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PREFACE

In collaboration with national and international organizations
involved, IIASA is developing a computerized framework for the genera-
tion and analysis of scenarios of energy development, emission patterns
of sulfur and nitrogen compounds and their impact on the environment.
The framework will link in a modular way several submodels, each of
which describes a particular aspect of the problem. This paper discusses
the use in the analytical framework of the dynamic model of nitrogen in
forest ecosystem developed by Goran Agren and his co-workers in Upp-
sala, Sweden. :

Dr. Eliodoro Runca
Impacts of Humian Activities on
Envircnmental Systemns
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NITROGEN DYNAMICS IN EUROPEAN FOREST
ECOSYSTEMS: CONSIDERATIONS REGARDING
ANTHROPOGENIC NITROGEN DEPOSITIONS

Goran 1. Agren and Pekka Kauppi

1. INTRODUCTION

1 1. Nltrogen Deposition and Forest Ecosystems

Anthropogenic processes emit mtrogen into the atmosphere in t.he'
form of NO compounds, in quantities which are of the order of one-third
of the quantities of man-rmade sulphur emissions (Soderlund 1977;
OECD, 1979) Although sulphur deposmon is the issue which receives the
greatest attention and concern with regard to transboundary air pollu-
~tion, nitrogen depositions cannot be neglected. The ratio of nitrogen
emissions to sulphur emissions is likely to increase in the future, since
the emissions of sulphur seem to be easier to control than those of nitro-

gen.
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Sulphur ernissions and concenﬁra.tions have been documented exten-
sively by OECD research programs oh transboundary air pollution over
large regions of Europe (0EC]5.1979). The studies indicate that levels of
atmospheric sulphur compounds over largé regions in Europe greatly
exceed natural levels. Although there is an apparent lack of similar inven-
tories regarding nitrogen, it ié obvious, from 'uﬂorm’ation about emis-
sions, that also nitrogen depositions in Europe have increased above their
natural levels, not only near teo emission sdurées but also over large
regions surrounding industrial area.s. Ag_nicul’eural soils are normally
treated with nitrogen ferf.ilizer to such an extent that fertilization over-
rules the possible ecosystem impact of atmospheric nitrogen depositions,
except Ioi' increased leaching to surrounding ecosystems. In forest
ecosystermmns, however, the deposition of anthropogenic nitrogen may have

a more substantial roie.

Many technical and economical means are available for controlling
nitrogen emissions; therefore, it is possible to choose between different
future emission scenarios. Scientific informé.tion can assist in making
policies for emission control by _describing consequences of alternative
scenarios. IIASA's project on transboundary air pollution has the general
objective of assisting in selecting emiséion policies which would be effec-
tive in decreasing harmful impacts of air pollution and yet economically
feasible. For that purpose the atmospheric. environment group ﬁorking
at TIASA, with collaboration of the scientific community outside the .'msti-
tute, intends to provide a computerized model system consisting of
geveral submodels. The submodel_s would include aspects of the energy

sector, of the atmospheric transport, of deposition of pollutants, and of
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impact of poliutants in the environment. Connected with that effort, this
study formulates links from an existing model for describing the impact

o! atmospheric nitrogen deposition into the IIASA framework )

1.2. Objectives of the Study

This study deals with the nutrient cycle of forest ecbsystems over
large geographic regions in Europe as affected by nitrogen deﬁosition.
The view is taken that the nitrogeﬁ cycle of a forest ecosystem has a max-
imum capacity for circulating nitrogen. Two dilfferent cases are defined:
case (1) in which the nutrient cycle functions below its maximum capa-
city, and case (2) in which the circulation operates at the maximum level.
In case (1), the ecosystem can absorb deposited nitrogen by adding it 'I_;o
the uhsaturated nitrbgen pool of the ecosystem. Thgn the nitrogen flow
from the atmospheric deposition into adjacent water ecosystems is con-

sidered negligible, As the nitrogen pool of the forest ecosystem is

1) The frame model, or model system, which is being construcied at [IASA will hold several
submodels each describing & specific process or phenomenon related to acidification. The
submodels will not cover all potential espects of air pollution (this would be impossibie for
any research program) but they will give insight into some specific processes which have re-
ceived particular interest from both the political community and the scientific communhity
working actively in this field. As this study indicetes, the submodels are not developed as
results of novel research but they are rather combined from existing results in collaboration
with scientists outside the institute.

