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Problems and uncertainties in modeling biogeochemical cycles

-incompleteness of measurements on important reservoirs and flows (e.g., microorganisms
and decay rates);

- uncertainty in information on flow dependences in different conditions for many types of
peatlands;

-“upscaling” problem: algorithms are needed for spreading geographically local modelling
results on large territories with estimating their correctness;

- how to account for uncertainty in storage-flow values ?

Main goals in mathematical modelling of biological turnover in
ecosystems on an annual time scale

- aggregation of complicated schemes of biological turnover in peatland ecosystems to
simplest variants;

- design and calibration for dynamic models of carbon and combined carbon-nitrogen
cycle in some types of forest and peatland ecosystems of boreal and forest-steppe zones on
the basis of aggregated schemes;

- calculation of stability boundaries for steady states of single and combined cycles, study
of their evolution under input flows and parameter variations initiated by climate change;

- model estimating changes in carbon and nitrogen functioning which can be considered as
a reaction of peatland ecosystems to external climatic perturbations.




Biogeochemical cycles in ecosystems of boreal and forest-steppe zones

Due to structural complexity and lack of knowledge on functioning mechanisms, mathematical
modeling of main ecosystem biogeochemical cycles is necessary for forecasting reactions and
dynamic behavior of those ecosystems to external perturbations.

Peatlands and forests of middle and southern taiga take an important part in regulating
biogeochemical cycles of carbon, nitrogen, water and mineral elements both at regional and at the
global levels. Carrying out an active matter exchange with the environment they can be sources or

stocks for green-house gases under the climate change and human economic and resource-extraction
activities.

Model classes for biotic turnover
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Detailed simulation models

Qualitative “minimal” models



Biogeochemical cycles in a peatland ecosystems of middle and southern taiga
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Local low-parametric dynamic
model of coupled carbon-nitrogen
cycles with climatic

Mesotrophic peatland ecosystem in the southern taiga, European part of Russia parameterization and steady

(Novgorod region): carbon, nitrogen and mineral element biotic cycles

(Erzilsvich st THikow, 1952, 1956 Allerndboy o al., 1994) states corresponding to the bog
ecosystem types



Biogeochemical cycles in a spruce forest in southern taiga of the
European territory of Russia
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Local low-parametric dynamic
model of coupled carbon-
nitrogen cycles with climatic
Biotic turnover in the ecosystem of the spruce forest, Central Forest p arameterlzatlog and steady

states corresponding to spruce

Reserve (Tver Region): carbon, nitrogen and mineral element cycles
(Bazilevich and Tishkov, 1982; Glazov, 2004) forest types

Photo is from (Bazilevich and Titlyanova, 2008)



Biogeochemical cycles in an oak-forest in forest-steppe ecosystems
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Local low-parametric
dynamic model of coupled
carbon-nitrogen cycles with

Oak forest ecosystem in the forest-steppe zone, European part of Russia : climatic parameterization
carbon, nitrogen and mineral element biotic cycles (Bazilevich et al., 1986) and current steady state



Universality of biotic turnover in terrestrial ecosystems and aggregation principles

Carbon and nitrogen flows in an
ecosystem:
> photosynthesis,
respiration,
denitrification and nitrogen
fixation

_._>

3 consumption,

‘> litterfall, excretion
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cymulation in real increment,
(3: @port and export, abiotic
L oxidation,
- - ; translocation

A 1 AA
‘1’ I ‘1’\1’\&’ L1
<1 G N D+D’ |-.-._3| PhtZ
\0
~ N <
- N 77 e
P s
E E . ‘/ * AI “ 0‘ .
v i ~ Y v
£ - Pr = — > V+L+{SIh} ——>| Mo+F+Sph
<__ : o & & — - - — - I
A ?ﬂ VA 7
P s WA ¢ ,’ :
R4 W /,/ \4
P /o
P . - = -
v 007 =3 3
<€ - R 2 _______
<__

Reservoirs: G — green phytomass, Pr — perennial phytomass, R — living roots, D+D’- dead standing
phytomass, V+L+{Slh} — dead roots + litter + {humus}, Ph+Z — phyto- and zoophages, Mo+F+Sph —
microorganisms-+fungi+saprophages, S/n — soil reserve nutrients.

independently on where they live.

