 600 ruter og tilegrenser for S i
skogsjord er tidligere beskrevet i Fagrapport nr. 33. Denne rapporten fokuserer pd
grunnlag og metodikk for & beregne tilegrenser for N.

Norske skoggkosystemer har generelt hatt et svaert lukket nitrogenkretslgp med relativ
liten tilfprsel og liten lekkasje ut av systemet. Likevel er det i de senere &r vist at
nitratkonsentrasjonen i vann og vassdrag har gkt. En kan ikke si noe sikkert om hva som
har gitt denne gkningen. Forklaringer som har vert trukket inn er gkt nitrogennedfall og
gkt lekkasje av nitrogen fra hei og skogomréader. Et sentralt spgrsmal er nér skog,
vegetasjon og jord ikke lengre er i stand til 4 ta hdnd om nitrogenet. Inn-ut data fra
feltforskningsomrader i barskog i Europa viser at omrider med tilfgrsel av N mer enn 25
kg/ha/ér har en utvasking av N som utgjgr 50-100 % av tilfgrselen, mens omréader hvor
tilfgrselen av N er mindre enn 10 kg/ha/ér vil utvasking av N vaere minimal. Disse
empiriske data er brukt i MAGIC for & lage beste og verste prognoser for tilegrensen for
N. Kritiske belastningsverdier som er brukt i MAGIC er:

1) 100 % utvasking av NO3 nar tilfgrselen er stgrre enn 10 kg N/ha/ér og 100 %
tilbakeholdelse nér tilfgrselen er mellom 0 og 10 kg/N/ha/ar (darligste N-prognosen).

2) 50 % utvasking av NO3 nér tilfgrselen er stgrre enn 25 kg N/ha/ér og 100 %
tilbakeholdelse nér tilfgrselen er mellom O og 25 kg/N/ha/ar (beste N-prognosen).

Disse beregningene av télegrensen for N er kombinert med en 20 % og en 60 % reduksjon
i utslipp av S. ‘
Resultater av modellberegningene viser at gkt nitrogennedfall kan gi store effekter i
skoggkosystemene og vil overskygge positive effekter av reduksjoner i utslipp av S. En -
prognose basert pa dagens deposisjon av N og lav tilbakeholdelse av N i skogsjord viser
at 9 % av rutene i den sgrligste del av Sgr-Norge er overskredet; uansett om utslippene av
S reduseres med 60 %. Ved stor tilbakeholdelse av N er kun 1 % av rutene overskredet.
Modellresultatene viser at tilegrensen for N vil sterkt avhenge av tilfgrsel og grad av
tilbakeholdelse av nitrogen i jord. Det trengs mer forskning for & klargjgre hvilke
konsekvenser den gkte tilfgrselen far pa gkosystemniva.



1. INTRODUCTION

The critical load of a pollutant is defined as: "A quantitative estimate of an exposure to
one or more pollutants below which significant harmful effects on specified sensitive
elements of the environment do not occur according to present knowledge" (Nilsson and
Grennfelt 1988).

For forest soils the pollutants of concern are sulfur and nitrogen deposited from the
atmosphere and which contribute acidity to the soil. The forests are the sensitive elements
affected by the accumulation of these acids in soils. Harmful effects include nutrient
depletion, water stress, decreased tolerance of climate extremes, increased susceptibility
to pests and diseases, and even death. The critical load for forest soils is the deposition
level at which the soil acidity becomes great enough to cause significant harmful effects.

The acidifying effects of sulfur and nitrogen deposited from the atmosphere depend on
the mobility and retention of the sulfate and nitrate anions once in the ecosystem. Soils in
glaciated regions such as Scandinavia typically have low-to-moderate sulfate adsorption
capacities and thus sulfate inputs and outputs are generally in steady state (i.e., inputs
equal outputs). Changes in sulfate deposition rather quickly appear as changes in the
sulfate concentration of waters draining from the soils. If these sulfate concentrations
decline, acid stresses on the soils are reduced.

