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Abstract. An individual-based simulation model, EFIMOD, trogen deposition as a primary cause of the observed trees
was used to simulate the response of forest ecosystems to clirowth acceleration (Kahle et al., 2008). Increased nitrogen
mate change and additional nitrogen deposition. The generahput through deposition can affect forest ecosystems in dif-
scheme of the model includes forest growth depending orferent ways. Magnani et al. (2007) found that nitrogen de-
nitrogen uptake by plants and mineralization of soil organicposition plays a positive role in forest carbon sequestration
matter. The mineralization rate is dependent on nitrogen conin boreal and temperate forests. Based on forest inventory
tent in litter and forest floor horizons. Three large forest ar-data, Thomas et al. (2010) showed that nitrogen deposition
eas in European Central Russia with a total area of abouivithin arange of 3to 11 kg hd yr—! increased aboveground

17 000 knt in distinct environmental conditions were cho- biomass by 61 kg C per kg N deposited. However, other re-
sen. Simulations were carried out with two climatic scenar-searchers have shown that increased nitrogen inputs through
ios (ambient climate and climate change) and different levelsdeposition have almost no effect on carbon sequestration (De
of nitrogen deposition (ambient value and increase by 6 and/ries et al., 2008; Nadelhoffer et al., 1999). In addition, dif-
12kgNhalyr-1). The simulations showed that increased ferent tree species may have different responses to nitrogen
nitrogen deposition leads to increased productivity of treesdeposition even in the same region (Thomas et al., 2010).
increased organic matter content in organic soil horizons, and hese conflicting results suggest that the effects of nitrogen
an increased portion of deciduous tree species. For the clideposition on carbon sequestration may be regional or site-
mate change scenario, the same effects on forest productivitgpecific. At the moment, in some of the temperate forests of
and similar shifts in species composition were predicted butcentral Europe, there is no nitrogen limitation due to nitrogen
the accumulation of organic matter in soil was decreased. deposition. In addition, different tree species may have dif-
ferent responses to nitrogen deposition even in the same re-
gion (Komarov et al., 2007; Thomas et al., 2010). These facts
highlight a need for more research on the various major for-
est species in the boreal zone. Russian forests are widespread
It is well known that nitrogen is a limiting nutrient for tree in the northwest and northeast of European Russia, and their

growth and carbon sequestration in boreal and temperatéesponse to nitrogen deposition in different climatic zones
zones, starting at least from Liebig (1843), and last sum-has not previously been studied. The effects of both climate
maries in Sutton et al. (2008, 2011) and Butterbach-Bahl echange and various management options on forest ecosystem
al. (2011). At first it was widely held that nitrogen deposi- dynamics in Central Russia have been studied using simula-
tion should increase tree growth in the Northern Hemispherdion modelling (Mikhailov et al., 2004; Palosuo et al., 2008;
(e.g. Townsend et al., 1996). Acceleration of tree growth inVerkerk et al., 2006; Shanin et al., 2011, 2012; Zamolod-
Europe has been identified at the end of 1990s (Karjalaineghikov et al., 2008).

et al., 1999), and the RECOGNITION project has stated ni-

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



4758 A. S. Komarov and V. N. Shanin: Simulation modelling approach

Semi-empirical models (Shvidenko et al., 2007), ROBUL the size of the cells allows only one tree to be located in
(Zamolodchikov, 2011) and the CBM-CFS3 model (Kurz a cell. The biomass of five compartments (stem, branches,
et al., 2009), have been applied earlier for regional carborleaves/needles, fine roots, and coarse roots) is calculated for
assessment in Russia. They have simulated not individuatach tree. Forest growth sub-model is linked with the RO-
species but broad functional groups (i.e. deciduous treesVilUL model, which describes dynamics of soil carbon and
conifers, etc.). Russian forests are represented mostly bwyitrogen (Chertov et al., 2001), and returns available nitro-
mixed stands, and therefore modelling of functional typesgen for trees growth. There are two types of interactions be-
was not well suited to study the interactions between nitro-tween trees in a stand: competition for available photosyn-
gen deposition and forest management, which are dependetttetically active radiation (PAR) and competition for soil ni-
on species composition. To avoid these issues, an ecosystertrogen available to plants. Each tree forms a shadow zone and
level individual-based and spatially explicit forest manage-an area of nutrition whose size depends on the tree param-
ment model is more suitable. Individual-based type of mod-eters. There is species-specific reduction for shade-tolerant
els means that stand is considered as a set of individual treeend intolerant tree species. Areas of nutrition of neighbour-
belonging to different species, and intra- and interspecificing trees overlap, and competition consists of the consump-
competition is calculated directly from shadowing and con-tion of different amounts of available nitrogen by fine roots,
suming available nitrogen from corresponding area of nutri-which are evenly distributed in the tree’s area of nutrition.
tion. It gives a possibility of simulating of mixed stands and In overlapping areas, available nitrogen is consumed pro-
different kinds of cuttings. The EFIMOD model (Komarov portionally to the mass of corresponding fine roots. Such
et al., 2003) has been applied in this study. description of belowground competition is a considerable

This model has been used as a management evaluatiadistinction from some other models, where competition for
tool in many types of world forest ecosystems (Chertov etlight is a main ecosystem driver. It should be noted that, for
al., 2009; Kahle et al., 2008; Larocque et al., 2008; Shaw eboreal and partially temperate forests in European Central
al., 2006). The model is specially designed to examine theRussia, which are nitrogen limited, competition for nitrogen
impacts of different management strategies or natural distur{and other elements of nutrition, i.e. basic cations, etc.) has a
bance regimes on long-term site productivity and carbon setarger priority than competition for light.
questration. A detailed description of the EFIMOD model The system of models consists of four main blocks (sub-
can be found in Komarov et al. (2003), and a brief descrip-models): (1) a model of individual tree growth; (2) a spa-
tion of the algorithms simulating carbon sequestration andtially explicit stand model; (3) a model of soil organic matter
nitrogen limitation will be presented in the next section. (SOM) dynamics, ROMUL; and (4) a statistical climate gen-

Earlier studies have reported both positive and negative reerator SCLISS which converts climatic variables, including
sponses of soil carbon stock to changing climate. Here weir temperature and precipitation onto the forest floor and soil
extend studies for the case of different levels of nitrogen detemperature and moisture, on a monthly basis (Bykhovets
position and climate changes acting together. and Komarov, 2002).