Aggregation principles: 1) division of living and dead organic matter;
2) division of above- and underground living organic matter;
3) consumers (C=Ph+Z) and destructors (Ds=Mo+F+Sph) are aggregated into separate units




Minimal aggregated compartment schemes of carbon and nitrogen cycles
in forest and peatland ecosystems
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Flows :

q,“— carbon assimilation from the atmosphere, ¢,", g,"—
nitrogen input from adjacent ecosystems with atmospheric
nitrogen fixation by microorganisms, ¢,“— dead organic matter
input from adjacent ecosystems, y,, — autotrophic respiration,
Y125 vi," — export and run-off, y,5¢, y,;¥ — consumption by
phytophages, v,,5, ,,Y — decay of dead organic matter by
destructors with denitrification, y,,%, y,," — export and run-off,
235 3" — peat formation, y,,© — abiotic oxidation of dead

organic matter, f,,¥ — nitrogen uptake by vegetation from
available soil compounds, f;,6, f1," — litterfall.

Storages :

C,, N, - phytomass; C,, N, — phytophages
and destructors (animals, fungi, bacteria);
C;, N; — dead organic matter of litter and

root-based peat layer
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Storage :
C,, N, — living organic matter;
C,, N, — dead organic matter




Data availability of biotic turnover in peatland and forest ecosystems of the European

territory of Russia and Western Siberia

Ecosystem

Carbon cycle

Nitrogen cycle

References

European territory of Russia

Oligo- and mesotrophic peatlands, pine
forest in middle taiga

a number of components

a number of components

Kozlovskaya et al., 1978

Mesotrophic pine-shrub-sphagnum
peatland in southern taiga

BCC KOMITOHCHTBI

BCC KOMITIOHCHTBI

Bazilevich and Tishkov, 1982, 1986;

Oligotrophic, eutrophic grass, eutrophic
forest peatlandsin southern taiga

a number of components

not available

Tishkov, 1986

Spruce forest with bilberry in southern
taiga

a number of components

a number of components

Tishkov, 1979; Bazilevich et al., 1986;
Glazov, 2004

Spruce forests with green mosses and
grasses in southern taiga

a number of components

not available

Glazov, 2004

Pine forest in southern taiga

a number of components

a number of components

Bazilevich and Titlyanova, 2008

Oak forest in forest-steppe zone

a number of components

a number of components

Bazilevich et al., 1986

Western Siberia

Main types of oligotrophic petlands in
southern taiga (ryams, fen)

a number of components

not available

Golovatskaya, Dyukarev, 2009;
Valutskii and Khramov, 1977

Eutrophic fen in southern taiga

a number of components

not available

Golovatskaya, 2009

Mesotrophic fen in southern taiga

a number of components

a number of components

Bazilevich and Titlyanova, 2008

Oligotrophic peatlands in middle taiga

a number of components

a number of components

Naumov et al., 2007; Kosykh et al.,
2010; Makhatkov et al., 2007

Mesotrophic fen in middle taiga

a number of components

a number of components

Kosykh et al., 2010

Pine forest in southern taiga

a number of components

not available

Vedrova, 1997

Grass peatland in forest-steppe zone

a number of components

a number of components

Titlyanova, 1979; Naumov et al., 2009




General problem of a dynamic model design by a given «storage-flow» diagram

a set of compartment schemes for time moments

S Jri=83 < <:| to> t15- - -, collected from field studies
=05 |=3.5 x=70 | 4i=
i= %)
" \l/ Sk \l/ . 9 = fir (xi, X ) -
Ve % o G ()] x,(t) xi(t)|qi(1)
=180 [= Q> v ﬁ‘i(xk’_m
=30 1 =10
7 i Vi (Xk) Yi(Xi)
— -
dynamic model for storages in reservoires |:> qi(t) L (t) vi(x1)
) . : dx;

The main problem: .how to make dynamic model i _ o E ( sz fik)
from measured static schemes? dt k=1 =i

Two main approaches to the dynamic model design

- ~

“Global” “Local”




Two approaches to a dynamic model design by given «storage-flow» diagrams

— Jik (i, i) < | Mass-balance equations: dXx;
gr ()| x,(t) xi(t)]qi(t) £ . %= E(sz )
Vi (Xk) Yi( xi)
> >
ai(t) i)

