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Abstract. This study uses the discrete-time optimal control models and numerical simulations of different
scenarios to explore the impact of Genetically Modified (GM) Crop' value on the sustainability of an
ecosystem’s biomass. The results indicate that profit-maximizing farmers and a welfare-maximizing
government would plant GM crops regardless of whether the biomass of the ecosystem remains sustainable
(the ecological or evolutionary loss of GM crops) or not. However, the slightest loss of biomass (ecological
loss) caused by the ecological mechanism of GM crops, due to their evolution mechanism, may become
significant (evolutionary loss). Furthermore, the sustainability problem of biomass would become more
severe due to the impact on identity preservation, improvement in planting technology and biotechnology,
and climate change. However, conservation activities may help solve this problem.
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Introduction

A genetically modified (GM) crop is the fastest developing crop, and it is governed by
many regulatory systems dictated by international groups and countries. The focus of
these regulatory systems should be the economic or ecological values of GM crops;
however, the existing literature does not discuss all the value categories of GM crops.
Thus, this paper proposes a numerical approach to evaluate GM crops, which combines
economic value, ecological loss and evolutionary loss (Mutuc et al., 2013; Bradshaw,
2016). Many countries have discussed the values of GM crops and pronounced their
regulations, as the regulation of GM crops in Belgium focuses on authorizing their
production, use, and distribution (economic value), and limiting the potential release of
GM crops into non-GM crop fields (ecological loss). Brazil has established rules for the
production and marketing of GM crops and their release into the environment. The
production and sale of GM crops are subject to very restrictive rules in France, and French
legislation focuses on the potential release of GM crops into the environment and on
labeling requirements (The Law Library of Congress, 2014).

The economic value of GM crops is defined as the additional profit of a crop-mix (with
non-GM and GM crops) compared to a non-GM crop. Many studies have proved that
profit from GM crops is higher than that from non-GM crops, as the former has larger
yields. This is after considering its sustainability, health, and other related issues (James,
2005; Jacobsen et al., 2013; Mutuc et al., 2013; Blahova et al., 2014; Brookes and Barfoot,
2015; The International Service for the Acquisition of Agri-biotech Applications, 2016).
As Qaim and Zilberman (2003) show that the pest-resistant GM crops substantially
reduces pest damage and increases yields. Kliimper and Qaim (2014) found the adoption
of GM crops has reduced chemical pesticide use by 37%, increased crop yields and farmer
profits by 22% and 68%.
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The ecological and evolutionary loss of GM crops are defined as the negative value
from the reduced biomass in the present and last stages of an evolutionary ecosystem with
a crop-mix compared to a scenario with a non-GM crop. A GM crop negatively affects
the biomass of ecosystems because it may increase the mortality of other species. The
impact on this biomass by GM crops could follow the competition or predation of the
evolution mechanism and produce an uncertain result of this biomass. The evolution
mechanism consists of elements such as monoculture, mutation, natural selection, genetic
drift, recombination, and gene flow. The United Nations (2010) and Jesse and Obrycki
(2000) show that the promotion of superior breeds (e.g., a GM crop) can have side effects
(Brock and Xepapadeas, 2003; Noailly, 2008).

We argue that the value of a GM crop could be the sum of its economic value and
ecological and evolutionary loss. Therefore, this study will discuss these three
perspectives through numerical simulations of discrete-time optimal control models on
the biomass of an ecosystem with crop-mix and pest interactions. Moreover, the impact
of identity preservation, the improvement in planting technology and biotechnology, and
climate change on the value of GM crops and the biomass of an ecosystem would be
discussed (Weitzman, 1998; Kouser and Qaim, 2013).

In short, the goal of this study is to analyze and simulate the effect of a GM crop’ value
on biomass sustainability. The remainder of this paper is organized as follows. In Section
2, we develop the Materials and Methods. The points are Farmer’s GM crop management
(FGM) Model and Government’s GM crop Management (GGM) Model. In Section 3, we
develop their results, the points are to perform the numerical simulations of FGM and
GGM numerical simulations. The last two sections contain our discussions and
concluding remarks.