By providing the framework for these selected submodels, [JASA intends to offer a pos-
mibility for the political community to get information about different aspects of the field at
one place. The information will be organized into & computerized form in order to make the
mode] system easy to hendle and demonstrate. The system will be operated in an interactive
way. Thuas a policy analyst can use it for comparing ditferent options for emiasion reductions
within Eurcpe and receive a demonstration from the system about several aspects of the
Problem on the computer screen. All the submodels will be caretully documented, so that
the user of the system wiil have a chance to become familiar with the assumptions a:nd scien-
tific uncertainties which all the models neccessarily contain.

[ASA staff would select for the system & basic set of submodels, but the system would
be open for any new submodels or alterations in existing models, which can be formulated in
& quantitative way. For the seientific community, the model system would give an opportuni-
ty to view results of & specific tield in e framework containing aspects from outside that
field. Although the intention is not to produce any new scientific results but rather to recon-
cile existing results, the model system may be useful in treating problems which lie on some
of the many borderlines connecting one established field of research to the other.
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increased, the ecosystem gradually drifts towards case (2), i.¢. nitrogen
saturation. Before the saturation p_goint. that is within case (1), depositing
nitrogen increases the productivity of the ecosystem by enhancing the
nitrogen cycle. After saturation, case (2), no p_roductivity ‘mcrease will
take place and the excess nitrogen tends to generate a&verée effects in
the forest ec'dsystem as well as in adjacent aquatic ecosystems which
receive increased leachings. |

The objective of this study is t.b develop a method for obtaining esti-
maf.es of the tﬁnes when forest ecoystéms_ become nitrogen saturated,
and to apply this method, using arbitrary data, for European stands of
Scots pine and Norway spfuce. The. study deals explicitly with the ecosys-
tem processes taking place before nitrogen saturation, that is, case (1) as
defined above. The results are presented in. the form of maps of Europe,
applicable to pure stands of alternative tree species. showing fhe time up
to nitrogen saturation, assuming that the initial conditions of ecosystems

and the nitrogen deposition scenarios are available as input data.

2. THEORY

One of the most important growth-limiting elements in forests is
nitrogen {Cole & Rapp, 1981; Vitousek. 1982). Under these conditions, one
way of studying the impact bf nitrogenous cormpounds in. the aciti rain
would be to follow the buildup of nitrogen in the forest ecqsyétem. Even-

tually, these will become nitrogen saturated.

Our conjecture is that as long as the nitrogen pool in the forest
ecosystem does not exceed saturation, further nitrogen depositions are

per se not harmful, although alterations in species composition, ete.,
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might be occurring. The forest ecosystem can in this case incorporate
the nitrogen in its internal cycle. Beyond the saturation point, however,
additional nitrogen will mean increasing concentration (of nitrate) in the
soil resulting in damages to the vegetation as well as losses of nitrogen
due to leaching. Nitrogen can no longer be maintained within the internal

nitrogen cycle of the ecosystem.

2.1. The Nitrogen Productivity

. The clue to the understanding of nitrogen dyné.mics in the forest is
.the nitrogen productivity concept {Agren, 1983a, b). This variable that
originally was introduced by ]ngestad (19792) to account for laboratory
experiments with controlied nutrient additions applies equally well under
field conditions. lts definition is simply the amount of biomass produced
per unit of nitrogen in that biomass per .ur.nit.of iime. When applied tc pro-
duction data of needle biomass for: several coniferous species, Agren
(1983a) showed that the nitrogen productivity (P(N)') becomes a linear

decreasing function of the needle biomass {¥).

o)
R

Pyy=a — bW | (

This decrease could be explained in terms of the increasing internal

shading within the canopy layer with the increasing needle biomass.



