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MAGE, A DYNAMIC MODEL OF ALKALINE
GRASSLAND ECOSYSTEMS WITH VARIABLE
SOIL CHARACTERISTICS®

Qiong Gao®

(Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China)

Xiusheng Yang

(The Department of Natural Resources Management and Engineering

The University of Connecticut, Storrs CT 06269, USA)

Rui Yun and Chunping Li

(Institute of Grassland Research, The Northeast Normal University
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Abstract

An area-based process model for alkaline grassland ecosystem, MAGE, was developed
to address the problems associated with the soil alkalization/de-alkalization processes coupled
with surface vegetation on Songnen Plain, northeast China. The model gave special consider-
ation to the variation of soil characteristics such as water retentivity and hydraulic conductivi-
ty as functions of surface vegetation. Soil within one meter depth was divided into two lay-
ers, a surface layer on top of a core layer at bottom. The amount of non-capillary pores and
hence the hydraulic conductivity and water retentivity characteristics of the surface layer
were considered to be dependent on surface vegetation status. The model is able to handle
multiple plant species succession, with competition between species reflected as soil water
sharing and species niche overlapping along soil water and alkali axes. The model was param-

eterized using published data and field observations on soil water content, soluble sodium
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and calcium cation concentrations, and aboveground and belowground biomass.

The model was used to evaluate the effects of variable soil characteristics, the harvest-
ing intensity and the core layer soil alkaline status on surface soil alkalization/de-alkalization
processes. Surface vegetation dynamics and optimal harvesting control in light of maximum
harvest subject to system stability were also simulated. The results showed that surface soil
alkalization process was primarily determined by the chemical status of the core soil. Increas-
ing vegetation and the non-capillary soil water capacity can reduce the rate and extent of soil
alkalization or increase the rate and extent of soil de-alkalization. Hence for given chemical
conditions in deep soil, surface vegetation and soil non-capillary porosity are indeed crucial
factors for soil alkalization/de-alkalization. The results also indicated that there existed an
optimal harvest intensity which renders the total harvest a maximum while maintaining sys-
tem stability, and that the maximum total harvest and the associated optimal harvest control
level decreased with core soil alkali but increased with the maximum non-capillary water ca-

pacity in surface soil.

Key words : Ecosystem dynamics, Grassland, Harvest contral, Soil alkalization.

A List of Symbols

Symbol Unit Definition

a m Coefficient in soil retentivity expression

b Exponent in soil retentivity expression

Cas mol L™! Calcium cation concentration in core soil layer

Cosr mmol ecm™? Area concentration of total calcium cation in core soil
C. mol L™} Calcium cation concentration in surface soil water

Cour mmol ¢m™? Area concentration of total calcium cation in surface soil
Cw mcm™! Boundary water capacitance

Ce mme (100 g)~' Cation exchange capacity, molar equivalent per 100 g soil
d Exponent in soil water conductivity expression

da Death coefficient of aboveground biomass of species ¢
D, gm fyr’ Death rate of aboveground biomass of species i

dyi yr~! Death coefficient of belowground biomass of species 7
D, cm Core soil thickness

Dy, gm Zyr! Death rate of belowground biomass of species ¢




D, cm Surface soil thickness

E. (100 g) em™? Number of 100 g core soil per square centimeter area
E, (100 g) em 2 Number of 100 g surface soil per square centimeter area
Er cm Evapotranspiration

-8 emm ™ 'yr! Core soil water conductive coefficient

G em m”!yr™! Conductive coefficient at the bottom of the core soil

g5 yr~! Germination coefficient of species i

G, gm Zyr! Germination of species 7

G, yr 'm?KJ™!  Assimilation coefficieqt of plant species i

z. cm m™! yr~!? Surface soil water conductive coefficient

G cm m™ yr! Conductive coefficient between surface and core soil
HCL gm? Harvest control level

H, gm Zyr? Harvesting rate to species i

K , Cation exchange coefficient

K, cm yr~! Saturated soil hydraulic conductivity

ma; gm™? Aboveground biomass of species ¢

i gm™? Belowground biomass of species i

msr g m? Total belowground biomass

My gm™? Saturation constant of non-capillary pore expression
Mp; gm? Saturation coefficient of assimilation for plant species i
N, mol L7 Sodium cation concentration in core soil layer