We consider undisturbed development of ecosystems with- Each tree compartment is characterized by biomass, ni-
out any management options and natural disasters. In the casmgen, and ash contents. Initialization of biomasses is done
of mixed forests, climate change and nitrogen deposition areising Marklund’s equations (Marklund, 1988). Biomasses of
the main drivers of interspecies competition, which is man-compartments in the annual modelling step have been cal-
aging forest growth. How will these drivers supplement eachculated using allocation coefficients, which are derived from
other along climatic gradient at different levels of nitrogen data on different tree species productivity (Komarov et al.,
deposition? What factor will be more important, climate or 2003, 2007). Each tree compartment has species-specific ni-
additional nitrogen income (which are both limiting factors trogen and ash contents depending on forest site. Thereby,
in taiga zone)? These are the main questions that we tried taitrogen turnover has been simulated through corresponding
answer with the current study. The main hypothesis that wditterfall onto/into soil and the return of available nitrogen
want to confirm is that both factors acting together have dif-from the ROMUL model for tree growth. Nitrogen deposi-
ferent influence on forest growth and carbon sequestration iion has been added to the pool of available nitrogen. The
forest soils in different climatic zones. flowchart of EFIMOD is shown in Fig. 1.

ROMUL is a model of SOM dynamics based on the as-
sumption that there is a consequent change in the communi-

2 Materials and methods ties of decomposers in the course of SOM decomposition and
humification (Chertov et al., 2001). The amount and species
2.1 Model and initialization composition of decomposers depend on the biochemical

properties of organic residues, soil climate, and soil texture.
The EFIMOD model (Komarov et al., 2003) being an Decomposers (microbes, fungi and soil micro- and meso-
individual-based type simulates development of tree-soil sysfauna) produce humic substances, which decompose more
tem. Simulated stand is arranged on a square lattice, andlowly. Thus, it is possible to calculate the decompaosition
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able data: growing stock, site area, relative stand density,
R \ stand composition, site class, and tree species. Missing char-
acteristics of SOM pools have been estimated from two avail-
able parameters: forest site class and dominant species in the
Model o soll overstorey, with the use of regional databases and expert es-

organic matter

cvnamics (ROMQ) timations (Komarov et al., 2007).

Model
initialization

Atmospheric nitrogen ~ generator
deposition and
nitrogen fixation,

Available N <
in soil

Biomass increment
due to avajlable N

- Model of EFIMOD uncertainties and predictions were thoroughly

e \_tree gt - verified against field measurements (Chertov et al., 2003;

gonessnfonen  Debie e Mikhailov et al., 2004: Shaw et al., 2006; Kahle et al., 2008;

IR S Chertov et al., 2009; Bhatti et al., 2009; Shanin et al., 2011,
2012).

Plantings ~ Cuttings Fires

Disturba 2.2 Study areas
Tool for simulation of w
silvicultural practice
and disturbances

Displaying
results

Three study areas in different parts of European Russia were
chosen for the simulation experiments (Fig. 2). These ar-
eas have distinct environmental conditions, soil cover, and
vegetation. They were selected to present a latitudinal gradi-
ent of climatic conditions. The Dankovskoe forest area (to-
tal area 69 200 ha) in the Moscow region consists of middle-
and humification rates as functions of biochemical propertiesaged pine and birch stands on weak podzolic soils. The Man-
of litterfall, soil temperature, and moisture. turovskoe forest area (180600 ha) in Kostroma region con-
Nutrients released due to mineralization are absorbed bwists of middle-aged pine, birch, and aspen stands as the
plants except the situation with strongly shadowed trees. Irmost common species. Soil cover is formed by sandy and
this case the tree’s increment is restricted by light and partoamy-sandy, podzolic, sod-podzolic, and peaty-gley soils,
of available nitrogen remains unclaimed and goes to nitro-with an underlying moraine. The Zheleznodorozhnoe for-
gen pool of forest floor. ROMUL describes the dynamics of est area (in the Komi Republic), with an area of about
the three main pools of SOM and corresponding pools ofl 445000 ha, consists of young and old-growth stands; the
nitrogen: SOM of the forest floor, labile humus of mineral prevailing tree species are Norway spruPécéa abiegL.)
horizons (originating from decomposing root litter), and sta- Karst.) and Scots pineP{nus sylvestrid_.). Soil cover is
ble humus of mineral soil consisting of SOM bonded with presented by podzolic, swamp-podzolic, and peat-bog soils
soil minerals and a slow rate of decomposition. Addition- (Zaboeva, 1975). Annual average temperature varies from
ally, ROMUL calculates a pool of mineral nitrogen available 5.0°C in the Moscow region to 0.4C in the Komi Republic
for plant nutrition. A simple procedure of leaching of nitro- (3.0°C in the Kostroma region); annual total precipitation is
gen from soil to ground water is also included in the model 634 mm in the Dankovskoe forest area, 621 mm in the Man-
(Chertov et al., 2001). Strong external disasters such as forestirovskoe forest area, and 585 mm in the Zheleznodorozhnoe
fires or clear-cut surplus nitrogen could be spent for leachingforest area.
and remaining quantity immobilized in forest floor. Forest datasets consist of many thousands records of in-
Advantages and special features of applications of thedividual stands (forest compartments), which were parcelled
individual-based model at regional scale are described in deeut during forest inventory. Such an approach allows for es-
tail in previous publications (Chertov et al., 2006; Shanin ettimating the dynamics of a whole territory and for identify-
al., 2011, 2012). ing certain general trends, and it makes possible the detailed
The following input parameters are necessary to run thecomparative analysis. The disadvantage of such an approach
model: the species composition of the mixed forest standjs its laboriousness, because many initial parameters should
which consists of forest elements (a “forest element” is anbe entered to perform the model experiment at the certain
even-aged group of trees of the same species with similascenario for each stand.
stem heights and diameters); accordingly we need the aver- Therefore the following procedure of forest inventory data
age height of trees, the average stem diameter at breast heigg¢neralization has been developed (Shanin et al., 2011). All
(DBH), the number of trees per hectare, and the age of treegecords in the database were grouped in relation to stand-
for each forest element. dominant species, the dominant age group and forest site
The characteristics of SOM and N pools have been takentype. Further a generalization of the forest compartment
from a special database (Alexeev and Birdsey, 1998; Chesteharacteristics was done for each group. All stand areas for
nykh et al.,, 1999, 2004, 2007; Komarov et al., 2007).the group were summarized. For some characteristics like
Most stand information is available from forest inventory yield class, relative stand density and growing stock, the
databases. Missing data were calculated on the basis of avaiirea-weighted average values were calculated. Portion of