- 2.2. AModel

‘With the nitrogen productivity concept it is easy to formulate a
model of tree groﬂh. Fbr simplicity we will restrict the analysis to the
growth of the needlé' biomass. If it is desirable, produ_ctioxi of other com-
ponents can be estunaﬂed from knowledge of the needle biornass. More-
over, the needle biomass which has a ra:pid turnover' should be the most |

sensitive indicator of the above-ground organs of the tree to changes in

the environment.

{a-bW)N

W '
(U g )

Wewm

DEIptW

aM

Figure 1.Flowchart of the model. ¥ and w_, are the biomasses of tree
needles and ground vegetation, respectively. N and M are nitro-
gen amounts in the tree needles and "soil", respectively, U
represents nitrogen deposition. Lower case letters denote
parameters.
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Figure 1 model, réquires only three state variables: ¥ = the amount
of needle biomass, N = the amount of n_itrogeﬁ in the needle biomass; ¥
= the amount of nitrogen in the "soil". The soil system is defined as that
nitrogen component in the seil that is turning over rapidiy and thus
should be more or less in eciuilibrium with the n.itrog'e.n in the needle
biomass. Growth of.the needle biomass is described by the nitrogen prlo-'
ductivity concept (a- &%), whereas death of needles is assumed to occur
at a constant ra.t.e, J. Soil nitrogen is rele#sed and made available to the
.vegetation as a constant fraction per unit time, g. External inputs of
nitrogen (U) are added to this flow. Field experiments with fertilizers
~indicate that about 20% of this external input of nitrogen can be expected
' f.o be absorbed in the rapid circulation described by the model (Ingestad
et al., 1981: Nommik & Méller, 1981). The trees cannot absorb all this
nitrogen but only a fraction of it corresponding to their share of the total
leat biomass in the forest (W/(W+ wm))._ In this way competition for
nitfogen is described as occurring between two different types of vegeta-
tion. The leaf biomass of the other vegetation is, for simpiicity. assumed '
constant. Dead needles, when tfalling, are assumed to contain a co‘nétant
concentration of nitrogen, p. These assumptions can now be sumrmarized
in the tolléw'mg systems of equations (éapi'tal letters refer to state or exo-

genous variables, whereas lower case letters denote parameters):

daw

-d't—z (a—bW)N-—fW . (28.}
o - (U -+ 9M) Grg—=PI ¥ (2b)
gg—: U —_ .4..]!_ (20)

di dt
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During .most. of the rotation -périod of a boreal f'or'est..'say' 80 out of
100 years, the needle biomass is essentially in a stationary (constant)
state. - The .station'ary needle biomass W. is therefore an important .
chéract;eristic of the forest. It is calculated by taking all derivatives in
Egs. (2a, 2b, 2c) and hence also {7 equal to zero. By introducing T=N+M,
the total pool of nitregen in rapid turnover, in Eq. (2b). N * can be calcu-
lat.éd as a function of ¥, Inserting this function in Eq. {2a) and expanding

parentheses yields a quadratic equation in- w"

. _ -
pfoW " — (bgT+qf +pfa~pfowm¥ + qTe-pfaw, =0 3

The situat_ion under consideration here is not one of true stationar-
ity, U is never zero. In fact, it is the consequences of the nonzero U that
interests us. Eq.(3) can, nowever, still be used. We make the adiabatic
assumption that the nitrogen depositions are so small that the system
can at any moment be regarded asin a stét.ionary.state, but a stationary

state siowly drifting in time with the changing T.