Materials and methods

To develop an integrated valuation model of farmer's GM crop management, this study
considered an ecosystem with crop-pest interactions, and this theoretical model should be
adapted to many countries. The crops could be divided into GM, and non-GM crops,
i=1, 2, and there was only one type of pests (Ives and Andow, 2002).

At time t, let Q; denote the farmer’ s harvest of crop i, D;(Q;) and S;(Q;) be the
inverse demand and supply function of crop i, so that the farm's revenue and cost function
would be R(QitQzt) = D1(Que)Que +D2(Q2)Qze »  and  C(Qup Qzr) =
Sl(Ql,t)Ql,t + 52(Q2,0)Q2,, respectively.

The objective of a representative farmer is to choose time paths Q;, to maximize the
farmer's profit function:

T
thlpt[Dl(Ql,t)Ql,t + D2 (Q2,)Qzt — Sl(Ql,t)Ql,t +S2(Q20)Q2¢  (EQ.1)

The time [0, T] is assumed fixed, and the discount factor is p = (1 + 1), where >0
is the discount rate.

The biomass of this ecosystem (B,) is defined as the sum of the biomass of the crop
and pest at time t (B, Bp¢). In the existing literature, B, could be measured by its

biodiversity from different hierarchical categories. World Resources Institute et al. (1992)
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divided biodiversity into three hierarchical categories: genetic diversity, species diversity,
and ecosystem diversity (Vatn and Bromley, 1994; Mainwaring, 2001).

The amount of land for crop-mix is limited, and crops in the initial stage are all crop 2.
The biomass of the ecosystem depends on the farmer’s harvests of the crop-mix, and the
growth and death rates of crop and pest. Biomass corresponds to the quantity of crop 2,
based on the assumption that the genetic makeup of every individual in crop 1 is the same.
Although GM crops can be planted in higher densities than conventional crops, for the
sake of simplicity, this study does not consider this situation (Stanger and Lauer, 2006).

Based on the above assumptions, as in Brock and Xepapadeas (2003), the biomass
evolution of the crop, pest, and ecosystem could be characterized as follow:

Bet = Beto1 = (Bc,t—l - Q;,t) (gcpc,t—l - mcpp,t—l) — Q1 — Q¢
Bet=0 = Beo (Eq.2)
t=1,...T

-1
Byt — Bpi-1 = Bp,t—l[gppp,t—l —my (pc,t—l) ]
Bpt=0 = Bpo (Ea.3)
t=1,...T

where:

Pt = Bc,t(Bc,O)_li Ppt = Bp,t(Bp,O)_1
Bt = BC,t + Bp,t (Eq4)
t=1,...T

Bi — B, = (Bc,t—l - QI,t)(gcpc,t—l - mcpp,t—l)

-1 * *
+Bpi-1 [gppp,t—l —-my (pc,t—l) ] — Q1 — Q2 (Eq.5)
Bi=o = Bco + Bpo

where g., g, m. and m,, are the constant growth and death rates of the crop and pest.
The pest biomass is exogenously assumed to be negatively related to the quantity of the
GM crop.

For numerical simulations of the above model, this study assumes D1(Q1,t) =P,

D2(Qz:) = P2, S1(Q1t) = @ + BQyr, S2(Qzt) =  + yQar, and y > B > 0. The optimal
harvest quantity of crop 1 and crop 2 at time t (Q7 ¢, Q3 ) are derived from Equation (1),
which are Q} ; = (P, — «)(2B)~* and Q5 = (P, — a)(2y)~*. These equations are used
in combination with the growth Equation (5) of the ecosystem’s biomass to obtain a
measure of biomass in time [0, T].

