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a  b  s  t  r  a  c  t

We  developed  a cellular  automaton  model  for the  spatiotemporal  dynamics  of  grasshopper  (Oedaleus
decorus  asiaticus)  populations  with  a density  of 3–12  ind m−2 in a typical  semiarid  steppe.  The  model
simulates  grasshopper  dynamics  within  each  cell  and  dispersal  between  adjacent  cells  at  each  time  step
from  the  completion  of hatching  to ovipositing.  After the  model  parameters  were  obtained  or  calibrated,
the  natural  growth  of grasses  (the  preferred  food  of O. d. asiaticus),  and  their  variation  after  being  fed on by
cattle  and  grasshoppers,  were  modeled  to  explore  grasshopper–plant  interactions.  Dispersal  rules  were
formulated  by  considering  the  abundance  of grasshoppers  and  grasses  and  their  interactions  within  both
potential  source  and sink cells,  habitat  conditions  of sink  cells,  and  spatial  isolation  (or  connectedness)
between  source  and  sink  cells.  A case  study  was  conducted  at a sample  landscape  in  Xianghuangqi  County,
Inner Mongolia,  China.  The  temporal  variations  of the modeled  grass  biomass  and  grasshopper  density
were  consistent  with  actual  variations.  The  modeled  densities  were  within  the  measured  ranges  for  most
of the  cells.  The  estimation  accuracy  was  higher  for the  4th  and  5th  instars  than  for  adults,  and  was  higher
for  cells  with  higher  initial  densities  (not  lower  than  3  ind  m−2).  The  modeled  results  showed  that  the
main  factors  influencing  grasshopper  density  differed  for different  instars.  During  the  2nd  and  3rd  instar,
grasshopper  density  depended  on the  number  of hatched  nymphs  and  their  mortality.  During  the  4th
instar,  habitat  suitability  determined  the  density  threshold  that  caused  grasshoppers  to  disperse  and  the

potential  sink  or source  cells.  This  resulted  in  different  density  variations  between  the cells  with  initial
densities  >6.0  ind  m−2 and  those  with  densities  <6.0  ind  m−2. During  and  after  the  5th instar,  grasshopper
density  was  very  stable  due  to the  slightly  decreasing  habitat  suitability.  The  modeled  results  are  expected
to  provide  a scientific  basis  for predicting  grasshopper  dynamics  and  controlling  grasshopper  plagues  in
heterogeneous  spaces.
. Introduction

The Inner Mongolian grasslands are the largest in China and rep-
esent a typical Eurasian semiarid ecosystem. Over the past few
ecades, desertification due to climate change and overgrazing
as deteriorated these grasslands, creating favorable habitats for
rasshoppers. Since 2000, grasshopper outbreaks have been com-
on  across large areas (Liu and Guo, 2004; Zhang et al., 2015).
herefore, it is necessary to precisely predict the location, scope,
nd degree of grasshopper infestations (Shen et al., 2015; Zhang
t al., 2015).
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A number of studies have been conducted on grasshopper phys-
iology and ecology in Inner Mongolia (e.g., Chen et al., 2006; Fan
et al., 1997; Kang and Chen, 1992; Lu et al., 2005; Ma,  1964).
However, most studies have focused on temporal and not on the
spatial dynamics. Studies on dynamics have been conducted within
individual plots or patches, whereas dynamic models presuppose
homogeneity and should be considered point models without
any spatial extension. Furthermore, most of these studies did not
explicitly link ecological processes to spatial patterns, limiting
their ability to provide insights into spatial grasshopper–plant
interactions. Nonetheless, such spatial patterns are crucial for
understanding and predicting population changes (Chen et al.,
2011).
Modeling the spatial dynamics of a population is an ambitious
and often a challenging task. Early models introduced the concept
of reaction-diffusion systems from physical sciences and used par-
tial differential equations to describe the spatiotemporal dynamics
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f state variables (Blackwell, 2007). However, because they assume
rocesses are homogeneous, these early models failed to consider
he effects of spatial heterogeneity and local spatial interactions
hat could be crucial to understanding complex ecosystem dynam-
cs (Chen et al., 2011).

Cellular automata (CA) are a class of complex system models
hat allow spatially explicit ecological processes to be simulated
Cannas et al., 1999; Hogeweg, 1988; Perry and Enright, 2007;
inatier et al., 2011; Wang et al., 2003). CA models typically consist
f a grid of discrete cells with explicit spatial locations. Each cell
s characterized by finite and discrete states describing physical or
iological properties. The states of a cell are updated at discrete
ime steps according to a set of local transition rules that depend
n the states of the cell and its neighbors (Balzter et al., 1998).
patial heterogeneity is exhibited by specifying the related spatial
epresentations of each cell and the spatial relationships between
djacent cells. In addition, a CA model simulates spatiotemporal
volution in a “bottom-up” approach (Grimm et al., 2005; Li et al.,
007). This approach focuses on dynamic processes at a local scale,
rom which the dispersion pattern at a landscape scale may  emerge
ollectively over time.

Dispersal is important for flying insect populations to survive
nsuitable habitat conditions or overcrowding (Ciss et al., 2013) but

s often difficult to measure. With simple computational rules and
n explicitly spatial approach, CA approaches have been applied
o modeling insect populations, with dispersal or the outbreak
rocess as a primary focus. Zhou and Liebhold (1995) developed

 series of CA transition probability models to predict the spa-
ial dynamics of gypsy moth (Lymantria dispar L.) outbreaks. By
ncorporating neighboring locations, spatial variation in forest sus-
eptibility or defoliation frequencies, and egg mass counts in their
odels, they could increase the precision and accuracy of predic-

ions. Pukkala et al. (2014) developed a CA model for the potential
pread of the pinewood nematode (Bursaphelenchus xylophilus)  in
urope by human-mediated transportation, flight direction and
istance from its carriers in pine forests, and climate change. Bone
t al. (2006) revealed that tree mortality patterns caused by infes-
ations of mountain pine beetle (MPB) could be modeled using a
uzzy-constrained geographical information systems (GIS)-based
A model. Simpson et al. (1999) stated that CA models allow the
echanisms by which vegetation distribution at a local scale affects

opulation dynamics to be explored.
In our study, we constructed a CA model of the single species

opulation dynamics of Oedaleus decorus asiaticus Bei-Bienko in a
teppe habitat. The main aim was to investigate what in the envi-
onment drives the evolution of grasshopper abundance (temporal
attern) and distribution (spatial pattern), and from which the tran-
ition rules (especially dispersal rules) were formulated. Although
he present study focuses on model design, not model implemen-
ation, we used a case study as model validation.