Fig. 1. The flowchart of the EFIMOD model. From Shanin et
al. (2012), as subsequently amended.
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Bl e el e 200 ko Table 1. Initial distribution of different forest sites and some their

,051'33'5 e characteristics. Occurrence means the portion of total area that
is covered by the certain forest site, for Dankovskoe (D), Man-
turovskoe (M) and Zheleznodorozhnoe (Z) forest area. Dominant
species means the species occurring on certain forest site: A —
Eurasian asperPppulus tremuld..), B — silver birch Betula pen-
dulaRoth), P — Scots pinéP{nus sylvestris.), S — Norway spruce
(Picea abied..), L — small-leaved lime Tilia cordata Mill.), O —
pedunculate oakQuercus roburl..). Data on moisture were taken
from simulated scenarios.

Middle
taiga

Syktyvkar -

South
taiga |

Sub-
boreal

Temperate
imix. forests:

Occurrence (%) Moisture (vol. %)
Forest Dominant Forest  Mineral
) D M z . )
site species floor soil
A0 - <0.01 - P 6 25
Al 0.08 2.14 245 B,PS 6-12 14-25
Fig. 2. Areas under study: 1 — Dankovskoe forest area; 2 — Man- A2 3.32 6.44 3.84 BPS 10-12 23-30
turovskoe forest area; 3 — Zheleznodorozhnoe forest area. DashedA3 - 14.89 0 AB/PS 15 40
lines delineate approximate borders of vegetation subzones. Geo- A4 0.03 4.82 - P 26 52
graphic coordinates for the CRU TS 2.0 dataset grid box closest to AS 0.09 1.03 - B 26 52
the corresponding area under study are shown. Based on a map bygg E;g 43-‘;; o &%F;SS'LL'% 1102‘1226 223;‘3502
(I?S:rlﬁllyliil;tngde(rjnaps.com). From Shanin et al. (2012), as subse B4 0.76 395 5109 ABPS 1526 3052
. B5 - 0.77 2179 B,PS 15-26  30-52
Cc2 36.41 1.12 036 AB,PSLO 10-12 23-30
C3 28.5 8.39 - ABPSLO 12-26 40-52
each tree species within the group and weighted size charac-c4 251 6.37 - ABS 26 52
teristics were calculated also. The procedure allows for ap- €5 002 066 - A 26 52
D3 0.32 - - O 26 52

plication of individual-based model at regional level.

Forest site classification of edaphic forest sites used in
Russian forest management is based on two factors: soil rich-
ness and moisture (Morobjev, 1953). The soil richness serie
consists of four grades, from A to D, in increasing order of
soil fertility. Additionally, there are six grades of moisture
from very dry sites (with index 0) to forest and open bogs Simulations were done for 100yr starting in the 1990s us-
(index 5). When these two measures are combined, the rdg corresponding forest inventory data for all stands of the
sulting index of forest site type can be obtained. For exam-case studies. The forest growth scenario without any silvi-
ple, a forest site A3 refers to a relatively moist site with forest Cultural operations was used for the simulations. It assumed
site soil. Every forest site unit has a set of forest types withthat tree stands in all case studies are conserved as a forest
forest vegetation of different stand, underbrush and herbat€serve. The natural regeneration was modelled every 15yr
ceous layer composition as succession stages after variod the specific proportions of the tree species depending on
disturbances. The occurrence of different forest sites in areate forest site types and dominant trees (Shanin et al., 2011).
under study, as well as their basic characteristics in terms of ne density after regeneration was 2000 trees ha
soil richness and moisture, is given in Tables 1 and 2. Dry TWO climatic scenarios were designed using statistical
and moderately wet sites with relatively rich soil prevail in Simulator SCLISS (Bykhovets and Komarov, 20025,
the Dankovskoe forest area, while in the Manturovskoe and?@sed on contemporary climate, and “catastrophic climate
Zheleznodorozhnoe forest areas a considerable part of thehange” (C) using HadCM3 model and A1Fi emission sce-
total area is covered by habitats with lean soils. Also, thenario.

Zheleznodorozhnoe forest area is characterized by excessive FOr the scenario with a contemporary climag the in-
moisture in nearly the entire territory. As such, distinct dy- Put climatic parameters for SCLISS have been estimated
namics of forest ecosystems can be expected in these ared¥) the basis of the set of climatic scenarios compiled by
Modelling at these three areas with different climatic con- Mitchell et al. (2004) which are available at the Climate Re-
ditions will allow us to construct a latitude transect and to S€arch Unit of the University of East Anglia websitetp:

extrapolate the results of these simulations to larger areas. //www.cru.uea.ac.uk/cru/data/hrg.jtnThis set includes a
gridded (0.5 x 0.5°) climatic dataset for the 20th century,

CRU TS 2.0, and a set of climate change scenarios for the
21st century, TYN SC 2.0. It should be noted that simulated
by SCLISS monthly air temperature and precipitation have

3.3 Management and climate scenarios
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Table 2. Variation in characteristics of soil for different forest sites. Values on organic matter and nitrogen pools are obtained from special
database (Chestnykh et al., 1999, 2004, 2007) and used for the initialization of the ROMUL sub-model of soil organic matter dynamics.
These amounts are also influenced by species composition in overstorey and geographical location.