Nitrogen, on the other hand, is generally retained within the coniferous forest ecosystems
of Scandinavia, largely because nitrogen is the growth-limiting nutrient in these forests.
Nitrogen deposition (either ammonium or nitrate) that is assimilated by the biota has no
net acidifying effect on soils. Chronic elevated deposition of nitrogen, however, can
produce quantities of inorganic nitrogen in the soils in excess of that needed by the biota
for growth. The un-assimilated nitrogen remains in the soil water and can be leached from
the soils by drainage waters. Generally this leached nitrogen appears as nitrate in runoff
(excess ammonium is quickly converted to nitrate in forest soils). The term "nitrogen
saturation" has been given to this loss of nitrate in runoff. As with the sulfate, nitrate is a
mobile strong anion and acts to acidify the soils. Nitrogen saturation, therefore, reduces
the critical loads of both nitrogen and sulfur for forest systems.

Prediction of nitrogen saturation is difficult at best. The processes responsible are

difficult to quantify. The best information currently available on the magnitude and
timing of nitrogen saturation (or retention) comes from empirical observations. Input-
output data from coniferous forest ecosystems in Europe can be used to set empirical ,
"best case" and "worst case" limits for nitrogen retention. Such data have been compiled
by Abrahamsen (1980), Grennfelt and Hultberg (1986), Hauhs et al. (1989), and most
recently by Dise and Wright (in press) (Figure 1).



These data suggest that:

a) nitrate leaching from soils is minimal in catchments with nitrogen deposition levels
less than 10 kgN/ha/yr (70 meq/m2/yr);

b) nitrate leaching varies from 0% to 100% of nitrogen deposition in catchments with
nitrogen deposition in the range 10-25 kgN/ha/yr (70-175 meq/m2/yr);

c) nitrate leaching is 50-100% of nitrogen deposition in all catchments with nitrogen
deposition more than 25 kgN/ha/yr (175 meq/m2/yr).

The amount of sulfur deposition that can be tolerated by a forest soil without harmful
effects on the trees is dependent on the amount of nitrogen deposition, and, conversely,
the amount of nitrogen deposition that can be tolerated depends on the sulfur deposition.
Either the sulfur or nitrogen deposition must be specified first before the critical load and
exceedance (either positive or negative) of the other can be calculated. This is the
approach used by Henriksen et al. (1993) to calculate exceedances for sulfur and nitrogen
for lakes in Finland, Norway and Sweden.

The effects of deposition of sulfur and nitrogen on soil acidity can be simulated, and the
critical load calculated, using models of soil acid-base chemistry. These models are of
two basic types: static models based on soil type and mineralogy; and dynamic models
which additionally take into account the time-dependent processes involved in soil
acidification and recovery (Sverdrup et al. 1990; Frogner et al. 1992). Both types rely on
an input-output mass balance approach. Both are, therefore, consistent with the concept of
critical load which implies that each receptor (forest soils, in this case) has an intrinsic
capacity to neutralize acid inputs. Static models determine critical loads such that all
sources of acidity are balanced by all sources of alkalinity. Dynamic models also include
processes such as cation exchange, anion adsorption and the role of forest growth and
management that result in time-dependency of soil response to acidic inputs.

A procedure for calculation of critical loads of sulfur for coniferous forest soils in
Norway using the dynamic MAGIC model was developed by Frogner et al. (1992). Input
data for this procedure included the soil survey data of NIJOS and NISK, the atmospheric
deposition data of NILU, the forest productivity data of NIJOS, and the surface water
chemistry data base of NIVA (Frogner et al. 1992). The damage criterion chosen was the
Ca/Al molar ratio in soil solution, with a critical value of 1.

We use the same procedure here to generate critical loads maps for nitrogen deposition to
forest soils in Norway. Two scenarios for future sulfur deposition are used with two scenarios
of nitrogen retention in catchments in order to bracket the likely future behavior. The nitrogen
critical loads are calculated for all four combinations of these scenarios.