“Global” approach

“Local” method

1) any number of static schemes for
various time moments can be a source
for a dynamic model;
2) y,= mx,; — output flows are linear;
3) 4: = 43D Jui = i (6 X5 S = S %)
— flow functions are selected using
biological information and expert
knowledge, e.g., ¢x. X, - - donor type,

x - recipient tyf)e YiiXiX - Lotka-

Voiterra type,
saturation types:
Kpxx KX, Kyxx,
L, +x ’ Lot " (L +x)(N, +x,)

1) q° +f =y - at least one of the given
diagrams 1s a dynamic equilibrium;
2) y; = mx; — output flows are linear;

3) fii =S O x5 fir =X, x,) — flow functions
are represented asymptotically near the given

equilibrium, X = x, — x;:
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Biomass and Net Primary Production in the biological turnover




Minimal static schemes of carbon cycle in peatland ecosystems of
southern taiga in Western Siberia
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Oligotrophic low pine-shrub-sphagnum
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~ C—
q: =8
< — —
C
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Storages - gC/m?,
flows - gC/m?-year.

y3:°=10 \L 3.5 =102 [32:5-fo354, = 130.8

Eutrophic sedge-sphagnum fen

Data from (Golovatskaya, Dyukarev, 2009; Golovatskaya, 2010; Valutskii, Khramov, 1977).




Carbon and nitrogen cycles in peatland ecosystems of middle taiga in Western Siberia

NPP=q1C-y11C =457.5 ‘
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o 3> N=274 5 %0 P e s 2 5 vm=21s —>
= mC=1242 P yu€ = 100.6 pa =502
yn© =307 N/ y2" =4.39 ynl = yn'=25 yn" =242 yn'=18
Oligotrophic pine-shrub- Oligotrophic ridge Oligotrophic hollow
sphagnum peatland (ryam)
NPP=q1C-y11C = 562.7L
3.7
C1=907.4
<— nN-128 N >
yi2© =30 AN Yz =24
f12:=529| | fi"= 6.3 | fo,¥ = 8.7
" =5_ W N=4.0
W C, = 3256.6 SNy
. 2 —
Mesotrophic sedge-sphagnum fen ——> »M7176 |——>
y21 = 149.2
¥ =285 yn'=03
Storages - gC/m?, gN/m?,

Data from (Kosykh, Mironycheva-Tokareva, Parshina, 2010; Makhatkov, Kosykh, Romantsev, 2007;

Makhatkov, Kosykh, 2010).

flows - gC/m?-year, gN/m?year.




Possible evolution of peatland turnover under atmospheric CO, doubling climate change
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Modelling a combined carbon-nitrogen turnover in forest and
peatland ecosystems: biological mechanisms

Carbon and nitrogen interaction is provided by two mechanisms (Logofet, Alexandrov, 1984):

1) intensity of litterfall (f,,¢) is proportional to the C,/N, ratio in the living phytomass that reflects

nitrogen starvation of plants;

2) decay rate for dead organic matter decreases with the increase of C;/N,; ratio.

q1C ylch qlN
C

N
c yuc J712N>
< Y13 C,, N, J13 >

N\
o
C N
q2C ﬁz V Vﬁz 21N
—> _.%

92 9 Cz N, I222 >

y23 4 \L \l/
k.yzl Y, V23 WJ’24

Mathematical form for coupled N-C norokoB (Alexandrov et al., 1994):
1) Litterfall : 2

c C;
- carbon flow: f5 = a5, —— ~ , nitrogen flow: flz = alzC
1

2) Decomposition of dead organic matter:

2
- carbon flow: y2C1 = d2CN2 , - nitrogen flow: y¥ = dJ ]ZZ
2
Other intercompartment flows: 5
, N : v N,
- nitrogen uptake from soil by plants: ;) = y5, —= & = C,
2
C
- carbon assimilation from the atmosphere by vegetation: g = — Ko CilV,
- consumption of living phytomass by phytophages: Lo+ G+ By Yy

C=¢y. .C Negy. NN -
Y =0 Gy, =0, PN
- peat formation process: y,;=m,;¢C, , y,;"=m,; N, ;
- export to other systems and run-off: y,,“=m,,“C, , y,;Y=m,,"N, .