Forest floor (Mg ha?) Labile humus (Mg hal) Humus (Mg ha'l)

SOM N SOM N SOM N
Forest site
AO 8.9 0.13 18.5 0.14 65.5 6.63
Al 2.7-9.7 0.02-0.12 6.8-23 0.01-0.3 25.4-144.4  1.12-11.02
A2 3.1-10.6  0.05-0.14 3.3-27.6  0.009-0.45 41.6-153.9  1.83-11.91
A3 0.5-11.5 0.05-0.12 8.5-32.1  0.045-0.18 113.9-163.4 6.41-11.91
Ad 133.0 2.37 38.5 0.69 71.5 2.55
A5 117.7 1.89 11.0 0.195 99.0 3.54
B2 3.7-115 0.06-0.18 7.5-32.1  0.07-0.56 48.6-178.6  2.07-12.40
B3 3.3-20 0.04-0.48 6.1-46.2  0.013-0.9 85.8-195.7  3.35-13.68
B4 15.2-51.7 0.19-1.44 7.6-71 0.031-0.96 60.0-182.7  3.55-4.91
B5 4.8-6.6 0.16-0.23 42-148  0.014-0.049 82.8 3.47
c2 3.4-10.1  0.04-0.15 5.7-36 0.006-0.99 67.0-212.8  3.71-14.64
C3 3.9-16 0.05-0.4 8.1-458  0.05-0.99 81.9-228.0  3.65-15.35
C4 26.3 1.17 23.2-69.6 0.57-1.7 162.4-208.8 7.93-10.2
C5 26.3 1.17 23.2 0.57 208.8 10.2
D3 05.7 0.13 20.3 0.61 182.7 10.9
Forest area under study
Dankovskoe 32.3 0.61 21.5 0.84 96.7 4.57
Manturovskoe 28.9 0.68 19.7 0.23 149.2 10.24
Zheleznodorozhnoe 29.4 0.45 19.1 0.13 71.2 4.28

the same statistical characteristics as measured ones in tliee ambient level, and the second simulated an increase by

mentioned dataset including monthly and annual variations.12 kg N hayr—1. Such scenarios were first proposed for
The _C scenario from 2001 to 2100 was chosen as the mosManturovskoe forest area as two- and three-fold increases in

“extreme” scenario of warming to show the widest range of ambient atmospheric inputs and were then used for all areas

possible climatic conditions. It was based on the HadCM3under study to keep the same values of absolute increase.

model and the A1Fi emission scenario. According to the sce-

nario, average annual air temperature increases HCrid

the Dankovskoe forest area, by 7@ in the Manturovskoe 3 Results

forest area, and by 7°& in the Zheleznodorozhnoe forest

area. Corresponding total changes in precipitation are not sqhe increase in nitrogen input with atmospheric precipita-

remarkable=—1% in the Dankovskoe forest area, 8% in the tjon resulted in a predicted increase in the productivity of

Manturovskoe forest area, and 5% in the Zheleznodorozhstands (Fig. 3). It led to increased litter production and to a

nqe forest area), mqstly due tothe increased monthly totals Im“gher rate of SOM decomposition and Corresponding car-
winter. Both scenarios were taken for the dataset grld boxesbon dioxide emission. Climate Change also resulted in pro-

which were the closest to the study areas. ductivity gain and in an increase in rate of decomposition in
the soil. This, on the one hand, led to an increase in the re-
2.4 Nitrogen deposition scenarios lease of inorganic nitrogen compounds, which are available

for plants, and resulted in a productivity gain. But, on the
To assess the effect of additional nitrogen on for- other hand, the increased rate of mineralization negatively
est ecosystems, three levels of nitrogen deposition weraffected the accumulation of carbon, which was calculated
proposed. The ambient level was taken as a baseas net primary production (NPP) minus soil hetretrophic res-
line. It was 13.2kgNhatyr—! for Dankovskoe forest piration. As a result, the accumulation of carbon at the cli-
area, 7.2kg N hatyr—! for Manturovskoe forest area, and mate change scenario was almost equal to or even lower
4.8kgN halyr—1 for Zheleznodorozhnoe forest area (State (for Dankovskoe forest area, Fig. 3a) than under an ambi-
report, 1998, 2011). We also used two levels of probableent climate for all levels of nitrogen deposition. Comparison
increases in nitrogen inputs. The first one assumed an inef the simulation results for 100-yr simulations for the dif-
crease in deposition by 6 kgNhayr—! in comparison to  ferent areas under study shows that net primary production

www.biogeosciences.net/9/4757/2012/ Biogeosciences, 9, 4532012
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creasing for scenarios with climate change and different lev-
_ . els of nitrogen deposition (Fig. 3).

The relative carbon accumulation was dependent on for-
est site, being in the interval of 30-100 kg Char—! per
= 1kg N hatyr—1 for the scenario of ambient climate and am-
bient nitrogen deposition.

Carbon stock in soil by the end of simulation period at
ambient climate and ambient level of nitrogen deposition
(AL_S) was equal to 89.1MgChé in Dankovskoe for-
est area, 100.1 Mg C hd in Manturovskoe forest area, and
62.5Mg C hal in Zheleznodorozhnoe forest area while ini-

- tial values were 75.3, 98.9, and 59.9 Mg C hacorrespond-

_ ingly. Additional nitrogen income resulted in 7-11 % higher
soil carbon stock while climate change resulted in 10-20 %
decrease, in comparison to ambient climate. The proportion

of forest floor in total SOM stock was 10-20 %. It should
also be noted that differences between outputs at different cli-
ALS ALC 106_S 106_C n2_s n2_c matic scenarios in terms of both total carbon stock in soil and

[ Net primary production 1 Carbon dioxide emission —e— Carbon accumulation proportions Of diﬁerent SOM fraCtionS were most remark'
c . able for the more southern Dankovskoe forest area (Fig. 4a)
and least remarkable for the northern Zheleznodorozhnoe

— forest area (Fig. 4c). The effect of increasing nitrogen depo-
— _ — sition on the changes in the total carbon stock in soil and the

— - - proportion of organic layer in different areas showed a simi-
lar pattern: the increase was more remarkable in Dankovskoe
and Manturovskoe forest areas in comparison with Zhelezn-

odorozhnoe forest area.