2. METHODS, DATA SOURCES AND SCENARIOS
2.1  Selection of damage criterion

The calculation of a critical load is dependent upon a damage criterion for the harmful
effect on trees. Several different chemical criteria have been proposed (Hettelingh et al.
1991). Here we use the Ca/Al molar ratio limit of 1.0 in soil water. The Ca/Al ratio
provides a measure of soil acidification because over the long-term a depletion of the ion
exchange pool will decrease calcium concentrations and result in a mobilization of
aluminum in the soil water. High concentrations of aluminum are toxic to roots and
available field and laboratory data indicate that Ca/Al = 1.0 may be used as an indicator
for separating declining from healthy stands (Ulrich 1983; Schulze 1989; Sverdrup et al.
1992). The effects of low Ca/Al ratios on forest growth are as yet poorly documented, and
thus the calculated critical load for forest soils should be interpreted with care.

2.2 NILJOS soil data base

The Norwegian Institute for Land Inventory (NIJOS) soils data are from areas in
productive spruce, pine and birch forests (Esser and Nyborg 1992; Esser 1994). A soil pit
was objectively located within the representative vegetation type five or twelve meters
from the plot center in a 9 x 9 km grid. The soil pit was dug to at least a 50-cm depth
where possible. Soil stratification and soil moisture class were determined in the field.
Procedures are further described by Frogner et al. (1992).

2.3  NIJOS forest productivity data base

The NIJOS coniferous forest monitoring programme includes over 900 plots ina 9 x 9
km permanent national grid. The plots are located in Norway spruce (Picea abies L.),
Scots pine (Pinus sylvestris L.), or birch (Betula pubescens L.) forests. Plot setup is
described in Kvamme (1992). Sampling and registration of the plots occurred from June
through August, 1988-1992. Procedures for estimating annual yield and uptake of cations
and nitrogen are given by Frogner et al. (1992).

24 NIVA water data base

The Norwegian Institute for Water Research (NIVA) has assembled a database for
lakewater chemistry for each square in the 12 x 12 km grid. The data come mainly from
the 1000 lake survey conducted in 1986 and supplemented by similar data from other
sources as described by Henriksen et al. (1990). The database includes values for
concentrations of major ions and specific discharge.

2.5  NILU atmospheric deposition data base

The Norwegian Institute for Air Research (NILU) has estimated present-day deposition
(wet plus dry) of sulfur and nitrogen compounds to each square in the 12 x 12 km grid.



The estimates are based largely on deposition measurements taken in 1985-1988 at ;
monitoring stations throughout Norway. Estimated dry-deposition takes into account the
type of vegetation cover. Details are given by Henriksen et al. (1990) and Lovblad et al.
(1992).

2.6 The MAGIC model

MAGIC (Model of Acidification of Groundwater In Catchments) is an intermediate-
complexity process-oriented model for constructing acidification history and predicting
future acidification over time periods of decades to centuries (Cosby et al. 1985a, 1985b).

MAGIC makes use of lumped parameters on a catchment scale and focuses on chemical
changes in the soil caused by atmospheric deposition, forest growth, and leaching to
runoff. The processes in MAGIC include atmospheric deposition, sulfate adsorption,
cation exchange, CO2 dissolution, precipitation and dissolution of Al, chemical
weathering, uptake and release of cations by vegetation and export in runoff.

MAGIC has been extensively used in a variety of applications at sites in both North
America and Europe. Application of MAGIC to the whole-catchment experimental
manipulations of the RAIN project shows that this intermediate-complexity lumped
model predicts the response of water and soil acidification to large and rapid changes in
acidic deposition (Wright et al. 1990). These results reinforce other evaluations of
MAGIC such as comparisons with paleolimnological reconstructions of lake acidification
(Jenkins et al. 1990) and changes in regional lake chemistry in southern Norway (Wright
et al. 1991). In addition, several of the assumptions in MAGIC have been tested
experimentally (Grieve 1989). MAGIC is one of several dynamic models included in the
Mapping Critical Loads Project (Sverdrup et al. 1990, Warfvinge et al. 1992). Together
these applications indicate that MAGIC provides a robust tool for predicting future soil
and water acidification following changes in acid deposition.