. Material and methods

.1. Study area and grasshopper species

The study area was in Xianghuangqi County, Inner Mongolia
41◦56′–42◦45′ N, 113◦32′–114◦45′ E). The climate, terrain, vegeta-
ion, and soil conditions have been described in Shen et al. (2015)
nd Zhang et al. (2015).

The area was mostly dominated by the grasshopper species O.
. asiaticus, but Dasyhippus barbipes Fischer-Waldheim, Bryodema
uctuosum Stoll, and Myrmeleotettix palpalis Zubowsky were also
resent. The present study considered only O. d. asiaticus, a primary
est in the grasslands of the northern China. O. d. asiaticus is an
ligophagous insect that prefers feeding on grass, including Stipa
elling 329 (2016) 5–17

krylovii Roshev., S. grandis P.A. Smirn., Cleistogenes squarrosa (Trin.)
Keng, and Leymus chinensis (Trin.) Tzvelev (Chen, 2007).

O. d. asiaticus is univoltine. Generally, the 4th and 5th instar
nymphs and adults occur in early July and the density peaks in
mid- to late July. Adults oviposit in the top 5 cm of the soil in late
July or early August, dying soon thereafter. Eggs have an obligatory
diapause that lasts the entire winter, and nymphs hatch in early to
mid-June the following year (Chen, 2007; Zhou et al., 2012).

The morphological characteristics of O. d. asiaticus determine its
dispersal ability (Yan and Chen, 1998). The 1st, 2nd, and 3rd instar
nymphs often move between adjacent land surfaces within a site,
whereas the 4th and 5th instar nymphs and adults may  fly to other
sites and landscapes within a 15-km range (Chen, 2007). Adults
seldom migrate beyond 15 km.

2.2. Cellular automaton model description

2.2.1. Cellular space
The cellular space is a relatively closed system, which means that

O. d. asiaticus individuals move mostly within the space defined and
outside individuals rarely enter the space. It is defined as a regular
or irregular two-dimensional matrix of identical square cells. A cell
is a modeling unit with spatially homogeneous physical and biolog-
ical conditions in which individuals can mingle. A GIS raster-based
environment provides a spatial framework for discrete cells in the
CA model.

O. d. asiaticus individuals disperse uniformly randomly within a
cell at any time, but form clusters (social groups) over the cellular
space, mostly resulting from spatial heterogeneity in environmen-
tal characteristics, especially patches where plants are clumped
together. Given that our aim is to explore the spatial dynamics of
grasshopper populations within the space, the cell (a homogeneous
spatial unit) size should be smaller than the smallest scale of rele-
vant environmental heterogeneity (the size of habitat patches) or
the range over which local spatial association of individuals occur
(the characteristic scale of local dispersal). Meanwhile, the space
extent should be larger than this characteristic scale (Berec, 2002;
Dungan et al., 2002).

We conducted a field experiment on the spatial aggregation of
O. d. asiaticus individuals at a typical sample plot in Aobaoyingol
village. Moran’s I correlogram of O. d. asiaticus density showed
that individuals were strongly clumped within a range of about
180 m × 180 m surrounding a site, which was  the characteristic
scale of local dispersal (data not shown). When the range changed
from 180 to 210 m,  the individuals were randomly distributed.
When the range reached 210 m,  individuals became widely dis-
persed. Hence, the cell size should not be larger than 180 m × 180 m
and the space extent should not be smaller than 180 m × 180 m.

Cells located near the space boundary have incomplete inter-
actions with neighbors than those in the middle of the space. This
phenomenon, termed the edge effect, is a common model artifact
(Berec, 2002). To reduce the edge effect, the space is artificially
expanded to more cells surrounding the actual edge cells. There-
fore, the edge cells become the central ones within their discrete
neighbors, so that they have complete interaction with neighbors
and can be simulated. Given that the expanded cells outside the
boundary are not the actual ones, environmental conditions and
grasshopper abundance and behaviors within these cells are con-
sidered the same as those within the nearest actual edge cells. The
population dynamics within these expanded cells are also simu-
lated, but the results are not analyzed and exhibited.
2.2.2. Neighborhood
The neighborhood refers to the cells in a defined area surround-

ing each cell that may  influence the state of that cell during the
next time step. The model assumes that the individuals within a
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ell interact with others within the same neighborhood. The model
ormulates regular square-shaped neighborhoods in terms of rings
f the eight nearest cells, following a Queen’s move definition. The
eighborhood size cannot exceed the actual range of influence of
he focal cell, which is the local spatial association and/or dispersal
istance of O. d. asiaticus individuals (180 m);  if it does, the cell size
hould be decreased. The four orthogonal neighbors and four com-
letely diagonal neighbors of a cell differ due to the difference in
heir distances to the cell, which may  affect grasshopper dispersal.

.2.3. Time
The CA model spans the time from the completion of hatching

after early or mid-June) to the completion of ovipositing (after
arly or mid-August) of O. d. asiaticus. Temporal grain is represented
s a time step with a regular interval that is finer than the resolution
t which the time-step-dependent processes take place. Given that
he same instars last for a minimum of about six days, temporal
rain may  range from one day to five days.

.2.4. Cell states
Grasshopper occurrence is particularly associated with the type,

bundance, and distribution of grasses (Ni, 2002; Torrusio et al.,
002). In the CA model, cell Bij, which is located with i and j coor-
inates at time step t, takes on the two discrete states: the density
f O. d. asiaticus (Nt

ij
) and the aboveground biomass of grass species

Gt
ij
) :

t
ij = (Nt

ij, Gt
ij) (1)

ij and Gij, and thus the states of a cell, vary with the growing season.

.2.4.1. Grass aboveground biomass. The values of Gij at the time
0 are typically generated from measured data or inversed remote
ensing data or measured vegetation coverage. If there is no human
nd natural disturbance, Gij is well approximated by the logistic
odel of population growth during the growing season:

dGij

dt
= rGij

(
1 − Gij

K

)
(2)

ij(t) = K

1 + exp(a − rt)
(3)

 = ln
K − G

t0
ij

G
t0
ij

(4)

here t is the time step in day; r is the intrinsic growth rate of
he grasses; K is the carrying capacity of the grasses; and Gt0

ij
is the

nitial Gij. The values of the parameters r and K are usually esti-
ated as averages from observed or derived information and are

hus identical over the entire space.
In the CA model, G is estimated for each of the three periods, first

ithout considering the influence of disturbance. From t0 to t1, a
ogistic equation is used to model the rising trends in G. From t1
o t2, according to general field observations, G peaks and remains
igh, with little variation, for more than a few days. From t2 to t3,

 rapidly decreases as the grasses wither, and it is assumed that G
ecreases linearly with seasonal variation.