Minimal schemes of carbon and nitrogen cycles in peatland and spruce forest
ecosystems of southern taiga in the European territory of Russia

Mesotrophic peatland Peatland type NPP, gC/ C,,g8C/ | N, gN/ | G5, 8C/
|:> m’year m? m? m?
3.51
q:°=444.4 0.032 Pl Mesotrophic 175 3821 25 | 5036
—> ¢ -382006, [L— - -
5 N=253 |[——> y2 =03 ¢, =0.41 Oligotrophic 99 2305 15 3785
116=269.12 yy 1 =0.083 :
= ZN ,6=17.325 10 Eutrophic grass 45 175 - 405
31 |~ = q: =
. £'=0.7 C:-18.06,  [&=—— Eutrophic 232 3956 26 | 1516
13 =154.45 " N>=0.1 cﬁ forest
f13 =16.15 c=]283.83 /N y: =147.49 -
7:°=16.08 — V'V . i Pinery 550 23000 | 68 | 5500
——>  (=5036.3, :123 =178.69 | 1,,"=0.7 | | f>5"=0.13
<— N;=78.9
1;5=65.39 \L h
y3'=1.58 q:"=0.825 Spruce forest with bilberry
C 135 0.45
7:1°=1634.9 e’ N
Forest type NI:P, gC/ Cl,,%C/ Nl,%N/ G, %C/ S ¢, - 154611, |< q1
m?year m m Ll <—— N=100 HN
€-904.59 A =41 g2 =0-2
Spruce forest 562 15461 | 100 | 11001 yi==18 . f12=14.76
with bilberry <:| far =13 C—39.15 c 4:=0
N_ 2797
Spruce forest 377 | 10860 | 55 | 8845 £5°=580.55 f12°=0.6 Ne0s s
with mosses C VvV fis"=|17.2 f3:=542.55] | y,°=558.325
Spruce forest 612 | 15640 | - 9548 1 S oo | f5°=15.84 8.7
with grass < N;=488 > R
p5=143.45 ' [ =023
Storages - gC/m?, gN/m?, yi=1.6 \l/ /I\ q:"=0.4
flows - gC/m?-year, gN/m?year. o



Dynamic equations of the combined carbon and nitrogen turnover in
forest and peatland ecosystems (“global” method)

@ C N
c Mass-balance equations: o \l/yn T \I/th
q > N . N
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Dynamic equations of a three-component model:
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dCz/dt=K2CC2+C( my +y5C, - a23+;/32N)
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K)C,-m)'N, —aXN, +ysC,N, +y3zjg C,

3

dN, / dt =

2
dC,/dt = q5 —m{C;, +a %+a23C —ysC,N,

1

N? N?
_3C1_7’3A£C :

dN3/dt=(]§V— C 2?
3 3

N N N N
my Ny +a;;C + oy N, — sy

y23 ’ \l/ \L
k— Y21 ||, V22, V23 \yy24

C

KoV -mC —af —af Cl

I$+Cc+P N, ' P BN
01+ 1+ 01° "1 1

2

dN,/dt =-m'N,-a\N, —ayC, +;/iNlCl%

2

dC, /dt =C,

2

dC,/dt = g€ —mEC, —d°N, +af %

1
2 2
dN,/dt =q) —-m) N, +a)C, -yl —= v Ny C, -d) == Ak
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Dynamic equations of a two-component model:

2)




Parameter calibration for dynamic models of coupled carbon-nitrogen cycle in
peatland ecosystems and climate-induced values

The main idea for calibrating coefficients K,,© and L, is to use the net primary productivity
(NPP) of living phytomass for two ecosystems, adjacent in state:

KoﬁqN L _ 0 CO = {(NP P" +m"C") (L, + C") = Ko C'NY" - for basic peatland
1

NPP = C ml 0 Yals C e C o a70
L; +C, (NPP® +m/C)(Ly, +C) =Ky C' Ny - for calculated peatland

2)

For example, from (2) for oligotrophic (index ?) and mesotrophic (index ™) peatlands coefficients of the
flow ¢, can be calculated easily:

c (NPPO"‘mlOCf)NilO_NPPm_mlmclm €€ m
N, Kc_% Ly +C")
01 — C"N™
1 Yy

@
L01 =

Ny
CYNY

NPP" +m/"C" - (NPP° + m’C?)