We use the surface water chemistry database from NIVA and the forest soil survey data
base from NIJOS to derive a data set of paired lake and soil chemistry values for each
square in the 12 x 12 km grid. (Actually, the critical load grid is 0.5 degrees latitude by
1.0 degrees longitude with 16 subdivisions within each. Thus the grid widths decrease at
higher latitudes.) About 720 of these grid squares have productive forest of spruce, pine
or birch.

The soils data from the 9 x 9 km grid were aggregated to the 12 x 12 km critical loads
grid net. The original soils data were analyzed by horizon. These were aggregated to
obtain single values for soils less than 60 cm in depth, and values for 0-50 cm and >50
cm for soils with total depth greater than 60 cm. The aggregation procedure weighted
horizons by thickness and bulk density and also corrected for stone and pebble content.
The MAGIC calibrations used a one-box version for those sites with soil depth less than
60 cm, and a two-box version for those sites with soils greater than 60 cm in depth (the
upper box in these cases corresponds to the 0-50 cm soil layer and the lower box to the



>50 cm soil layer).

Uptake of base cations for each grid square was estimated from values of stem-+bark
harvest and typical concentrations of nitrogen, calcium, magnesium and potassium in
stem and bark. The concentrations in stem and bark were taken from different literature
sources and typical concentrations in stem and bark are: calcium = 0.15%, magnesium =
0.09%, potassium = 0.06% and nitrogen = 1.12*(K+Ca+Mg).

Present-day deposition of major ions was estimated from the water chemistry and specific
discharge under the assumptions that all sulfur and chloride comes from atmospheric
deposition and that the lakes are in steady state with atmospheric inputs. Further, it was
assumed that deposition of Na, Mg and K is of seasalt origin and the atmospheric inputs
of these ions were set using the previously calculated chloride deposition. Deposition of
Ca, NO3 and NH4 were estimated from ratios of these ions to sulfate in precipitation in
southern Norway.

The MAGIC calibration procedure assumes steady-state conditions 140 years in the past
(year 1846); at that time deposition of pollutants is assumed to be negligible and chemical
composition of soils and surface waters was not changing. During the ensuing 140-year
period to 1986, the deposition of sulfur was assumed to increase parallel to the estimated
historical emissions of sulfur in Europe.

An automated calibration routine was used (Jenkins and Cosby 1989) to obtain estimates
of weathering rates and original base saturation in the soil such that, when subjected to
the 140-year sulfur deposition, the simulated water and soil chemistry for the year 1986
agreed with the measured values.

The critical load at each grid square was calculated using the MAGIC model under the
condition that total nitrogen deposition (nitrate plus ammonium) is suddenly changed to a
new level and then held constant for 50 years. MAGIC is run repeatedly with different
levels of nitrogen deposition until the criterion of Ca/Al molar ratio = 1.0 in the soil
solution of the upper box (050 cm, taken as the rooting zone) is met. This deposition is
the critical load (nitrogen) for soil.

2.7 Scenarios

Two scenarios were chosen for future nitrogen retention in forest ecosystems based on the
empirical input-output data analysed by Dise and Wright (in press) (Figure 1). For the
"worst" case we assumed no nitrate leaching would occur (100% retention) for nitrogen
deposition in the range of 0-10 kgN/ha/yr (NO3+NH4) and 100% leaching of
atmospheric inputs would occur for nitrogen deposition greater than 10 kgN/ha/yr. For
the "best" case we assumed no nitrate leaching would occur (100% retention) for nitrogen
deposition in the range 0-25 kgN/ha/yr and 50% leaching of atmospheric inputs would
occur for nitrogen deposition greater than 25 kgN/ha/yr. All nitrogen leached is assumed
to be in the form of nitrate.
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Siebert (1991) and analyzed by Dise and Wright (in press). The data are delimited by "worst
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The "worst case" corresponds to current reduction plans in Europe. The "best case"

corresponds to energy efficiency scenario for sulfur emissions in Europe (Lovblad et al. 1992).