G is also affected by grasshopper food consumption and live-
tock grazing. The amount that grasshoppers consume is closely
ssociated with individuals’ instar and population density. O. d. asi-
ticus is assumed to have the same forage preference for the four

ain grasses (S. krylovii,  S. grandis, C. squarrosa, and L. chinensis),

nd thus these grasses are not differed. The probability that the
rasses are consumed is assumed to completely depend on their
boveground biomass.
elling 329 (2016) 5–17 7

Livestock such as sheep and cows in the study area mainly feed
on S. krylovii, S. grandis, C. squarrosa,  L. chinensis, Agropyron crista-
tum (L.) Gaertn., Allium polyrhizum Turcz., and A. mongolicum Regel.
Livestock need to consume a large quantity of grasses to meet
their nutritional requirements in this semiarid grassland, where the
most dominant plants are grasses and there are only a small num-
ber of other plants. However, livestock partially consume or avoid
consuming certain grasses such as S. krylovii because of its infe-
rior palatability. In the model, both the potential consumption and
forage preference estimate the probability that livestock consume
grasses. It is assumed that the probability that grasses are encoun-
tered is approximately equal to the proportion of the aboveground
biomass of the main grasses relative to all the grasses and forbs that
are available to livestock (f); the probability that grasses are eaten
after they are encountered (p′) is 0.9, on the basis of their palat-
ability. Thus, the final probability that livestock consume grasses is
p′f.

Accordingly, the variation in G at time step t (Gij(t)) with
grasshopper density and grazing intensity may  be expressed as:

Gij(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G
t0
ij

t = t0

K

1 + ea−rt
−

t−1∑
t=t0

Nij(t) · k(t) − p′ · f 1
ij

· ˇ1
ij

· t t0 < t ≤ t1

G
t1
ij

−
t−1∑
t=t1

Nij(t) · k(t) − p′ · f 1
ij

· ˇ1
ij

· (t − t1) t1 < t ≤ t2

G
t2
ij

−
t−1∑
t=t2

Nij(t) · k(t) − p′ · f 2
ij

· ˇ2
ij

· (t − t2) − �ij · (t − t2) t2 < t ≤ t3

(5)

where k(t) is the daily amount eaten by O. d. asiaticus at time step
t (g ind−1 d−1); ˇij is the daily amount eaten by livestock within
cell Bij (g ind−1 d−1); and � ij is the natural withering rate of main
grasses within cell Bij at the end of the growing season (g m−2 d−1).
f 1
ij

and ˇ1
ij

are the values during the period that G is increasing, and

f 2
ij

and ˇ2
ij

are the values during the period that G is declining.

The values for k(t), f 1
ij

, and f 2
ij

are available or can be estimated

from observed information. The unknown parameters ˇ1
ij
, ˇ2

ij
, and

� ij have relatively independent effects on Gij, so they may  be cali-
brated independently. By adjusting their values, it is possible to fit
the curve that is formulated by Eq. (5) to the observed values during
the growing period of main grasses.

2.2.4.2. Density of Oedaleus decorus asiaticus. The values of Nij
at the initial time t0 (t = 0) (after the completion of hatching) are
typically generated from observed patterns of individuals or eval-
uated potential habitat suitability. The model assumes that no new
nymphs hatch after t0, so the reproduction process does not exist
over all the time steps for this univoltine species. The processes
that drive spatiotemporal dynamics mainly include growth and
mortality, grasshopper–plant interactions, and dispersal. Gener-
ally, weather conditions over the time steps exhibit relatively stable
variations with the season, so the effects of extreme weather on
these processes have not been considered.

O. d. asiaticus individuals are homogeneously mixed and dis-
tributed within a cell so that any individual may  equally interact
with any other. All the individuals over the cellular space are con-
sidered to be in the same instar and have identical behaviors and
appearances at the same time step. They are not subject to mortal-
ity during a given instar, and simultaneously develop to the next
instar with a density-independent probability of uniform mortal-

ity. The 1st, 2nd, and 3rd instar nymphs stay within their birth cells,
and records are kept only for the surviving nymphs. The late-instar
nymphs and adults may  disperse between cells, so the dispersal
rules are applied to the surviving individuals.
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.2.5. Dispersal rules
Generally, dispersal between sites is needed for effective sur-

ival for the late-instar nymphs or adults of O. d. asiaticus in
emporary habitats. The cells in which resources are available
hange with the space and time, and O. d. asiaticus individuals, as
ctive feeders, can move from one cell to another. The main factors
hat contribute to whether they move, how many of them move,
nd where they can move include O. d. asiaticus abundance, the
rass biomass on which they feed, and the interactions of these two
actors within both potential source and sink cells, as well as habi-
at conditions of sink cells and spatial isolation (or connectedness)
etween source and sink cells (Fig. 1).

.2.5.1. Grasshopper habitat suitability. The main habitat factors
hat affect grasshopper occurrence and movement include terrain,
oil, and vegetation. These factors are spatially heterogeneous over
he cellular space. They are generally fixed, although soil volumet-
ic water content (SVWC), vegetation type, and vegetation coverage
ay  vary seasonally. These factors may  be obtained by field exper-

ments, spatial interpolation from a finite number of measured
amples, or the use of remote sensing data or other digitalized maps
n a GIS environment.

A fuzzy theory approach explains the inherent spatial uncer-
ainties and overcomes problems with incomplete knowledge to
eveal the influence of habitat on grasshopper occurrence and
ispersal. Fuzzy sets and fuzzy logic have been applied to chal-

enges such as analyzing land suitability (Davidson et al., 1994),
etermining tree susceptibility to attack by mountain pine bee-
les (Bone et al., 2006), and evaluating the habitat suitability for
rasshoppers (Ni, 2002; Zhang et al., 2015). Shen et al. (2015)
onstructed a GeogDetector-based fuzzy model system based on
hat of Zhang et al. (2015), where the habitat suitability level for
. d. asiaticus was a function of the effects of individual habi-

at factors (P1) and interactions between any two  factors on
rasshopper density (P2) and the fuzzy membership (Q). Q was
efined as the probability that a habitat category is associated
ith a given grasshopper density rank: ‘very high,’ ‘high,’ ‘low,’

r ‘very low.’ The data processing software Excel-GeogDetector
Wang et al., 2010; Wang and Hu, 2012) was used to obtain P1
nd P2. Both of the models reliably indicated the potential occur-
ence of O. d. asiaticus over the entire county studied. In the CA
odel, the habitat suitability (high, medium, or low) obtained for

ach cell at each time step provides the input for the dispersal
ules.