Nar mmol cm ™2 Area concentration of total sodium cation in core soil
N, mol L~! Sodium cation concentration in surface soil water

N.r mmol em ™2 Area concentration of total sodium cation in surface soil
P cm Precipitation as a function of time

Pai Partition coefficient for aboveground biomass of species i
P Partition coefficient for belowground biomass of species i
P,. cm yr! Bottom boundary percolation

Ph, gm Zyr’! Assimilation rate of plant species ¢
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Tbi

Ry

Vdai

T abi

Ry

RH

R,

yr

gm Zyr”

yr

gm Zyr-

em yr!

k] m™?

2

1

Germination function of species ¢
Unimodal function used to describe species niche
Alkali niche function of plant species ¢

Water niche function of plant species ;

Maintenance respiration coefficients of aboveground biomass

of species i
Respiration of aboveground biomass of species i

Maintenance respiration coefficients of aboveground biomass

of species ¢
Respiration of belowground biomass of species ¢

Growth respiration coefficients of aboveground biomass of

species ¢

Growth respiration coefficient of belowground biomass of
species ¢

Surface runoff

Relative humidity as a function of time

Net radiation as a function of time

Switch variable of core soil layer

Conjugated switch variable of core soil layer

Switch variable of surface soil

Conjugated switch variable of surface soil layer
Time, the independent variable

Temperature as a function of time

End of the growing season of species i

Start of the growing season of species 7

General niche variable

(¢ =1,2,3,4) parameters used in unimodal function

Wind velocity as a function of time




W,

WBP

Wiy
Wsnm
Wse
Wsr
Xeas
Xca
Xes
X Nas

cm

cm

cm

cm
cm
cm
cm
mme (100 g) !
mme (100 g)™!
mme (100 g)~*
mme (100 g)~!

yr

Core soil water content (volumetric water content multiplied

by thickness of core soil layer)
Core soil water capacity by capillary pores

Surface soil water content (volumetric water content multi-
plied by thickness of the surface soil)

Surface soil water capacity by non-capillary pores
Maximum surface soil water by non-capillary pores
Surface soil water capacity by capillary pores

Total surface soil water capacity

Molar equivalent of calcium cation in 100 g core soil
Molar equivalent of calcium cation in 100 g surface soil
Molar equivalent of sodium cation in 100 g core soil
Molar equivalent of sodium cation in 100 g surface soil
Exponent of death rate expression for species 7
Impulse function

Time of harvesting operation

Core soil water potential

Water potential at lower boundary

Surface soil water potential

1. INTRODUCTION

Measuring approximately 300 km from east to west, 500 km from north to south,
and centered approximately at 44. 3 °N and 124. 3 °E, Songnen Plain in northeast China

is one of the major areas of animal husbandry of the country. The climate there is warm

and humid in summer but cold and dry in winter, with mean temperature around 23C in

July and —20°C in January. The annual precipitation is around 500 mm, most of which

is concentrated between July and August. According to the climatic conditions there,

the area has been classified as meadow steppe in terms of vegetation zonation (Hou,

1988). Major plant species include Aneurolepidium chinense, Puccinellia tenuiflora,

Chloris virgata, Calamagrostis epigeios and Suaeda glauca.

Songnen Plain is largely a basin surrounded by mountains and thus has very poor

drainage. Runoff from surrounding mountains carries a large amount of solutes down to

plain, resulting in an annual net solute input of 150 metric tons (Zheng and Li, 1990).
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The accumulation of the solute causes a primary soil alkalization process with Na,CO,
and NaHCOQ, as major sources of soil alkali. In addition to the soil alkalization resulting
from the topographical condition, the grassland is also facing degradatioﬁ caused by
overgrazing and hay cutting due to the population pressure and mismanagement. The
degradation of vegetation in turn induces 2 secondary soil alkalization process, resulting
in further deterioration of the soil conditions for plant growth.