Two scenarios were chosen for future sulfur deposition. These scenarios span the range of
probable deposition reductions in Scandinavia over the next 30 years (Lovblad et al.
1991). The "worst" case was assumed to be a 20% reduction in deposition from the year
1986 to the year 2000 with constant levels out to the year 2036 (50 years into the future)
(Figure 2). This scenario corresponds to the current reduction plans for S emissions in
Europe, but with no additional reductions. The "best" case was assumed to be a 60%
reduction from the year 1986 to 2028 with constant deposition out to the year 2036
(Figure 2). This scenario corresponds to S emissions reductions obtained by introducing
energy efficiency measures in Europe (Lovblad et al. 1991).

3. RESULTS

The critical load was calculated using MAGIC for 598 of the 720 grids squares with
productive forest. Of the remainder: 11 lacked complete water data, 3 lacked complete
deposition data, and 11 lacked uptake data. A total of 607 of the 695 grids squares were
successfully calibrated by MAGIC, and critical loads were calculated for 598 grid
squares.

Critical loads for sulfur were calculated assuming no future change in nitrogen deposition
and no future change in nitrogen retention characteristics of the catchments.

The map of critical loads (sulfur) for forest soils in Norway reveals soils with generally
low critical loads in southern and southeastern Norway with higher critical loads in
central and northern Norway (Figure 3). This general picture reflects the distribution of
granitic bedrock (and hence moraine generally derived from granitic bedrock) in Norway.
Soils derived from these materials typically have very low rates of chemical weathering.
Critical loads will be low in such areas. This map of sulfur critical loads for Norway

(Figure 3) shows patterns similar to those on the preliminary map presented by Frogner et
al. (1992). ’

Present-day sulfur deposition exceeds the sulfur critical loads in southernmost Norway
and in a few squares in eastern Norway (Figure 4). Southernmost Norway is generally
highly sensitive and receives relatively high loadings (for Norway) of acidic pollutants.

Critical loads for nitrogen were calculated using two future scenarios for sulfur deposition
and two future scenarios for nitrogen retention. Critical loads for nitrogen were calculated
and mapped for all four possible combinations of these two sets of scenarios. The
magnitudes and patterns of calculated nitrogen critical loads and exceedances differ
substantially depending on the scenario chosen for sulfur deposition and nitrogen
retention.

The map of critical loads for the combined scenarios of worst case S deposition and worst
case N retention reveals very low N critical loads for many grid squares in southernmost
Norway (Figure 5). Present-day nitrogen deposition in southernmost Norway is high

enough that these critical loads are already exceeded for many of these squares (Figure 6).
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to forest soils assuming the best case for future sulfur deposition
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The modest 20% reduction in sulfur deposition combined with the 100% leaching of
nitrogen inputs assumed under this scenario results in high concentrations of sulfate and
nitrate in the forest soils, with a large accompanying acid stress. The amount of additional
nitrogen that can be tolerated from atmospheric deposition is therefore rather low.

The map of critical loads for the combined scenarios of worst case S deposition and best
case N retention presents a very different picture. Critical loads in southern Norway are
higher (Figure 7) and present-day nitrogen deposition levels exceed these critical loads in
only a very few squares in the extreme south of Norway (Figure 8).

The much higher nitrogen retention assumed for this combined scenario more than
doubles the amount of nitrogen deposition that is assimilated (thus producing no acid
stress on the soils) before nitrate becomes mobile in the soil. Therefore, higher loads of
nitrogen deposition can be tolerated before adverse soil effects appear (even with the
modest reductions for sulfate deposition).

The map of critical loads for the combined scenarios of best case S deposition and worst
case N retention is more similar to the first scenario described above than the second.
Critical loads for nitrogen are again low (Figure 9) and are again exceeded by current
nitrogen deposition in many squares in southernmost Norway (Figure 10).

The map of critical loads for the combined scenarios of best case S deposition and best
case N retention results in the highest critical loads of any of the four combinations of
future scenarios evaluated. The critical loads for nitrogen are high even in southernmost
Norway (Figure 11), and in none of the grid squares does present-day nitrogen deposition
exceed the calculated nitrogen critical load (Figure 12).