In addition, the habitat suitability levels obtained before
ymphs move to other cells during the early growing season can
e used to estimate the initial grasshopper densities (ranks) when
easured densities are unavailable.

.2.5.2. Source cells and sink cells. Grasshopper dispersal is often
irected, so it is necessary to identify source and sink cells. If
rasshopper density is very high or if the aboveground biomass
f the main grasses on which they feed is very low within a cell,
he 1st, 2nd, and 3rd instar nymphs may  die, and the late-instar
ymphs and adults may  move to neighboring cells. The thresh-
ld densities (Nts) causing O. d. asiaticus individuals to disperse are
etermined for all the cells on the basis of their habitat suitability

evels. Cells with higher habitat suitability levels are expected to
ave more individuals and thus higher Nts. The threshold above-
round biomass of grasses (Gts) causing individuals to disperse is
lso determined. If Nij(t) ≥ Nts or Gij(t) < Gts within cell Bij, then Bij

an be a source cell, i.e., O. d. asiaticus may  move from Bij to the
eighboring cells. If Nij(t) < Nts and Gij(t) ≥ Gts within cell Bij, then
ij can be a sink cell; that is, individuals from neighboring cells may
nter Bij.
elling 329 (2016) 5–17

2.2.5.3. Emigration from source cells. It is assumed that O. d. asiaticus
individuals emigrate from source cell Bij only when a sink cell is
adjacent to Bij. If the individuals cannot emigrate, they remain in
their original cell. The proportion of the total number of individuals
in a source cell Bij (ıij(t)) that emigrate is used to estimate the total
emigration (Rij(t)):

Rij(t) = ıij(t) · Nij(t) · A (6)

where A is the area of a cell (m2).
The value of ıij(t) is probabilistic. The Mersenne Twister algo-

rithm developed by Matsumoto and Nishimura (1998) was used to
generate pseudorandom numbers of ıij(t). It was designed specifi-
cally to rectify most of the flaws in the older generators. It rapidly
generates high-quality pseudorandom integers.

To obtain ıij(t), it is necessary to follow these two  principles
regarding resource availability:

(1) After individuals emigrate, the O. d. asiaticus density within cell
Bij should not exceed the threshold value (Nts) for Bij:

0 ≤ Nij(t) − ıij(t) · Nij(t) < Nts (7)

which yields the following equation:

Nij(t) − Nts

Nij(t)
< ıij(t) ≤ 1 (8)

(2) Aboveground biomass of S. krylovii within cell Bij should not
be lower than the amount consumed by the remaining O. d.
asiaticus individuals:

(Nij(t) − ıij(t) · Nij(t))k(t) ≤ Gij(t) (9)

which yields the following equation:

ıij(t) ≥ 1 − Gij(t)
Nij(t) · k(t)

(10)

2.2.5.4. Effect of spatial isolation between cells on grasshopper disper-
sal. The probability that O. d. asiaticus individuals emigrate from
a source cell to its orthogonal and completely diagonal neigh-
bors, and the distances that they travel may  differ considerably
depending on spatial isolation. The distance between a cell and
its orthogonally adjacent cells is set at 1, and thus the distance
between a cell and its diagonally adjacent cells is

√
2. The num-

ber of migrating individuals is supposed to exhibit an inversely
exponential relationship with distance.{

p · m + q · n = Rij(t)

p = exp(
√

2 − 1) · q
(11)

where m and n are the numbers of the sink cells orthogonally and
completely diagonally adjacent to a source cell, respectively; p and
q are the numbers of individuals that may  migrate from a cell to an
orthogonally and completely diagonally adjacent cell, respectively.
The values of p and q can be obtained from Eq. (11):⎧⎪⎪⎨
⎪⎪⎩

p = exp(
√

2 − 1) · Rij(t)

(n + exp(
√

2 − 1) · m)

q = Rij(t)

(n + exp(
√

2 − 1) · m)

(12)

The total numbers of individuals that may  migrate from a cell
to its orthogonally and diagonally adjacent cells are pm and qn,
respectively.
2.2.5.5. Effect of habitat suitability of cells on grasshopper dispersal.
Cells with higher habitat suitability should be more attractive to
grasshoppers and are more likely to become sink cells, disregard-
ing the differences in other factors that may  influence grasshopper

Administrator
高亮

Administrator
高亮
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Fig. 1. Conceptual diagram of the constructed cellular a

ispersal. More individuals generally occur within cells with higher
abitat suitability during any given period. Therefore, the probabil-

ty that an individual will move to an adjacent cell depends on the
rasshopper density corresponding to the habitat suitability of the
djacent cell.

P3 = AGD3/(AGD3 × S3 + AGD2 × S2 + AGD1 × S1)

P2 = AGD2/(AGD3 × S3 + AGD2 × S2 + AGD1 × S1)

P1 = AGD1/(AGD3 × S3 + AGD2 × S2 + AGD1 × S1)

P3 = AGD3/(AGD3 × s3 + AGD2 × s2 + AGD1 × s1)

P2 = AGD2/(AGD3 × s3 + AGD2 × s2 + AGD1 × s1)

P1 = AGD1/(AGD3 × s3 + AGD2 × s2 + AGD1 × s1)

(13)

here S3, S2, and S1 are the number of orthogonally adjacent cells
ith high, medium, and low habitat suitability, respectively, for

ource cell Bij; P3, P2, and P1 are the probabilities that grasshop-
ers may  move from Bij to one of these orthogonally corresponding
ells; s3, s2, and s1 are the number of completely diagonally adjacent
ink cells with high, medium, and low habitat suitability, respec-
ively, for source cell Bij; p3, p2, and p1 are the probabilities that
rasshoppers may  move from Bij to one of these completely diag-
nally corresponding cells; and AGD3, AGD2, and AGD1 are the
verage grasshopper densities over the cellular space, correspond-
ng to high, medium, and low habitat suitability, respectively.

The number of individuals that finally move to orthogonally
djacent cells with a certain habitat suitability may  be estimated

rom the product of pm and P3S3, P2S2, or P1S1. The number of indi-
iduals that finally move to diagonally adjacent cells with a certain
abitat suitability may  be estimated from the product of qn and
3s3, p2s2, or p1s1.
rasshoppe r po pulatio n 

ton model of the dynamics of grasshopper populations.

2.2.6. Computer program realization
The CA model was compiled using IDL (interactive data lan-

guage) to estimate O. d. asiaticus density within each cell at each
time step. The time series of density maps forms a movie showing
the dynamics of O. d. asiaticus over the entire space. IDL is a trusted
scientific programming language, and has been applied widely in
space science to process large amounts of data and extract mean-
ingful visualizations from complex numerical data. The syntax
includes many constructs from Fortran and some from C language.