While the slow primary soil alkalization due to the topographical condition is still
not feasible to control today, the secondary soil alkalization induced by over utilization
can be controlled by better management. Indeed, the optimal utilization control of the
Songnen alkaline grassland resources subject to the constraint of ecosystem stability has
long been a concern of ecological scientists in China. For example, Chang and Zhu
(1989) quantified experimentally the evapotranspiration of Aneurolepidium chinense
grassland, based on which the annual water balance of the grassland was estimated.
Guo and Zhu (1988) studied the nitrogen budget of the grassland and concluded that the
soil has enough nitrogen deposit and thus nitrogen is not a limiting factor for plant
growth in the grassland. Field measurements of photosynthesis were also conducted for
major plant species in the grassland (Feng, 1986). From the mid-eighties, different
strategies has been employed to classify the grassland vegetation according to the eco-
logical characteristics of the major grassland plant species (Zheng and Li , 1986; Li and
Zheng ,1988; and Zheng and Li , 1990). The result showed that soil alkali is the major
ecological gradient and also the main limiting factor for vegetation development in the
area. Subsequent studies on the soil hydraulic parameters (Gao and Zhang, 1993;
Zhang and Gao, 1994), salinity distribution, tolerance and resistance of major plant
species to soil alkali were also conducted recently (Yin and Zhu, 1988; Wang , 1992).
On the other hands Ge and Li (1990) and Yin and Zhang (1994) evaluated the impor-
tance of vegetation in the process of soil de-alkalization, and found a significant correla-
tion between soil de-alkalization and the amount of soil non-capillary pores, which is
strongly related to surface vegetation.

A very important and well accepted hypothesis generated based on these studies is
that better surface vegetation helps to improve the soil physical characteristics by in-
creasing the amount of non-capillary pores in surface soil where plant roots reside. The
more the non-capillary pores, the larger the downward water flux, and hence the
greater the downward flux of the alkaline elements such as Na*. The process leads to
surface soil de-alkalization which further improves the plant growth conditions. In con-
trast, excessive grazing and hay cutting cause surface vegetation to deteriorate, result-
ing in less amount of non-capillary pores in the surface soil. Consequently, upward wa-
ter flux induced by evapotranspiration may outbalance the downward water flux and
bring alkaline solutes up to the surface soil from the deep soil layer. The alkalization of

the surface soil results in even worse conditions for plant growth. Thus the above de-
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scribed process of alkalization/de-alkalization is a positive feedback loop, although the
system nonlinearity prevents the process from blowing-up in either of the two direc-
tions.

The studies on the alkaline grassland ecosystem so far have all concentrated in spe-
cific aspects of the ecosystem. However, the optimal utilization of grassland resources is
a problem at system level in nature. Therefore, a dynamic ecosystem model is highly de-
sirable to link the above described individual experimental studies for addressing the sys-
tem response including soil alkalization/de-alkalization to various environmental and
managerial parameters, and their interactions.

Numerous ecosystem simulation models have been developed for various ecosystem
processes and structure dynamics. Shugart et al. (1991) provided a very good review
about these models. FORET, CENTURY, MAGIC and STEPPE are only a few well
known examples. Some of these ecosystem models, such as FORET and STEPPE,
which concentrated on system structure, simplified the ecosystem processes. On the
other hand, some models, such as MAGIC and CENTURY, emphasized the dynamic
processes of soil chemicals and nutrients at expenses of system structure. There have
been no model available that directly addresses the problems of alkaline grassland vege-
tation dynamics coupled with scil alkalization in light of variable soil characteristics.

The objective of this study was to develop a general-purpose model, named
MAGE, for the alkaline grassland ecosystem with variable soil characteristics. The
model was designed flexible enough so that it is capable of (D testing the above described
hypothesis of positive feedback by evaluating the importance of vegetation, non-capil-
lary soil water capacity and the associated variability of soil water characteristics in the
process of soil alkalization; @ analyzing the effects of soil alkali on plant growth and
vegetation development; @ handling the ecosystem structure dynamics by including
multiple species succession along the soil alkali gradient; @ deriving the optimal utiliza-
tion intensity under different environment conditions with constraint of system stability;
and ® allowing adjustment of input parameters such as climatic variables, soil physical
and chemical characteristics, and plant physiological parameters, so that problems such
as effects of climate change and soil heterogeneity can be effectively queried.

While large-scale experiment are being designed and conducted for a full parameter-
ization and validation, this paper reports the general structure, preliminary parameteri-

zation with available experimental data and general simulation capacity of the model.