The total nitrogen stock in an ecosystem increased with
increasing nitrogen deposition (Fig. 5). The dynamics of dif-
ferent pools of nitrogen were closely related to the dynamics
of corresponding carbon pools (soil, stand, coarse organic de-

>

© a4 N W A~ o o N

MgC ha year'1

AL_S AL_C 106_S 106_C n2_s n2_c

[ Net primary production ] Carbon dioxide emission —— Carbon accumulation

b

Mg C ha year'1
(=] - N w » o o ~N
P S —

Mg C ha™! year'1
o - N w » (4] o ~
P Y

AL_S AL_C 106_S 106_C n2_s n2_c

[ Net primary production 1 Carbon dioxide emission —#— Carbon accumulation ‘

Fig. 3. Average values of NPP, emission of g@nd accumulation
of carbon with different levels of deposition of nitrogen compounds

(AL — ambient level, 106 — increase of 6 kg [N]hayr—1, 112 — bris). Both climate change and increased nitrogen deposition
increase of 12 kg [N]lhal yr—1) and climatic scenarios$ . ambi-  resulted in the increase of the amount of available nitrogen.
ent climate, C — climate change) for the different areas under study?rhe nitrogen poolin tree biomass grew, and the nitrogen pool
((a)- Dankovskoe forest areén) — Manturovskoe forest arefs) — in soil fell correspondingly.

Zheleznodorozhnoe forest area). To describe the effects of warming and nitrogen deposi-

tion on the dynamics of species composition, we split all tree

species into three groups. The first group consists of so-called

parvifoliate tree species, which are pioneer species with fast
decreased from south (Dankovskoe forest area at ambient clgrowth and high demand for nutrients: silver birdbefula
mate of 5.99 Mg C hal yr—1) to north (Zheleznodorozhnoe pendulaRoth) and European aspeRopulus tremulal.).
forest area, 4.41 Mg C hayr—1). The average value of NPP  The second group includes small-leaved lirfidig cordata
in Manturovskoe forest area was 5.29 Mg C hgr—1. Soil Mill.) and pedunculate oakJuercus robut..), which are tol-
heteretrophic respiration for different sites was quite simi- erant species with highly competitive capacities, which also
lar for all regions (3.64 Mg C hat yr—1 in Dankovskoe for-  require fertile soil but have lower metabolic rates than the
est area, 3.50 Mg C hdyr—! in Manturovskoe forest area, previous group. Both groups are rich in nitrogen contents in
and 3.16 Mg C hal yr~1 in Zheleznodorozhnoe forest area), compartments. The third group includes coniferous species
and accumulation of carbon was 2.35Mg Chgr—1 in whose needs for soil nutrition are lower than those of parvi-
Dankovskoe forest area, 1.79MgCHar—1 in Mantur- foliate and broadleaved species: Norway spririeda abies
ovskoe forest area, and 0.72 Mg Cfgr—1in Zheleznodor-  (L.) H. Karst.) and Scots pind®{nus sylvestrig..).
ozhnoe forest area. The increase in nitrogen deposition led to increasing por-

As a result, maximum accumulation of carbon in the tions of parvifoliate and broadleaved tree species, which

ecosystems took place in south, and minimal in north. Thisrequire more nutrients for growth than coniferous species.
trend was similar for all scenarios of climate change and ni-The effect of climate change was generally the same but
trogen deposition, but absolute values were different and inwith some exceptions. The effect of nitrogen deposition on
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Fig. 4. Proportions of different SOM fractions and total car- Fig. 5. Nitrogen stocks in different pools by the end of simulation
bon stock in soil by the end of simulation with different lev- with different levels of deposition of nitrogen compounds (AL —
els of nitrogen deposition (AL — ambient level, 106 — increase of ambient level, 106 — increase of 6 kg [N]hhyr—1, 112 — increase

6kg[N]ha lyr—1 112 —increase of 12kg[N]halyr—1) and cli-  of 12kg[N]ha1yr—1) and climatic scenarios$ — ambient cli-
matic scenarios_§ — ambient climate,C — climate change) for mate,_C — climate change) for the different areas under stydy (
the different areas under studia) — Dankovskoe forest arefq) — — Dankovskoe forest are@h) — Manturovskoe forest areé;) —

Manturovskoe forest are&;) — Zheleznodorozhnoe forest area).  Zheleznodorozhnoe forest area).

species composition was the most remarkable in the warmes 1.1 Geographical trends
Dankovskoe forest area. The territory of Zheleznodorozhnoe
forest area is beyond the geographic range of broadleaveResults of our study showed that NPP decreased from
tree species; the relative increase in the share of parvifoliatgouth to north (Fig. 3). Simulated NPP values (3.6—
species in this case was rather low. 5.1 Mg Chalyr1) were in a good accordance with known
data from literature. Values of NPP for European transect
(6.3-16.7 Mg C halyr—1) are higher (Schulze, 2000), but
they are measured for more southern and warmer territo-
41 Carbon accumulation ries in Europe. Our results are close to data on Enissei
transect in Siberia (3.0-5.4 Mg Chhyr—1) (Bazilevich and
Further we consider and compare preliminary simulation re-Titlyanova, 2008) and 3.5-6.0 Mg Chayr—* for northern
sults on carbon accumulation in relation to three differenthardwoods (Cannell, 1982; Melillo et al., 1993). Average val-
factors: (1) climatic zone expressed in the model by temperalies of soil CQ emission are in a range of measured data
ture, precipitation and distribution of forest sites; (2) climate for European Central and northern Russia (Kurganova et al.,
changes; and (3) different levels of nitrogen deposition. )-

4 Discussion

Maximum accumulation of carbon in the ecosystem takes
place in south, and minimal in north. This trend is similar for
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all scenarios of climate change and nitrogen deposition. Ab-Table 3. Relative increases (%) of NPP and &£@mission
solute values increased with warming and increasing leve[MgCha ) at different levels of deposition of nitrogen com-
of nitrogen deposition except southern site where warmingPounds (AL — ambient level, 106 — increase of 6 kg N'hgr—1,
decreases accumulation at all levels of nitrogen depositio12 — increase of 12kgNha yr—1) and climatic scenarios$ —
(Fig. 3). For intermediate and northern sites, influence of cli-2mpient climate,C — climate change) for different climatic zones,

mate changes expressed in biomass is lower than influenc8 COMParison to ambient level and ambient climate (3.
of additional nitrogen.