3. A case study

3.1. Sample landscape and field surveys

A grazing steppe of around 12.6 km2 located in Aobaoyin-
gol village (42◦12′11–42◦14′42′′ N, 114◦07′34′′–114◦11′02′′ E) was
selected (Fig. 2). Its southern area was  near Huanghua mountain,
northern area was blocked by a 10-m-wide road, eastern area was
near a cropland, and western area was  near a large cropland with
gentle undulations. The position of the grassland made a relatively
closed landscape. Thus, we could assume that all the grasshopper
individuals moved within this landscape and swarming across the
landscape was not considered.

The average elevation was  1339 m,  with considerable variation.
The landscape was composed of different patches including a small
residential area in the southeast, two  roads between the western
and eastern areas and northern and southern areas, and grass-

lands with different habitats (especially terrain and vegetation).
The plants species were dominated by S. krylovii, Artemisia frigida
Willd., and Convolvulus ammannii Desr. during the early growing
season. L. chinensis, C. squarrosa,  A. cristatum, and Salsola collina Pall.
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Fig. 2. Location of the study area and a sample landscape in Aobaoyingol vi

ere also present. After late July, S. grandis could gradually become
 subdominant or dominant species at some sites.

We identified 177 grassland patches, each with similar habitats.
he landscape represented variations in the spatial aggregation of
abitat patches with different suitability levels. We  surveyed the
ize, location, and spatial distribution of each patch using global
ositioning systems (GPS), and plotted a patch map  (Fig. 2). Three
eld surveys were conducted within each patch in early-July before
rasshoppers started to disperse, late-July after grasshoppers could
ave dispersed, and mid-August at the end of growing season,
espectively. During each survey, grasshopper density and some
ssociated habitat conditions were measured within each patch,
nd these measurements were assumed consistent over the entire
atch.

Two or three observers walked side-by-side from the start to the
nd location within each patch, in the same direction, to visually
ount the number of O. d. asiaticus per m2. These data were used to
stimate the mean density for the patch.

At the center of each patch, we measured the elevation using
PS, and determined the slope and aspect using a compass. Plant
pecies richness, phenology, and vitality were recorded for each
atch. Total vegetation (TVC) and grass (GC) coverage were visu-
lly estimated within three 1 m × 1 m quadrats, where the soil and
egetation conditions were representative of the patch, and their
verages denoted the values for a patch. Soil type was initially
etermined visually and by feeling the soil by hand. SVWC in the
op 5 cm of the soil was measured for the three quadrats of each
atch using a soil moisture meter (TDR 300), and the average of
he quadrats denoted SVWC for a patch. The 307 soil samples were
aken from the top 5 cm of the soil within the landscape. The soil
and content, organic matter content, and pH of these samples were
easured using the general methods in the laboratory, and their

verage denoted the values for a patch. We  also surveyed the struc-
ure and distribution of gravel and sand within each patch and the
ntensity and frequency of livestock grazing at the landscape.

.2. Model parameterization and calibration

.2.1. Cellular space, neighborhood, and time

The relatively closed landscape was defined as a cellular space.

ccording to Moran’s I correlogram of O. d. asiaticus density, the
ite size of 30 m × 30 m was smaller than the characteristic scale
f local dispersal (180 m × 180 m),  so it was reasonable to use the
f Xianghuangqi County, Inner Mongolia, China. There are 177 field patches.

site as a homogeneous spatial cell. The landscape was composed of
13,958 cells of 30 m × 30 m.

The eight-neighbor rule was  used. The neighborhood range was
0–64 m,  smaller than the actual distance influenced by a focal cell
(180 m).

The study was carried out for 42 days from 3 July to 13 August,
2012, spanning the stages from the 2nd instar nymphs to the adult
O. d. asiaticus. Daily densities of O. d. asiaticus were simulated.

3.2.2. Cell states
3.2.2.1. Grass aboveground biomass. The value of Gt

ij
from July

3 to August 13, which was  dependent on natural population
growth, grasshopper food consumption, and livestock grazing, was
obtained from Eq. (5). According to our measured data inside a
fenced plot in the study area that contained the same dominant
plant species as in the sample landscape in 2012, the periods dur-
ing which G increased, remained constant, and then declined from
July 3 (t = 0, t0) to July 15 (t = 12, t1), July 16 to July 25 (t = 22, t2), and
July 26 to August 13 (t = 42, t3), respectively.

To obtain aboveground biomass and associated parameters that
were not measured at the patches, we selected two  sample plots.
Both the plots were composed of 5 × 5 contiguously distributed
sites, of which each was  30 m × 30 m.  The plots were dominated
by the same plant species as those in the sample landscape, and
had similar seasonal variations in dominant or subdominant plant
species to the landscape. Grasshopper density and habitat con-
ditions were measured within each site on July 3 (t = 0), July 24
(t = 21), and August 9 (t = 37), 2012, respectively, using the same
methods as those within the patches of the landscape. In one of
the three quadrats used for measuring TVC and GC, all the stand-
ing live aboveground plants were cut from the base of the plants
and placed in different paper bags labeled with the plant names.
After the samples were air dried, they were oven dried at 80 ◦C for
10 h, after which they were weighed using an electronic scale to
the closest 0.01 g.

The regression relationships between GC (or TVC) and grass
biomass (G) and total aboveground biomass (TAB) during the three
surveys were respectively built based on the 50 measured data at

the two  sample plots. TVC at a cell was inversed from the NDVI
at the cell and the maximum and minimum NDVI over the entire
landscape. G and TAB at each cell were estimated using the inversed
TVC and the derived biomass-coverage relationships above. In the
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Table  1
Amount eaten, duration of growth, and survival rate of Oedaleus decorus asiaticus during different instars in 2012. Data were obtained by Huihui Wu,  Institute of Plant
Protection, Chinese Academy of Agricultural Sciences, who measured inside a fenced plot that contained the same dominant plant and grasshopper species as in the sample
landscape in 2012. O. d. asiaticus became 2nd instar nymphs on July 1, 2012, and the 2nd instar lasted about 9 days.

Developmental stage Amount eaten [k(t)] (g ind−1 d−1) Duration of growth Time in the model (t) Survival rate (%)

2nd instar nymph 0.0135 July 3–9 t = 0–6 80.87%
3rd  instar nymph 0.0355 July 10–17 t = 7–14 80.87%
4th  instar nymph 0.0694 July 18–27 t = 15–24 85.73%
5th  instar nymph 0.182 July 28–August 2 t = 25–30 100.00%
Adult 0.148 August 3–13 t = 31–37 –

Table 2
Comparison between the modeled and measured density of Oedaleus decorus asiaticus.