2. MODEL DESCRIPTION

2.1 Assumptions and Simplifications

MAGE was developed with the following assumptions and simplifications:
(1) Soil within the depth of 1 m was divided into two layers, a top or surface layer
e« 7 e




and a bottom or core soil layer. The surface soil layer is where most plant root system
resides. Hence the physical characteristics of the surface soil layer depends on both the
original soil matrix and surface vegetation. In contrast, the bottom soil characteristics
are determined by the surface properties and size distribution of the soil particles.

(2) The effect of vegetation on surface soil characteristics was described by the de-
pendence of soil non-capillary porosity on belowground biomass.

(3) Vertical water flow was regarded as the only carrying medium for solute trans-
port. Thermal effects on solute movement were neglected.

(4) Soil alkalization was described as the process of replacement of calcium cation
Ca*? by sodium cation Na* on the surface of soil particles. Since Na,CO, and NaHCO,
are the major sources of soil alkali in Songnen grassland, only the movement and ex-
change of these two cation species were considered.

(5) The effects of soil water and surface soil alkali on carbon assimilation of plants
were described by unimodal functions of surface soil water and sgil alkali. It was as-
sumed that there exist an optimal soil water content and an optimal soil alkali content
for each plant species to achieve a maximum assimilation rate. Deviations of soil water
and soil alkali from the optima will reduce the assimilation rate. These unimodal func-
tions of soil water and alkali define the niche of each species, which determines partially
the competition among plant species.

(6) Plant state was characterized by two quantities: the belowground biomass and
aboveground biomass. The assimilated materials were partitioned based on a strategy
for most perennial plants that allows most material to go to aboveground biomass at the
early stage of plant growth. But at late growing season, the assimilation is mostly dis-
tributed to root in order to store energy for the germination or rejuvenation for the next
year.

(7) Plant respiration was treated proportional to biomass ( maintenance
respiration), and net growth rate (growth respiration).

(8) The death of plant tissue was assumed to be induced primarily by out-balance
of respiration to assimilation. The excessive biomass was assumed to die in order to
maintain the assimilation-respiration balance. Damages caused by plant disease and in-

sects were not included at the moment.
2.2 State variables, and input and output variables of MAGE

To address the interaction between vegetation dynamics and soil alkali, MAGE in-
cluded the following state variables (with subscript ‘s’ for surface soil and ‘4’ for core
soil respectively): soil water contents (W,, W,), concentrations of soluble sodium
cations (N,,, N.) and calcium cations (C,,, C.s)» concentrations of exchangeable sodi-
um cations (Xwu» Xyws) and calcium cations (Xc.s» Xcs)» bottom boundary water po-

tential (¢), and aboveground biomass () and belowground biomass (m,) of each

¢8-




plant species. Climatic variables such as precipitation P, temperature T, relative hu-
midity RH, net radiation R, and wind velocity V,, and harvest control level HCL (the
amount of aboveground biomass to be kept from harvest) were major input variables to
drive the model. The output variables of MAGE include all the state variables plus
evapotranspiration Er, bottom boundary percolation P,, and runoff R;. Details of the

definition and units of the variables are provided in the list of symbols.
2.3 Governing equations

(1) Soil water movement
Water contents of surface soil (W,) and core soil (W,) were defined as the products
of respective volumetric water contents multiplied by soil layer thickness. The differen-

tial equations for W,, W, and the boundary water potential (¢y) were expressed as

daw,
dt =P—G:b(¢:_¢6)_ET (1)
dw.
dt”———c,,,<¢:—¢,,)—cu(¢b—¢b.,) (2)
ddw Gy,
T =G, 9w @

where P and Er are the precipitation and evapotranspiration rates as functions of time ¢;
¢, and ¢, are the water potentials of the surface and core soil layers; G. and G are the
conductivity coefficients between the surface and core soil and at the bottom boundary;
Cy is a capacitive parameter describing the drainage conditions at the bottom boundary.
Surface runoff will be produced if surface soil is saturated and the right hand side of
Equation (1) is greater than zero.

The precipitation rate P was statistically derived from the monthly average precipi-
tation records from 1989 to 1993 so that an integration of P over ¢ in a one-year interval
should yield the mean annual precipitation. The evapotranspiration rate was obtained by
multiplying the relative water content (ratio of actual water content to saturation capaci-
ty) of the surface soil by the potential evapotranspiration rate. The potential evapotran-
spiration rate was calculated using the well-known Penman’s formula from net radiation
R,, wind velocity V., relative humidity RH and temperature T'. All the climatic vari-
ables were derived in the similar way to precipftation.