2.3. Regional Variation

The modei employs six parameters. Four of these are characteristic
Sf the tree species { a, b, f, and p, }. Values for them are given in .Table 1.
These parameter values have been derwed using data for stands with very
different geographlcal locations. Hence,no regional varxatlon shouid be

introduced in these parameters.
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Table 1. Parameter values for some coniferous sp.ec'xés {trom Agren,

1983a, Q) '
Parameter
a b f 23
Species kgdw ha gl kgN
kgN)! vy | (kg y (kgdw)™*

Nprway spruce 18.4 .0.00037'? 0.15 0.008
{Picea abies)
Douglas fir 34.4 000117 [ 0.17 | not known
{Pseudotsuga menziesii)
Corsican pine 50.2 0.00184 0.43 not known
(Pinus nigra)
Red pine 55.7 0.00241 0.23 not kn.own
{Pinus resinosa)
Scots pine 414 T 0.00204 | 0.39% | 0.004
(Pinus sylvestris) |

a) This value is too high, probebly due to bias in the data base. A more reasonable value is

0.3,

The remaining two parameters ( w - and g )} are, on the other hand,

- site specific. However, w, 1s in general a small number, and as long as

only the stétionary needle biomass is considered, it can be neglected. At

least under stationary conditions g (the mineralization rate of soil nitro-

gen) can be taken as equal to the decomposition rate of needle litter. The

latter is known to be strongly influenced by such variables as tempera-
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ture and moisture, and is therefore a parameter which should be allowed
to vary regionally. One suggestion about the form of this variation was

suggested by Meentemeyer (1978).

2.4. Other Species

The data presented in Table 1 represent onlf conifers in pure stands.
in view of the sound physiological base of the n.itrogen productivity con-
cept there is no doubt that it should not apply to other species as wz_all.
For a conifer not represented in Table 1 the two parameters in the nitro-
gen pfoductivity (a2 and b} can be estimated by compariﬁg the new
species in ecological and/or physiological terms with the old ones. 1t is,
ﬁowever. sufficient to estimate either a or b _in this case because o and b
- are strongly correlated (Rgren.. 1983a) so the other one cﬁn be calculated

from the following equation:

b = ~0.53-1073 + 0.52-107% a (4)

The other two parameters, f and p , will have to be estimated from the

knowledge of ecology sp'ecies.

No pararmeter values of deciduous spe¢ies under field conditions are
known. Also, the basic model, Egs.(2a.b.c), is based on the assumption
that within-the-year variations are small This is obvipusly no£ true of
deciduous species. As a crude estimate of where saturatioﬁ obtains the
variation of the peak leaf biomass during tﬁe year with the nitrogen pool
can probably still be calculated from Eq.(S)._ although with considerably

larger uncertainties.
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2.5. The Saturation Point

Wé define the system as nitrogen saturated when the nitrogen con-
centration in the leaf biomass is the maximal attainable without tissue
injury. This concentration is around 2% of dry weight for conifers. (Inges-
tad, 1979b) although there might be species where the maximal concen-
tration lies higher (cf. van den Burg, 1971). Deciduous species definitely
permit higher nitrogen concentrations, at least up to 4% of dry weight

(e.g. Ingestad, 1981).

it is a peculiar feature of Egs.(2a, b, ¢) that they give very simplie
equations for the statiohary needle biomass and the corresponding nitro-

geri pool as functions of the leaf nitrogen concentration. Hence,

e_o-f/(N/W)

W b {5)

and

_ Nie »
T-_(Béi-f(_-n-;-) 4 | (8

Particularly, Egs.(5) and (6) can, of course, be used with the maximal
nitrogen concentration to estimate the maximal leaf biornass and the

maximal possible nitrogen pool.

3. TIME SCALES FOR NITROGEN SATURATION IN EUROPEAN FORESTS

Using the model we now predict the limit when & forest ecosystem
can no longer accommodate further nitrogen deposition. This requires us

to make three assumptions:
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We assume that initially the geographical distribution of the nitrogen
depositions are equal to one-third of those estimated by OECD (1979)
for sulphur deposition in 1874. Assumption of the proportion is in
' agreen_ient with Finnish deposition measurements (Jérvinen & Haa-
pala, 1980, Jﬁr_vinen._ 1982). If needed, more sophisticated ways can
be. introduced later Ifor incorporating deposition information into the
model. The deposition rate of nitrogen then increases by 4% per
year. This rate corresponds to the observed rates in Europe in the
past (OECD, 1979, pp. 2-11 and 3-31, Wentzel, 1962). Of the total
nitrogen deposition, only 20% enters the needle-soil cjrcle défined by

the model (see Ingestad et al., 1081).