Initial grasshopper density (GD) Number of cells Modeled GD
(mean ± standard
deviation)

Difference between the
mean measured and
modeled GD (ind m−2)

Percentage of cells
with the difference
<2.5 ind m−2 (%)

Late-July Mid-August Late-July Mid-August Late-July Mid-August

GD > 10 242 4.84 ± 2.41 4.51 ± 2.61 −0.27 0.71 80.17 74.79
5  < GD ≤ 10 4064 3.21 ± 1.87 2.92 ± 1.91 −0.40 0.23 64.03 70.25
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1  ≤ GD ≤ 5 9183 1.61 ± 1.10 

GD  = 0 469 0.63 ± 1.57 

Total  13,958 2.09 ± 1.13 

ogistic equation (3), K was set at 92.95 g m−2, from the estimated
aximum G during the entire growing season that was  studied.

he value of r was equal to 0.28, calibrated according to the natural
rowth of grasses. The values of f 1

ij
and f 2

ij
were calculated from the

stimated G and TAB within cell Bij.
The values of ˇ1

ij
and ˇ2

ij
ranged from 0.45 to 2.35 g m−2 d−1 and

ere calculated from the statistical materials from Xianghuangqi
ounty grassland station and personal communication with the
taff at the station. The values of � ij were between 0.4 and
.8 g m−2 d−1 and were based on the natural growth and withering
f plants and our measured aboveground biomass at the sample
lots. The values of ˇ1

ij
, ˇ2

ij
, and � ij were first generated from a ran-

om function and then calibrated manually. The calibration was
o ensure that the difference between the modeled and estimated
t=21
ij

from GC or TVC, and between the modeled and estimated
t=37
ij

from GC or TVC did not exceed 2.5 g m−2.

.2.2.2. Density of Oedaleus decorus asiaticus. The densities of O.

. asiaticus measured within the 177 patches in early-July were
onsidered the initial densities (Nini). It was assumed that all the
ells within a patch had the same Nini. The cells with Nini of <2,
–5, 5–10, and ≥10 ind m−2 accounted for 16.35, 52.63, 29.15, and
.87%, respectively.

The variation in daily density from July 3 to August 13 depended
n demographic processes, grasshopper–plant interactions, and
ispersal processes among the adjacent cells. Biological proper-
ies associated with demographic processes such as amount eaten,
uration of growth, feeding habits, and survival rate of O. d. asiati-
us during different instars were assumed the same for all the cells
Table 1).

.2.3. Dispersal rules
The principles have been given above, except that some param-

ters should be specified to realize the dispersal rules.
To determine source and sink cells, the cells with high, medium,

nd low habitat suitability were assigned the threshold densities of
. d. asiaticus (Nts) of 10, 5, and 2 ind m−2, respectively, following
ur measured data, and the threshold grass aboveground biomass

Gts) was 5.0 g m−2.

We  integrated the model system built by Shen et al. (2015) and
hang et al. (2015) to evaluate the grasshopper habitat suitabil-
ty. The evaluation was made for each cell based on the measured
 ± 1.23 0.89 1.38 72.68 65.97
 ± 2.25 0.97 2.12 95.74 34.75
 ± 1.31 0.48 1.06 71.06 66.32

habitat conditions including elevation, slope, aspect, SVWC, vegeta-
tion type, and TVC, the interpolated soil sand content, soil organic
matter content, and soil pH using the kriging method, and digi-
tal elevation map  (DEM) (spatial resolution of 30 m × 30 m)  and
soil type map  (cartographic scale of 1:1,000,000). The data mea-
sured in early-July were used to evaluate habitat suitability for each
cell from the early to peak growing season (July 3–23), and the
data measured in late-July were used for each cell from the peak
to late growing season (July 24–August 13). Using the field patch
data in early-July, averages of the measured grasshopper densities
within the cells with high, medium, and low habitat suitability over
the entire landscape, AGD3, AGD2, and AGD1, were 10.6, 5.9, and
2.4 ind m−2, respectively. Thus, P3, P2, P1, p3, p2, and p1 from the
early to peak growing season (July 3–23) were estimated as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P3 = 10.6/(10.6S3 + 5.9S2 + 2.4S1)

P2 = 5.9/(10.6S3 + 5.9S2 + 2.4S1)

P1 = 2.4/(10.6S3 + 5.9S2 + 2.4S1)

p3 = 10.6/(10.6s3 + 5.9s2 + 2.4s1)

p2 = 5.9/(10.6s3 + 5.9s2 + 2.4s1)

p1 = 2.4/(10.6s3 + 5.9s2 + 2.4s1)

(14)

Similarly, the migrating probabilities from the peak to the late
growing season were estimated on the basis of the grasshopper
densities measured in late-July over the entire landscape with the
corresponding habitat suitability.

4. Simulation results

4.1. Evaluation of estimation accuracy

The mean modeled density of O. d. asiaticus was 0.48 ind m−2

lower than the mean measured density in late July. For the
cells with nymphs at time t0, the differences between the mean
measured and modeled densities were <0.90 ind m−2, and the
differences were lower than 2.5 ind m−2 for more than 64% of these
cells (Table 2). The modeled densities were within the measured

ranges for 93.5% of cells, and could explain 60.6% of the variance
(Fig. 3).

The mean modeled density of O. d. asiaticus was 1.06 ind m−2

lower than the mean measured density in mid-August. For the
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819,  2015, 3946, 1403, 1856, 1012, 566, 630, 157, and 85, respectively.

ells with nymphs at time t0, the differences between the mean
easured and modeled densities were <1.40 ind m−2, and the dif-

erences were lower than 2.5 ind m−2 for more than 65% of these
ells (Table 2). The modeled densities were within the measured
anges for 66.6% of cells, and could explain 38.1% of the variance
Fig. 3).

The estimation accuracy was higher for the 4th and 5th instars
han for the adulthood (Fig. 3 and Table 2), because more uncertain
actors (such as strong wind or suddenly declining temperature)

ight influence grasshopper survival after early-August, but they
ere not considered in the model.

The estimation accuracy was higher for cells with higher initial
ensities (Fig. 3 and Table 2). For cells with the initial densi-
ies lower than 3 ind m−2, the modeled densities were around
.5–2.5 ind m−2 lower than the measured ones (Fig. 3). More than
3% of these cells had high or medium habitat suitability, result-

ng in high probabilities of attracting more individuals during and
fter the 4th instar. However, the densities within most of these
ells and their neighboring cells were always lower than the thresh-
ld densities corresponding to habitat suitability levels, so most of
hese cells became sink cells. The lack of source cells resulted in
ow immigration for these sink cells. In addition, a small amount of
rasshopper individuals more easily causes a measurement error.
n the field, individuals might not exist within some sites and
ggregate within other sites. This uneven distribution made accu-
ate measurement impossible. Increasing or decreasing individuals
ould produce considerable differences in statistics when there are
ew individuals per m2.