While Gy and C, were constant parameters used to describe the boundary condi-
tions, G, was determined by the hydraulic conductivities of the two soil layers, in analo-
gy to two conductances connected in series:

K:8s 1
G_,b— . ) ( )

where g, and g, are respectively the hydraulic conductivities of the surface and core soil
« Qe




layers.
(2> Soil water potentials and hydraulic conductivities
Following Koorevear et al. (1983), the surface soil water potential (retentivity)

was calculated by

0, Wop<lW . Wsr
(5)

(/)s:
o[

[
T -] wewe

where Wsp is the maximum surface soil water capacity attributed to capillary pores, de-
fined as the volumetric fraction of surface soil occupied by capillary pores multiplied by
the thickness of the surface soil; Wsris the total saturation capacity of the surface soil;
and a and b are constant parameters determining together with Wsp the shape of the suc-
tion curve.

The difference between Wy and Wigp, termed as Wy, i.e. » Wsy= Wsr— Wsp, is
the saturation capacity due to non-capillary pores in surface soil, and was considered to
be a product of the volumetric fraction of non-capillary pores in the surface soil and the
thickness of the surface soil. Wsy was treated as a function of total belowground

biomass, mr;

Wsv=Wsnu l: 1—exp

m

— J\TZ) ] (6)
where Wsyy is the maximum possible surface soil non-capillary water capacity, a param-
eter depending on the texture, density and particle size distribution of the original scil
matrix; and M,z is the total belowground biomass at which the non-capillary water ca-
pacity in surface soil is approximately 63% of Wsnu. Wsna sets up an upper limit for
Wsn» hence preventing the non-capillary water capacity of the surface soil from belowing
out when belowground biomass grows to very large values.

The water potential of the core soil layer was described by

(D

WBP)"_I]_D,+D,,
W, 200

¢,,=a[

where Wgp is the maximum water capacity of the core soil layer; D, and D, are respec-
tively the thickness of the surface and core soil layers. Similar to Wspy, W is defined as
the volumetric fraction of capillary pores in the core soil multiplied by the thickness of
the core soil layer. The last term in (7) defines the gravity potential.

The hydraulic conductivities of the surface and core soil layers were calculated by,

KO( W:

d
E Wsp) , lf ¢:>¢b or W,\<\W5p

&= )
K,/D,, Otherwise
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d

_&
g"_D,,

W,
W

(9

where K, is the saturated volumetric hydraulic conductivity coefficient due to capillary

porosity; and d is a shape parameter. Notice that g, can be greater than K,/D, for down-

ward flow due to the non-capillary pores in the surface soil, while g, cannot exceed K,/

D, because there were no non-capillary pores assumed for the core soil layer. The sur-

face soil conductivity coefficient g, is bounded by K,/D, if upward water flux is detected.
(3) Cation movement and exchange

The total area concentrations of sodium and calcium cations were expressed as

Nuz=WsNo+EoX e, (10
Cor=WCut 5 EuXea 1D
Nur=WoN s+ EuXsa 12)
Cor=WiCut 5 EuXcu (13)

where N,y Cors Nur and Cur are the total area concentrations (volumetric concentra-
tion multiplied by soil layer thickness) of sodium for surface soil, calcium for surface
soil, sodium for core soil and calcium for core soil respectively; N,y Cos Naand Cy are
the corresponding volumetric concentrations of soluble sodium and calcium cations in the
two soil layers; Xwas Xcas Xnw» and X, are the respective exchangeable cations of
sodium and calcium for the two soil layers; and E, and E, are two constants signifying
the number of 100 g dry soil mass per square centimeter for the two soil layers.