Simulation scenario

4.1.2 Effect of climate change and nitrogen deposition ALC 1065 106C 1125 112C

- _ o Net primary production
A positive effect of climate change on forest productivity, = Dankovskoe 53 168 216 315 338
particularly for boreal forests of the Northern Hemisphere, Manturovskoe 147 233 377 456 623

was noted in many studies (Lopatin et al., 2006; Myneni Zheleznodorozhnoe  20.1 11 333 221 454
et al.,, 1997; Spiecker et al., 1999; Komarov et al., 2007; carbon dioxide emission
Kahle et al., 2008). Authors usually mention two possi- Dankovskoe 31.9 22 372 248 52
ble sources of positive influence: (1) increased carbon diox- Manturovskoe 16.8 128 31 254 434
ide concentration and temperature (Boisvenue and Running, Zheleznodorozhnoe 205 66 289 133 374
2006; Cole et al., 2010; Coops and Waring, 2001; Ellsworth
etal., 2012; Moore et al., 2006) and (2) increased input of ni-
trogen compounds with precipitation (Callahan et al., 2008;
Hogberg, 2012; Vetter et al., 2005). Some authors showeduggestions in (Sutton et al., 2008) that sensitivity of kg C
that warming may stimulate decomposition of soil organic per kg N should be 50-75:1. It is also in agreement with
matter (Kirschbaum, 1994; Lloyd and Taylor, 1994; Bhatti et data collected in Hgberg (2012), which reported most of es-
al., 2009). Consequently, enhanced decomposition of SOMimates to be in range between of 30-70 kg Cha 1 per
also increases nutrient availability and stimulates forest pro- kg N ha ! yr—1 of atmospheric deposition.
ductivity (Melillo et al., 1993). There was a remarkable decrease of relative carbon ac-
In our computer experiments, warming resulted in increasecumulation per kg N in different climatic zones from south
of heterotrophic respiration due to increased rate of decom{Dankovskoe forest area) to north (Zheleznodorozhnoe forest
position of dead organic matter in soil. Such an increase ledarea) for almost all scenarios except AL
to additional release of nitrogen compounds and, in turn, to The so-called “saturation effect” could be observed, where
increased NPP at scenarios of climate change (Fig. 3 and Tahe value of relative carbon accumulation per kilogram
ble 3). of nitrogen decreased with the increase of the amount of
An increase in nitrogen deposition from the atmospheredeposited nitrogen. The relative carbon accumulation was
for Northern Hemisphere leads to a couple of opposite consehigher in forest sites with more fertile soil and lower in forest
quences. The first one is an increase in forest growth and possites with poor soil. On the other hand, the “saturation effect”
sible corresponding increase in litter flow to soil. Also, it is was less remarkable in sites with poor soils. Finally, the rela-
known that, in temperate forest soils where nitrogen does notive accumulation of carbon was higher in sites with optimal
limit microbial growth, nitrogen deposition could impede the moisture and decreased both with decrease and increase in
decomposition of organic matter and thus stimulate carbormoisture, more remarkably in the former case. Less carbon
sequestration (Janssens et al., 2010; Ramirez et al., 2010). Aiccumulation in forest sites with poor soils could be the result
the same time, an increase of forest floor temperature due tof lower productivity in such sites while the additional in-
climate change also leads to higher rates of SOM decomposicome of nitrogen might have a greater influence. Also, in ex-
tion (Rustad et al., 2001; Vetter et al., 2005). However the in-tra dry and extra wet sites, the moisture is an important limit-
hibition of decomposition processes due to nitrogen fertiliza-ing factor, weakening the effect of nitrogen deposition. Simi-
tion or both positive and negative responses to increased niar effect has been found in&kipaa et al. (1999). There is an
trogen supply have been reported in some studies (e.g. Johmssumption that when nitrogen is excessive in the ecosystem,
son and Curtis, 2001; Pussinen et al., 2002; Prescott, 1993hen forest productivity starts to depend on other elements
Knorr et al., 2005). such as phosphorus, potassium etc (Butterbach-Bahl et al.,
The analysis of results will be clearer if we calculate the 2011). But we do not take into account cycling of those el-
values of relative carbon accumulation, in terms of kilogramsements in the model in use and we got this result despite of
of carbon accumulated in the forest ecosystent {lya—1) this assumption. Forest increments at the ambient level of
per kilogram of deposited nitrogen (hayr—1). The accumu-  nitrogen deposition decreased from south to north. A higher
lation of carbon in terms of net ecosystem productivity (NEP) productivity gain was predicted for Dankovskoe and Mantur-
was between 27 and 84 kg CHayr—t per LkgNhalyr~!  ovskoe forest areas (Fig. 3a,b) than for Zheleznodorozhnoe
(Table 4). All values in Table 4 are in good agreement with forest area (Fig. 3c).
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Table 4. Carbon accumulation, kgChayr—! per 1kgN acceleration of decomposition of SOM (i.e. Peterjohn et al.,
ha1yr—1 deposited with different levels of deposition of nitro- 1994).

gen compounds (AL — ambient level, 106 — increase of 6kgN  The effect of increased nitrogen deposition on soil carbon
ha~tyr~1, 112 — increase of 12kgN ha yr—1) and climatic sce-  pool was opposite to that of changed climate: carbon pool in-
narios (S — ambient climate,C — climate change). Values for dif-  creased with higher nitrogen deposition (Fig. 4). This result
ferent forest sites and weighted average values for different foresis similar to that in Makipaa et al. (1999). It could be eas-

areas. ily observed from Table 5 that increased nitrogen input leads
: , , to an increase in SOM stock for all climatic zones. This re-
Simulation scenario .. . .
ALS ALC 1065 106C 1125 oo sult is in a good agreement with long-term forest nitrogen
N - N fertilization in Sweden and Finland (Hgmen et al., 2008).
;gfeSt site 200 271 248 219 231 223 Well-known measurements of increased organic floor thick-
AL 455 412 389 334 374 350 ness show that carbon seque.stratlon in forest flo_or is a typ-
A2 511 46.2 427 374 416 405 ical pattern for boreal forests in the absence of disturbances
A3 708 642 570 519 554 544  and with a long-term nitrogen deposition (Berg et al., 2009).
2‘5‘ 2‘7"3 32-2 gg-é gg'g gi'g 332 Higher levels of nitrogen deposition result in a remarkable
B2 642 568 525 459 483 409 increase in the proportion of organic layer in the total SOM
B3 856 757 693 612 581 551  poolwhile the proportion of the mineral horizons in the total
Eg 23-3 g;;‘ 2‘71-‘2‘ jg-;‘ gg-z gz-é SOM stock decreased (Fig. 4). Climate change leads to the
c2 751 662 543 473 488 aag OPpOSite effect. With the same level of nitrogen deposition,
c3 92.4 815 656 583 535 440 the proportion of organic layer in the total SOM stock under
C4 756 665 501 476 321 288  the climate change scenario was lower than under an ambient
C5 732 645 492 461 331 288 climate also for all areas under study.
D3 1023 907 553 625 420 349