.2. Modeled spatiotemporal variation in grasshopper density

The results showed that the modeled O. d. asiaticus density
eclined throughout the growing season (Figs. 4 and 5). However,
he densities exhibited different temporal variations for the cells
ith different initial densities.

For the cells with nymphs at time t0, O. d. asiaticus density
emained constant during the whole 2nd instar (July 3–9) and 3rd
nstar (July 10–17) (Fig. 4a and b), because nymphs moved only

ithin the source cells and could not disperse to other cells, and
he CA model assumed that they all survived during a given instar.
or the 469 cells without nymphs at the time t0, the empty situ-
tion lasted during each of these two instars (Fig. 4c), even if the

ells were suitable for nymphs.

During the 4th instar (July 18–27), O. d. asiaticus could move
o more suitable cells. This movement caused O. d. asiaticus den-
ities within some cells to exhibit fluctuating variations around

Fig. 4. Temporal variations in the modeled average density of Oedaleus decorus asi-
aticus for the cells with the initial density of 7–12 ind m−2 (a), 3–6 ind m−2 (b), and
0  ind m−2 (c), as the case study in 2012. Standard deviation error bars are provided
for the modeled and measured densities using the solid line and dot-dashed line,
respectively.
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Fig. 5. Spatiotemporal variations in modeled density of Oedaleus

he corresponding threshold values. For the cells with initial
ensities >6.0 ind m−2, the densities at the end of the 3rd instar
ostly exceeded their threshold values, some individuals could

migrate from these cells. Hence, O. d. asiaticus density rapidly
eclined during the 4th instar (Fig. 4a).

In contrast, for cells with the initial densities <6.0 ind m−2, the
ensities at the end of the 3rd instar were mostly below their
hreshold values, some individuals from adjacent cells could immi-
rate to these cells. Hence, O. d. asiaticus density increased during
he 4th instar, even during the 5th instar and adulthood (Fig. 4b).
n particular, for the empty cells at time t0, the densities of late-
nstar nymphs and adults increased linearly after the 3rd instar
Fig. 4c).

During and after the 5th instar (from July 28 to August 13),
round 11% cells experienced a decrease in habitat suitabil-

ty, while others varied negligibly. The correspondingly slightly
ecreasing threshold densities were still greater than most of the
odeled densities, which greatly reduced their fluctuations mak-

ng them very stable (Figs. 4 and 5). In addition, weather changes
us asiaticus for all the cells within the sample landscape in 2012.

(especially declining temperature) affected the survival of O. d. asi-
aticus. Several adults died after they spawned.

The overall spatiotemporal variations in the modeled O. d. asiati-
cus densities over the entire landscape, and the differences between
different instars, agreed with the actual observed trend in the field
(Figs. 4 and 5). The modeled O. d. asiaticus densities were mostly
within the measured ranges during and after the 4th instar, when
the densities were most likely to change (Fig. 4).

4.3. Modeled grass aboveground biomass and relationship with
grasshopper density

When livestock grazing and grasshopper food consumption
were not considered, the grass aboveground biomass within all the
cells increased following the general logistic curve during the early

and peak growing season, biomass remained approximately invari-
ant for about 10–20 days after it reached the peak, and biomass
gradually decreased after that point. However, the actual biomass
trends differed greatly from the ideal ones, because the sampled
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ig. 6. Temporal variations in the mean estimated amount of material eaten by Oe
onditions of disturbance for the cells with the initial density of 7–12 ind m−2 (a), 3
re  provided.

andscape was moderately or severely grazed and was affected
y a certain amount of grasshoppers. Compared with the ideal
rends, the biomass peaks also occurred in mid-July, and the peaks
ere smaller than the carrying capacity K (92.95 g m−2); biomass
ecreased gradually and continuously after it reached the peak,
ithout having a stable period (Fig. 6).

The amount of grasses eaten by O. d. asiaticus increased with the

nstar and peaked during the 5th instar for most of the cells (Fig. 6).
uring the same instar, the amount consumed was  positively cor-

elated with O. d. asiaticus density (Figs. 4 and 6).
s decorus asiaticus and mean modeled grass aboveground biomass under different
 m−2 (b), and 0 ind m−2 (c), as the case study in 2012. Standard deviation error bars

The measured and modeled data showed that there was  no obvi-
ous correlation between the O. d. asiaticus density and the grass
aboveground biomass during the 2nd and 3rd instars because of
low amount eaten within all the cells, regardless of density. After
becoming adults, O. d. asiaticus did not feed on a number of grasses
because the densities were lower than 3.0 ind m−2 within about
80% of the cells. Even during the 4th and 5th instars, there was

no obvious correlation between the grasshopper density and grass
biomass, because grass biomass was not one of the main factors
limiting the survival of O. d. asiaticus for most of the cells.
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Kang and Chen (1995) found that the interactions between
he grasshopper and plant community significantly affected the
omposition and structure of plant and grasshopper communities.
owever, Kang determined that the varying trends were not always

ynchronous, because suitable habitat sites and refuges that plants
rovide to grasshoppers could be more important to grasshopper
opulations than the food that the plants provide, especially when a

arge amount of preferred plants are available. Only if there are very
ew plants does food become a critical factor. Although our study
as conducted at the population rather than community level, we

eached similar conclusions.

. Discussion

The CA model offers a new approach that reveals the spatiotem-
oral dynamics of grasshopper populations in a typical semiarid
teppe. The model provides a basic perspective on the interactions
etween spatial patterns and ecological processes at multiple spa-
ial extents (namely, cell and cellular space) in a heterogeneous
rea. Unlike other insect diffusion models, the present CA model
ccounts for heterogeneity in all the design principles. Within a
ellular space, the spatial pattern of grasshopper density mainly
epended on the spatial heterogeneity of habitat factors including
errain, soil, and vegetation aspects, which was the basic condition
or spatial movement. It also depended on the interactions between
lants and grasshopper individuals, which were spatially hetero-
eneous because grass biomass varied at different cells. Besides
abitat suitability and grasshopper-plant relationships, the dis-
ance from a source to sink cell (position relationship) was another
mportant factor. All these aspects finally determined the spatial
eterogeneity of grasshopper density over the entire cellular space.