The differential equations describing the dynamics of the total cation concentrations

were

dNasT .

dt __Gsb(‘p:_sbb) (NasSs_*'S':Nab) (14)
Lt Gy (=0 (€S, +5.C) (15)
dNabT o =
T stb(S[}s—Sbb) (NuS,+S8:Ns) _GM(¢b_¢bb) (Na[,Sb+NabbSb) 16>
dCur . R R
dt =G:b(¢s_¢b) ((/aSSJ+SSCab) —Gu;(sbb—gbu,) (CsSs+CossSs) an

where S, and S, are two switch variables for the surface and core soil layers; and S, and
S, are the conjugated variables of S,and S,. If ¢.> ¢, S,— 1 and S,=0; otherwise S,=

0 and S,= 1. Similarly if ¢:> ¢, Sy= 1 and S,= 0; otherwise S,= 0 and S,=1. Pa-
11




rameters N, and C., describe the boundary concentrations of soluble sodium and calci-
um cation, respectively.

Cation exchange were formulated after Bohn et al. (1985)

XCa:+XNas:Cﬂ: (18)
XCab+XNab=Cet (19)
Nas+XC¢s:K \J CasXNax (20)
NatXea=K N CoXnas 2D

where C, is the soil cation exchange capacity and K is a constant.
(4) Vegetation dynamics
The carbon assimilation rate for plant species { was formulated in the following

form

(22)

2

Phi=GﬁRxQn’(XNa:/Cet)Qwi(Ws)mm' [1— M
Pi

where Ph; is the assimilation rate for species 7, R,(¢) is the net radiation in; m, is the
aboveground biomass of species i; Q. and Q.. are unimodal functions of X./C. and W,
(described in full later); and G, and M, are constant parameters. Equation (22) implies
that the assimilation rate is positively proportional to net radiation but inhibited by the
stress of soil water and soil alkali. Competition between different plant species was par-
tially reflected in the brackets indicating the effects of aboveground biomass of other
species on species i.

The assimilation was partitioned into above- and belowground biomass (Brouwer,

1962) by,

t,—t

Pai:t (23)

oi by
Pb',= 1_P¢i (24)

where p. and py are fractions of assimilated materials partitioned to aboveground and
belowground biomass; ¢, and t.; are respectively the start and end time of growing season
of species i, respectively. While all assimilated material goes to aboveground biomass at
the very beginning of the growing season, the portion to aboveground biomass decreases
until the end of the growing season when all material goes to belowground biomass.

Plant respiration in MAGE included two parts, the maintenance respiration propor-
tional to biomass and the growth respiration proportional to growth rate (Thornley,
1972).

Ri=rama 7 daitai (25)
. 12 .
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Ry =rymy+rapniy (26)

where R, and R, are total respiration rates of aboveground biomass and belowground
biomass respectively; r.» s ruw and ra, are constant coefficients ;mi, =dm./dtsand iy
=dm/dt.

Germination or rejuvenation of a plant species are controlled by its phenomenolog-

ical characteristics and the external environment, and was described by
Ggi=gfimbegi(t)Qri (XNas/Cec)Qwi(W:) (27)

where G,, is the germination/rejuvenation rate of species 7, @, is a unimodal function of
time ¢ describing the phenomenological characteristics of germination/rejuvenation; and
g 18 a constant parameter.

While the death of aboveground organs was considered to maintain the balance be-
tween respiration and assimilation, plant root was assumed to die at a specific rate as a

function of time t. Thus,
0, if Phi+Gy—R,>0
Da~={ (28)
dui(Rai _Pki—Ggi) ’ Otherwise

Dy, =dm,it" @29
where D, and D, are respectively the death rates of aboveground and belowground
biomass of the i’th species; d.; and d, are the death coefficients for the two biomass vari-
ables; and «; is a constant parameter.

With the above treatments of plant physiology, the equations for vegetation dynam-

ics of the model were expressed as,

D . PhputGu—Ru—Du—H, (30)
dm,;
dt =Ph;Pb.'—‘Gg,‘_Rb,‘_Db,' (31)

where H, is the harvesting intensity defined as follows:

Nh
Z 5(t—f,,) (m,;—HCL) )lf mm->HCLJ'
== j=1

H; (32)

otherwise
0,

in which 8(t—t;,) is the Kronecker impulse function at time t=z,;; HCL is a prescribed
harvest control level; and N, is the number of times of harvests. Equation (32) states
that if the aboveground biomass is greater than prescribed HCL when the harvest time is
due, cut the excessive amount and keep the HCL. Otherwise simply skip the harvesting
operation.

(5) The unimodal functions used in this model
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