Increased nitrogen deposition resulted in an increased
E‘;flf;\fsrlfge““dersmdysm 601 638 589 6l8 488 growth rate of trees and, therefore, in an increased litter flow.
Manturovskoe 568 622 463 478 417 445 Theincreased input of plant residues to soil resulted in in-
Zheleznodorozhnoe ~ 47.9 555 315 363 271 292 creased SOM content at different levels of nitrogen deposi-
tion, mainly in the forest floor. Conversely, climate change
led to a decrease in the relative SOM content in organic
soil horizons (Fig. 4) and leads to increased carbon dioxide

As we mentioned before there is a non-linear saturation iremissions. The relation between these opposite rates of SOM

relation to nitrogen additions: the more nitrogen is added transformation actually depends on climatic zone. Maximal
the lower the sequestration of carbon. Climate change indifference between these two acting factors is for south area
creases the relative sequestration of carbon except in soutt@nd minimal is obtained at north. This result is in a good
ern Dankovskoe forest area. We will try to explain this ex- agreement with results of RECOGNITION project where ef-
ception later in the description of changes of species compofects of changing nitrogen deposition were showed to be
sition. The rate of carbon sequestration decreases from souginaller at high latitudes (Kahle etal., 2008). Itis necessary to
to north. The lower forest growth is the main reason for this @ccentuate that RECOGNITION results have been obtained
decrease. at stand scale, and our computer experiments are made at re-

gional level.

4.2 Dynamics of soil organic matter (SOM) _ )
4.3 Dynamics of nitrogen stock

Simulated soil carbon was 70-120 Mg Ctidor the ambi- ) ) ) )
ent climate but about 20 % lower (60—100 Mg Chaunder The'tc.)tal amount of'nltr.ogen in all ecpsystems is growing,
changed climate. This result is consistent with known experi-Put it is reallocated in different ways in the more southern
mental studies, where elevated temperature greatly increasé'd More northern case studies (Fig. 5). In all cases nitrogen
soil respiration (Peterjohn et al., 1994), and where both el/S accumulating in stands and maximal accumulation is ob-
evated temperature and soil moisture resulted in acceleraté@ned in intermediate climatic zone. In the north, leaching
SOM mineralization (Goncalves and Carlyle, 1994). It was decreases the total nitrogen amount,'r.nostly due to climate
shown at stand (Rilkipaa et al., 1999) and global scale (Cao change, which speeds up decomposition processes and re-
and Woodward, 1998 Jenkinson et al., 1991). leases mobile nitrogen, which is then leached.

Climate change decreases SOM both in organic and min-
eral soil horizons (Fig. 4). Relative portion of SOM loss un-
der climate change, in comparison to ambient climate, de-
creases from south to north (Table 5). The SOM in forest
floor decreases faster. It corresponds to assumptions about
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Table 5. Soil carbon (MgChal) in soil compartments at dif- a
ferent levels of deposition of nitrogen compounds (AL — ambi-
ent level, 106 — increase of 6kgNhayr—1, 112 — increase of 80%
12kgNhalyr-1) and climatic scenarios$ — ambient climate,
_C - climate change) for different climatic zones.

100%

60%

share, %

40%

Simulation scenario 20%
AL.S ALC 106S 1I0eC 112Ss I12C 0%
AL_S AL_C 106_S 106_C 1n2_s n2_c
Forest floor
Dankovskoe 14.7 8.4 19.1 9.0 23.0 11.3 M Parvifoliate @ Broadleaved [JConiferous
Manturovskoe 19.1 123 243 164 317 209 b 10w, — e e
Zheleznodorozhnoe 15.3 11.1 17.0 12.0 19.4 13.6 °
Mineral soil 80%
Dankovskoe 74.3 68.2 80.2 72.4 87.0 76.4 = 60% -
Manturovskoe 81.0 776 836 81.6 86.0 84.0 g
s

Zheleznodorozhnoe 53.1 51.4 56.7 54.8 60.8 59.1 40%

~ D D
0% — T T T

AL_S AL_C 106_S 106_C n2_s n2_c

4.4 Effect of climate change and nitrogen deposition on
changes in species composition

M Parvifoliate @ Broadleaved O Coniferous

c 100% - —

Additional nitrogen deposition also affected the species com- 80% 1

position: the portion of deciduous tree species increased

(Fig. 6). The most considerable changes were in the south.

Here coniferous species are changing to parvifoliate and

broadleaved trees. It leads to a decreasing rate of sequestr:

tion of carbon per nitrogen unit, because the nitrogen con- 0% - , ,

tent in compartments of those species is much higher, anc ALs ALees ec mzs e

it is a reason for decreases in relative carbon sequestration B Parvifolate \Conkfrous

Moreover, climate changes accelerate species changes (forest ) _ _

succession). It is known that as climate changes tree speci@rg'.& Sh.ares. of different groups of tree species by the end of sim-
. -, L . ulation with different levels of deposition of nitrogen compounds

can change their positions within the mixed stand. More-

(AL — ambient level, 106 — increase of 6 kg [N]hayr—1, 112 —

over, the geographical ranges of species may move northg, ..ooce of 12 kg [N] hal yr—1) and climatic scenarios$ — ambi-

ward, with the estimated migration rate being within the ent climate, C - climate change) for the different areas under study

range of approximately 200 to 1000 nmyr (Iverson and ((a) — Dankovskoe forest arefh) — Manturovskoe forest arefs)
Prasad, 1998; Johnston et al., 2009; Pearson, 2006) or everzheleznodorozhnoe forest area).