Coefticients of flow functions depending on the
single storage are calculated from the given scheme:

*

=J(/.Z 5 ﬁk,=Lki; }/ = ‘](’l‘ . —L'

* * 9 2 * 9

1 ) kl I3
X X Xi Xk Xi

Temperature dependent model parameters with change according to scenarios of global climate
model MPIM-ECHAMS of CO, concentration doubling in the atmosphere:

q,* = q,“(C,)- carbon assimilation by plants increases under atmospheric CO, content; m,* =m,(T)— peat
formation intensity, m,“ =m,“(T,H) — heterotrophic respiration intensity and vy;,¢ =y;,“(T,H) — intensity of
decay for dead organic matter depend on the annual air temperature and precipitation sum in a polynomial
form.




Stability boundaries for dynamic regimes in two-component models of coupled
carbon-nitrogen cycle
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Atmospheric carbon assimilation intensity rate, gC/m?-year

Specific intensity of peat formation and run-off, 1/year
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Stability boundaries of stationary dynamic regime of the biological turnover:

1 — oligotrophic bog — “ryam”; 2 — mesotrophic mire; 3 — mesotrophic fen; 4 — oligotrophic
fen; 5 — sphagnum pinery; 6 — eutrophic mire




Conclusions

1) method of dynamic compartment model design by static “storage-flow” schemes
helps in constructing coupled models of carbon-nitrogen cycle functioning in peatland
ecosystems based on two most important connections: litterfall dependence on C/N
relation in living organic matter and increase of decomposition rate under C/N
decrease in dead organic matter;

2) including nitrogen cycle in the model of ecosystem functioning allows to reflect
biologically possible states of bog and forest more adequately than it was for single
carbon cycle models, although not all steady states appear under the particular set of
coefficients;

3) under the doubling of the atmospheric CO, content, accompanied by annual
temperature increase, oligotrophic peatlands (ryams) of the middle and southern
taiga in Western Siberia can be transformed into sphagnum pineries, if precipitation
would decrease, and into fens in the opposite case;

4) mesotrophic peatlands under this climate scenario can be transformed into
oligotrophic ones, or sphagnum pineries.

Thank you for attention !




Classification elements of ecosystems in boreal and forest-steppe zones

JIEMEHThI KJIACCH(PUKALMHU JIeCOB B MO EJIAX |:> / CABHUKH \

@ ﬂ KHCJIUYHUKH pPa3HOTpPaBHbIE

Oepe3HsAKHU COCHAKHU T TN TR
States of peatlands to be accounted in models |:> by water regime
by nutrient regime forest forest-fen fen

- l

oligotrophic mesotrophic eutrophic



MuHuMaJIbHbIE CXeMbI YIVIEPOHOI0 U A30THOT'0 IIMKJIOB B 00JIOTHBIX
IKOCHCTEMAX 10KkHON Tauru 3anagHon Cudupu

CocHsik 6pyCHHUYHO-

JINIIAaMHUKOBBIN
NPP=q1C-y11C
2 y12C
é.&c C
qzc ﬁzCV
—>
G
T gdnora ,\CNPRoC/ | Choc/ | N, | CpeCr
L\ 20 4 M?200 M2 2N/m? M2
Me3soTpogHoe 589.5 940.5 13.3 1043
Ousurorpoduas 2694 465.8 - 15344
TONb
Husknii psim 3134 1204.8 -

Me3zotpodHast 0COKOBO-
KyCTapHUYKOBO-C(harHoBas TOIb

NPP=q¢,“-y;,¢ = 589.5L

C1=940.5
m N—13.3 >
Vg <k Py yii = 4.7
£12=560.6 | |f.,"=535" =9
C_
q2 = 6'4 W y2]N=2.5
N15 G=10431 [—>
- N=185 |0
215 =360
yZZC =170 y22N =0.3

A
1826.6\1:

Janusie me3otpoduoro u3 (basunesuy, Tutnsnosa, 2008).

3amacel - tN/m2, rC/M2,
OTOKU - TN/M2-Ton, rC/mM2-rox.




Carbon and nitrogen cycles in peatland and forest ecosystems of
forest-steppe zone in European Russia and Western Siberia

JlybpaBa 0COKOBO-
cubITeBas (bazuneBuy u
ap., 1986; bazunesuu u

TutnsHOBa, 2008)
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Reservoirs - gN/m?, g/m? of dry organic matter,
Flows - gN/m?-year, g/m?-year of dry organic matter.