We assume that the mineralization of soil nitrogen is constant and
equal to 0.2 y'1 for the whole o.f Europe. This value is too high for the
northern European counﬁries but probably rather reasonﬁble for
Central Europe. As a consequence we tend to underestimate the fime

required for saturating, for exampie, in the Scandinavian forests.

We have to define the i.n'itial_ nitrégen pools in the forests. Again we '
assume all forests to be equal, but we will consider two alternatives.
In the first we take a Scots piﬁe forests with a nitrog..en pool of B5 kg
N/ha. Such a forest should have an annual stem volume préduction
of around 6 ma per hectare. The second forest type we consider is a
Nbrway spruce forest with an initial nitrogen pool of 250 kg N ha T, In
3

this forest we estimate the annual stem volume preduction to 16 m

per hectare.
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Figure 2. Time (in years) required to reach nitrogen saturation in Europe-
an forests as predicted by the model. Parameters adjusted for
Norway spruce (left) and Scots pine (right).

The c;utput from this analysis is presented in Figure 2. At this point thé
input data are arbitrary with regar.d to nitrogen d'eposition scenarios and
r_ealistic initial conditions of the nitrogeﬁ cycie. Nonetheless, tentative
conclusions can be drawn from Figufe 2. "[;hére seems to be substantial

regional differences as well as differerices due to species composition in
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the times required to saturate forests with nitrogen. In central Eﬁrope
the typical times to saturate a pine forest on medium soils are of the
order of thirty years, whereas in hor_thern Scandinavia. over one hundred
years are required. Wit.h spruce tofests the t.imes. requirgd to reach
saturation are tjpically 50% longer. The longer times required by the
'sp'ruce forests are, of course, a reflection of their possibility of holding

higher needie biomasjs’es and consequently in a.bso_rb'mg more nitrogen.

The'forest.s'éh_osenl for this exercise were corresponding to ones
growing at medium sites. Yet, these tentative results indicate that in the
regions of highest deposiﬂon estimates, the _forests can only absorb the
nitrogen depbsition for another twe decades. Hence, forests grom‘.ﬁg at
good or very good sit.es' are likely, in these rég_io’ris. to be already nitrogen

saturated or at least to become so in a relatively short time.

It is desirable to obtain input data in the futufe. which would be

based (i) on inventories or at least on thoroughly .inveétigated estimates

on initial conditions of nutrient cycle in European forests, and (ii) on .

alternative nitrogen emission scenarios. The principal outcome of this

study is a method which is now available for demonstrating results

corresponding to such new data.

4, DISCUSSION

TIASA activities in the field .of Tfaﬁéboundary A_ir. Pollution have taken
the general goal of assisting in selecting péllutant emission policiés which
would be effective in reducing impacts and yet be economically feasible.
This feport was restricted in its vieﬁ to obtain a well defined focus for the

study. The paper serves the main goal of the IIASA activities in two WAays,

B
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first by treating the specific topic of impacts of nitrogen deposition on
forest ecosystems in an explicit way and second, by describing an exam-
ple of how one can implement a computerized submodel into the IIASA
frame model. By means of that frarmnework this nitrogen productivity

mddel is introduced into & policy-oriented context,

The focus of this paper has been estimating how muc]:;\ nitrogen the
European forests can absorb without being damaged or without leaching
large quantities to surrounding ecosystems. The model as such, however,
is not limited to answering only this question but could also be used for
analyzing a wide range of questions about the dynamics of forests under

the influence of high nitrogen deposition rates.

The explicit analysis was restricted to conditions before nitrogen

 saturation of ecosystemis, that is, to case (1) as detined in the introdue-

tion. What will happen beyond the saturation point' is not well understood.