5000 myr (Thuiller, 2007) due to the predicted increase
in the mean annual temperature and associated alterations in .
precipitation patterns. The replacement of coniferous specie Conclusions

by broadleaved ones has been shown using both paleoeco- ) _ _
logical (Overpeck et al., 1991) and simulation methods (|Ver_lnteract|ve effects of climate change and atmospheric N de-

son and Prasad, 1998, 2001: Sykes et al., 1996). It was alggosition for fqrest ecosystems of Egropean Russia confirm
shown (Kellomaki and Kolstom, 1992) that, while small the hypothe5|s that both factors acting together have cﬁffer-
temperature growth will increase the rates of decomposi—e”t mflue_nc_e on forest grow_th and carbon sequestration in
tion and nitrogen cycling, large or prolonged temperature in-0rést soils in different climatic zones.

creases may cause a shift from coniferous to deciduous tree OUr computer experiments have been done for three large
species. Since the rate of decomposition is higher in deciduSets of mixed stands which represent different types of for-
ous forests (because of both litter quality and site conditions),eSt sites and are Iocatgd in three different climatic conditions.
this may further increase availability of nitrogen, leading to OUr Study shows that, in the forest lands of European Central
increased productivity. This is why corresponding values of RUSSIa, warming leads to the following: (1) relative increases
the relative carbon accumulation for Dankovskoe forest aredn forest productivity from south to north (the maximum in-
given in Table 4 show a difference in relation to northern créase is in the north (Table 3); (2) increases in carbon diox-
sites. Manturovskoe forest area has an intermediate positiorid® emission from the soil; (3) decreases in carbon in the
and Zheleznodorozhnoe forest area does not demonstrate tHirest floor; (4) increases in the proportion of broadleaved
effect because it has no deciduous species. species (except the most northern area).

60% |

share, %

40%

20%
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Based on the simulations, we conclude that (1) nitrogenBerg, B., Johansson, M.-B., Nilsson, A., Gundersen, P., and Norell,
deposition plays a positive role in carbon sequestration in L.: Sequestration of carbon in humus layers in Swedish forests
mixed forests in European Central Russia at the ambient av- — direct measurements, Can. J. Forest Res., 39, 962-975,
erage levels of nitrogen deposition; (2) it could play different  d0i:10.1139/X09-0222009. .
relative roles in different climatic zones acting together with Bhatti, J., Chertov, O., and Komarov, A.. Influence of Climate
climate changes, as we suggested as a main hypothesis of C'ange: Fire, Insect and Harvest on Carbon Dynamics for Jack
our study. Nitrogen deposition has the most considerable im- Pine in Central Cana.da' Simulation App.roaCh with the EFIMOD

. . . Model, The International Journal of Climate Change: Impacts
pact_on cha_nges' in NPP and chan_ges in SQM. stock in squth and Responses, 1, 43-62, 2000.
in middle taiga sites. In northern sites NPP is increased firsgyisyenue, C. and Running, S. W.: Impacts of climate change on
of all due to climate changes. Changes in forest SOM are natural forest productivity — evidence since the middle of the 20th
expressed not significantly but have the same tendency. The century, Glob. Change Biol., 12, 862—88#i:10.1111/j.1365-
same is for intermediate site in southern taiga. The most im- 2486.2006.01134,2006.
portant consequence of interactive impacts of warming andButterbach-Bahl, K., Gundersen, P., Ambus, P., Augustin, J., Beier,
nitrogen deposition is that they both change species composi- C.. Boeckx, P., Dannermann, M., Sanchez Gimenso, B., Kiese,
tion for the benefit of deciduous species, which require more R, Kitzler, B., Ibrom, A., Rees, R. M., Smith, K. A,, Stevens, C.,
nitrogen for growth. It should be noted that we simulated for-  Vesala, T., and Zechmeister-Boltenstern, S.: Nitrogen processes
est natural development without any forest management and in terrestrial ecosystems, in: The European nltrogen assessment:

our results are aoplicable for the descrintion of main tenden- sources, effects, and policy perspectives, edited by: Sutton, M.
.u . u . PP Ipu : A., Howard, C. M., Erisman, J. W., Billen, G., Bleeker, A., Gren-
cies in mixed forest development.

. . . nfelt, P, van Grinsven, H., and Grizzetti, B., Cambridge Univer-
The causes of the above-described apparent synergic in- gjty press, 99-125, 2011.

teractions of climate and nitrogen deposition could be stud-Bykhovets, S. S. and Komarov, A. S.: A simple statistical model of
ied further by detailed analysis of (1) different square dis- soil climate with a monthly step, Eurasian Soil Sci., 35, 392—400,
tribution of forest sites with different soil richness (it was  2002.
found that maximal changes at nitrogen deposition in NPPCallahan, H. S., Del Fierro, K., Patterson, A. E., and Zafar, H.: Im-
have been found in rich sites (Kahle et al., 2008) and our pacts of elevated nitrogen inputs on oak reproductive and seed
study areas are different in this distribution); (2) interspecific ~ €cology, Glob. Change Biol., 14, 285-298i:10.1111/].1365-
competition of main tree species in mixed forests at different 2486'2007'014’_33'2008' _ _ _
levels of nitrogen deposition, which can lead to forest SUC_CanneII, M. G. R World forest biomass and primary production

. . . . data, Academic Press, London, 1982.
cession and changes in elements cycles; (3) detailed mo%

i f d . : d ... Cao, M. and Woodward, F. I.: Dynamic responses of terrestrial
elling of ground vegetation response to nitrogen deposition ecosystem carbon cycling to global climate change, Nature, 393,

and their participation in elements cycling. 249-252 doi:10.1038/304601998.

In conclusion, the effect of nitrogen deposition must be chertov, 0. G., Komarov, A. S., Nadporozhskaya, M., Bykhovets,
considered when evaluating forest carbon potentials under S. S, and Zudin, S. L.: ROMUL — a model of forest soil or-
various future management and climate change scenarios.  ganic matter dynamics as a substantial tool for forest ecosys-

tem modelling, Ecol. Model., 138, 289—-3@R)i:10.1016/S0304-
3800(00)00409-92001.
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