The present CA model differs from most previously developed
A models in two ways. First, since most CA models have been
eterministic, in our model the rules describing both the total num-
er of individuals moving to neighboring cells and their allocation
o cells with different habitat suitability levels are probabilis-
ic. It would be difficult to use a deterministic equation set to
escribe unique cells, their heterogeneous attributes and behav-

ors, and their interactions. The incorporation of the stochastic
pproach has considerable advantages for modeling these hetero-
eneities and uncertain complex dispersal processes (Bian, 2013).
econdly, the states of a cell involve grasshopper density and
rass biomass, and individuals spread through the space by two
echanisms: grasshopper–plant interactions within a cell and

nteractions between adjacent cells by dispersal processes. The
pproach improves the simulation of the synergic relationship
etween grasshoppers and grasses.

In the case study, the data from the sample landscape are inde-
endent from those at the 150 m × 150 m plots, from which partial
arameters were obtained. The validation of the model indicated
hat this type of CA model identified and captured the essential spa-
iotemporal patterns and underlying processes, causing no qualita-
ive abnormity in population-level behaviors. Therefore, the model
s useful for predicting the spatiotemporal dynamics of grasshopper
or other motile pest) populations in a heterogeneous space.

However, it should be noted that the present CA model is
ost effective if applied to an O. d. asiaticus population whose

nitial density is 3–12 ind m−2 after hatching. Under these circum-
tances, grasshoppers and plants coexist within the same space, and
ndividuals disperse among adjacent cells or patches rather than
warming across landscapes. Thus, spatial isolation and environ-

ental heterogeneity within patches or landscapes could strongly

nfluence dispersal processes among adjacent cells or patches and
rasshopper–plant interactions. On the contrary, for grasshopper
utbreaks, strong demographical stochasticity, transient dynamics,
elling 329 (2016) 5–17 15

and long-distance swarms may  occur, and grasses could become
extinct at any time. Thus, spatial heterogeneity within a patch
or landscape affects swarming processes across landscapes only
to a small degree, because of their mismatch in scales. Alterna-
tive model rules will have to be drawn for this case. However, the
present CA model could potentially generate the dynamics lead-
ing to a transition to swarming. It will depend on determining
the threshold of grasshopper–plant interactions in a larger space.
A CA-based metapopulation model rather than a CA model itself
could be well suited to modeling long-distance migration (Vinatier
et al., 2011), or multi-scale models could be developed by coupling
a small-scale CA model with a large-scale reaction-diffusion model
(Ciss et al., 2013).

At almost every step of the construction of this CA model, at
least a few alternative approaches are plausible. How does a choice
from among these alternatives change spatiotemporal patterns of
grasshopper populations? Murdoch et al. (1992) suggested con-
structing a suite of models with increasing complexity and then
choosing the appropriate alternative for a given application. This
issue is beyond the theme of this paper, but should be discussed.

Some alternatives are given for the design principles and
assumptions. The assumptions underlying an ecological model aim
to simplify rules while extracting the main components and fea-
tures and capturing key processes under the constraints of current
observation and data conditions. However, some assumptions may
inherently reduce model realism and adaptability.

The present CA model assumes that the cellular space is a
relatively closed system, composed of discrete square cells. How-
ever, it is an open system, and the O. d. asiaticus individuals near
the space boundary could have stronger interactions with their
surroundings than with the interiors. The individuals leaving the
space may  be lost and thus reduce the population size, a phe-
nomenon called the boundary effect (Berec, 2002). This effect
depends on spatial extent and is especially apparent in a finite
space. In our case study, the space was a large enough landscape
so that this effect was reliably weakened. We  expect to eventually
extend it to a region (such as Xianghuangqi County) composed of
respective landscapes, and replace the regular cells with subpop-
ulation patches that have irregular shapes and may change with
time.

The present CA model assumes that O. d. asiaticus individ-
uals and plants homogeneously distribute within a cell. We
observed apparent variations in grasshopper density even within
a 30 m × 30 m cell; and some plant species occurred in patchy
distributions rather than random or uniform distributions. Quan-
tifying spatial heterogeneity within a cell, decreasing cell size, or
using individual-based CA models may  address this issue, if suffi-
cient detailed information is available.

The present CA model assumes that interactions only occur
within the neighborhood. However, individuals within a cell in
a social network may  interact with others that are not nec-
essarily spatially adjacent. The structure of the social network
determines how individuals propagate through space. Commonly
considered structural factors include the number of individuals
with interactions (emigration and immigration), the frequency and
range of interactions, the connections among cells, and the cross-
connections within a group of cells (Ghani et al., 1997).

The present CA model assumes that during each instar O. d. asi-
aticus individuals in the cellular space are homogeneously mixed.
However, we  observed that individuals of different instars some-
times coexist. Therefore, it may  be necessary to explicitly demon-
strate the age-structure to differentiate demographic processes.
The present CA model extracted three critical plant growth
periods: early growing season (before dispersal), blooming (after
dispersal), and late growing season. However, given that these
intervals may  exceed 10 days, they may  be too long to capture
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ertain processes that affect plant growth and grasshopper devel-
pment. Hence, shorter-interval data are needed for a complete
escription of the details of the growing process.

In addition, the study area sometimes experiences extreme or
nusual weather such as heavy drought, rainstorms, strong winds,
nd low temperatures. Hence, it may  be necessary to explicitly
emonstrate how weather affects grasshopper survival, growth,
nd dispersal and plant growth and withering.

There are also other alternatives for technical methods, such as
ow to evaluate habitat suitability, how to express spatial isolation,
nd how to define the neighborhood of a cell.

In the model system proposed by Shen et al. (2015) and Zhang
t al. (2015), the effects of habitat factors on grasshopper density
ere globally estimated over the entire sample area, and were used

or each cell in the present CA model. However, these effects may
ary for different cells, exhibiting strong spatial heterogeneity. We
ill use an improved geographically weighted regression method

o obtain the local effects.
The present CA model expresses isolation using the simple

uclidean distance from the center of a cell to the center of another
ell, which is a physical rather than a functional distance related to
he costs paid by O. d. asiaticus. Patchy distribution of many plants
hat are not eaten by O. d. asiaticus (such as C. ammannii and A. frigid)
ould become an obstacle that limits individual dispersal between
ells. Therefore, it is necessary to quantify the effect of spatial con-
guration of different plant species on dispersal processes in future
tudies.

In addition, the neighborhood definition may  be expanded
eyond the nearest cells if it is below dispersal range, as shown

n the Supplement materials.
In summary, the CA model we constructed serves as an

mportant foundation for future development, and alternative
pproaches may  result in more reliable model analyses. Some
lternatives may  result in a more realistic model that is more com-
lex to formulate, simulate, and analyze. The choice of appropriate
lternatives for a given applied issue is a trade-off between realism
nd computational simplicity (Berec, 2002); therefore, the most
ppropriate model will have to take this into consideration.
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