Present-day (year 1986) sulfur deposition exceeds the critical load for coniferous forest
soils in 67 of the 598 grid squares for which MAGIC calibration has been completed,
under the conditions of present-day N deposition and N retention (Figure 13). Nitrogen
deposition in the year 2036 exceeds the critical load for coniferous forest soils in 68 of
598 grid squares under the scenario of worst case S deposition combined with worst case
N retention, but in only 3 of 598 of the grids under the scenario of best case S deposition
and best case N retention (Figure 14).
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4. DISCUSSION

Nitrogen critical loads were evaluated for forest soils in Norway using the dynamic model
MAGIC, and the criterion that the Ca/Al ratio in the uppermost 50 cm soil solution
should not be less than 1.0 at a point fifty years in the future. Assumptions were made
regarding best and worse case future scenarios of sulfur deposition and nitrogen retention.
These evaluations show that the assumptions regarding decreases in nitrogen retention in
soils (future nitrogen saturation) are of great importance in determining the nitrogen
critical load to these soils and can have a large effect upon the magnitude of the
calculated critical loads. Surprisingly, alternate assumptions about future sulfur
deposition scenarios (20 and 60% reductions) appear to have smaller effects on the
calculated nitrogen critical loads.

The term "retention” as used here is the net result of several sources and sinks of nitrogen
within the ecosystem. The terminology used by Henriksen et al. (1993) to calculate
exceedances for nitrogen and sulfur in surface waters in the Nordic countries considers
the following sources and sinks of nitrogen in terrestrial catchments:

Nle = Ndep - Nden - Nupt - Nimm - Nexp

where N, is nitrogen leached in runoff from the catchment; N, is total nitrogen
deposition; Ny, is nitrogen lost by denitrification; N, is the net uptake of nitrogen by the
biomass in the catchment; Ny is the nitrogen immobilized in the soils; and N, is the
export of organic nitrogen out of the catchment in drainage waters. Nitrogen fixation is
not considered to be an important source of inorganic nitrogen for forest soils.

The catchment input-output data used by Dise and Wright (in press) to establish the
patterns of leaching do not allow discrimination among these components of nitrogen
leaching. It can generally be assumed that N, , and Ny, are low (relative to the other
terms) for the forested systems in Norway. The nitrogen retention estimated for
catchments with depositions levels above 10 kgN/ha/yr can thus be understood to result
primarily from uptake by plants (N,,,) and net immobilization by the soils (N, ).

With the worst case scenario for nitrogen retention, current deposition of nitrogen
exceeded the calculated critical loads for nitrogen (and to a high degree) in many areas in
southernmost Norway, regardless of which sulfur scenario was assumed. With the worst
case scenario for nitrogen retention, it appears that critical loads of nitrogen are already
exceeded in about 9% of the map-grid squares containing forests (Table 1).

24



Table 1. Percent grid squares in which critical load for coniferous forest soils is exceeded
in the year 2036 under various scenarios for S and N deposition and N retention.

critical load scenario % squares
S deposition N deposition N retention exceeded

sulfur present-day present-day present-day 11

nitrogen 20% reduction present-day worst case 9

nitrogen 20% reduction present-day best case 1

nitrogen 60% reduction present-day worst case 9

nitrogen 60% reduction present-day best case 1

With the best case scenario for nitrogen retention, current deposition of nitrogen exceeded
the calculated critical loads for nitrogen at only a few areas in the extreme south of
Norway, again regardless of which sulfur scenario was assumed. With the best case
scenario for nitrogen retention, it appears that critical loads of nitrogen are already
exceeded in fewer than 1% of the grid squares containing forests (Table 1).

In approximately 9% of the forested grid squares examined sulfur deposition exceeded
sulfur critical loads (Table 1). If the worst case nitrogen retention assumption is
justifiable, then we must conclude that current nitrogen deposition (9% exceedances) has
a potential for damage to these systems roughly equivalent to that of the current sulfur
deposition.

These results strongly suggest that more information regarding the magnitude of nitrogen
retention and the processes controlling cycling in forested ecosystems is of utmost
importance for the specification of nitrogen critical loads.
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