However, the nitrate ion has a very high mobility and one fate for nitro-

_gen not absorbed by the vegetation-soil 'syst.em must be leaching from the

forest ecosystem to the groundwater an;i adjacent ecosystems. To the
extent thaLt nitrogen is retained in. the soil system and high nitrate con-
centrations are build up, we should expect damage to the vegetation. It is
possible that such d_mnages do not oceur until quite high concentrations
have built up, but they then take on a more or less catastrophic aspect

(cf. Ingestad et al., 1981, Fig. 1),

¥Within the phase of increasinig nitrogen pool, there are interesting
aspects of ecosystem processes which had to be left out of the model at
this point. Under- certain conditions the soil system might be changed

due to the deposition of nitrogen. With the increasing nitrogen
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concentration in the living needles it is possible fhat their chemical com-
position will change with ensuing changes in decomposition rates. The
mcreasiﬁg needle biomasses of the forests will also mean changing micro-
climate in the soil, but it is unknown how much this could change decom-

position rates.

- Indirect effects of the increasing pitrogen pool in a forest are also to
be expected. Agren (1883c) showed that the stability properties of a
forest varied with its fertility. With respect to certain types of perturba-
tions. the forest will become more stable as a result of the lncreasi_ﬁg fer-
tility, but with respect to others, it.will- become less stablé. One particular
problem that might arise is that the larger needle biomasses following the
nitrogen depositions will lead to higher evapotranspiration from the

forest exposing the forest to greater risks of drought.

We have, so far, only considered the effects of nitrogen in isolat.ion...
Many of the parameters used in the analysis have been derived from ter-
tilizer trials with balanced inpuf of elements. The input of elements to
the forest from deposition is not bal-apced from the point of view of the
biology of the vegetation. It is‘theretore possible that the calculated
times to reach nitrogen saturated systems are overestimates. Another'
.quest.ion is to what extent the other components, e.g. s_ulphur. of _the acid
rain could damege the forests.and hence change their capacity to absorb
the nitrogen depositions. Sulphur is, for example, known to reduce the
photosynthetic capacity of trees. _Such effects could be introduced into
the model by decreasing the value of the parameter a. High cbncentra-
tions of sulphur dioxide could also lead to precipitate needle death, which

can be described by increasing the value for parameter f. Both these
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chhnges will lead to decreased maximal needle biomasses and thus lower
capacity of the forest to absorb nitroge_n. The acid deposition alse ought
to influence the nitrogen mineralization rate of the soil system, but both
experimental (Tamm & Wiklander, 1980; Tveite, .1980) and theoretical
(Agren, 1983d; Bosatta, 1982) results indicate that the feedback system of
the soil is rather robust and no major changes in the net mineralization
rates are therefore to be expected. Oﬁher processes which are not
directly connected to nitrogen mineralization are also taking place in
forest soils subject to acid deposition. Some of them may produce com-
pounds which are toxic either to tree roots or to the microorganisms
involved in the nitrogen cycle (Ulrich,1982). The lméthod introduced here

can, in principle, incorporate also such processes.

5. SUMMARY

The main components of the so-called "acid rain" .are sulphur and
nitrogen compounds. This study deals with the impact of nitrogen deposi-
tion of productivity of forest ecosystems.The view is taken that up to a'
certain point, deposited nitrogen is absorbed by the ecosystem a_nd. dur-
ing this phase, acts as a fertilizer increasing the productivity of the stand.
Sooner or later, however, the ecosystem is saturated with nitrogen, the
productivity can no longer be enhanced, and the deposited nitrogen will
have the potential of causing damage to the forest and, through incf'eased

leaching, to adjacent ecosystems.

Based on a model of nitrogen dynamics in forest ecosystems by
Agren and co-workers, a method is developed in this study for estimating

the time required for European forest ecosystems to reach nitrogen
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sétu.ration. As input date the method requires'infofmation about the
nitrogen content in the needle biomass in the forests and estimated data
about future depositions. The method is applied, using arbitrary data, to
European stands of Scots pine and Norwéy spruce. As output, isbl"m_es on
a map of Europe indicating the time until nitfogen gsaturation ip the

specified ecosystems are depicted (Figure' 2).
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