Moreover, this study uses the GGM model which assess the value of biomass to
discuss the economic, ecological, and evolutionary value of GM crops. In the GGM
model, the welfare function on the biomass of an ecosystem is defined as W(B,) =
W(B., Bp,t). The social welfare function of the government is defined as follows:
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T Qut Q2t
Z pt_l[f D, (x)dx + f D, (x)dx + W(B(_;)
t=1 0 0

- Q1t Qz2t
- f S;(x)dx — f S, (x)dx (Eq.6)
0 0
_D1(Q1,t)Q1,t — D, (Qz,t)Qz,t + S1(Q1,t)Q1,t + Sz(Qz,t)Qz,t

This study uses the Bellman state valuation function as a welfare measure of biomass,
and it assumes that the welfare function in t is affected by the ecosystem’s biomass in t-1.
Brock and Xepapadeas (2003) obtained an endogenous measure (Bellman state valuation
function) of the biomass’ value, which is linked to ecologically/biologically oriented
biomass metrics. There are more than 100 empirical papers that positively evaluate the
biodiversity of indigenous cattle, threatened mammals, native plants, forests, wetlands,
marine sanctuaries, ecosystems (Martin-Lopez et al., 2007; Matero and Saastamoinen,
2007; Siikamaki and Layton, 2007; Baral et al., 2008; Garcia et al., 2009; Yi et al., 2014).
Many studies argue that the value of biodiversity includes the market value (a source of
new industrial, agricultural, or pharmaceutical products) and non-market value (option,
existence, and bequest values, culture and spiritual), as in Weitzman (1998), Polasky and
Solow (1995), Nehring and Puppe (2002), and Brock and Xepapadeas (2003).

The purpose of the government is to maximize social welfare function, and the present
value of the social welfare function at time tis V(BS;_;, C¢). Let BS;_; = (B¢ -1, Bp 1),
Ct = (Q1, Qzp) be the state and control vector associated with the maximization of (6),
and f(BS;_1, C;) be the vector of (5). The Hamiltonian function is as follows:

Hc(BS¢—1, Co) = V(BS¢_1, C) + pAp e41fp(BSe—1, Co),

For the sake of simplicity and comparability, we follow the assumptions in Section 2:
W(B) = W(BSy) = 8(B. + Bp,), and & is a constant value for a unit of biomass.

As the optimality conditions of the Hamiltonian function derived from (2), (3), (4) and
(6) are self-referred, (B, Bp) could not be simulated by repeating the process. Thus,
the assumptions of (2) and (3) are modified as:

Bc,t - Bc,t—1 = (Bc,t—l - Q;,t) - Q;,t - Qz,ti Bc,t=0 = Bc,01 t=1,...T,
Bp,t - Bp,t—l = Bp,t—l(gp - mp)a Bp,t=0 = Bp,Oa t=1,...T,

The Hamiltonian function is:

H.(BS-1,C) = P1Q1: + P,Qz: + 5(Bc,t—1 + Bp,t—l) —aQq; — .BQ%,L“ —aQy; — VQ%,t
+p7\c,t+1[(Bc,t—1 - Ql,t) (8¢ —mc) — Qi — QZ,t] + p7\p,t+1Bp,t—1(gp - mp)!

with the optimality conditions:

ch/an,t =P —a-— ZﬁQLt - plc,t+1(1 +g.—m)=0,t=1,...T, (Eq.7)
OH:/0Q2: = P, —a — 2YQp¢ — PAcerr = 0,t=1, ... T, (Eq.8)
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p(xc,t+1 - 7\c,t) = - ch/ch,t—l = p)\c,t+1(gc - mc) -6,t=1,...T, (qu)
p(ﬂ'p,Hl - Ap,t) = - ch/aBp,t—l = p}\p,t+1(gp - mp) - 6! t=1,...T, (Eq-lo)

Aet+1 =Ap141 =0, (Eq.11)

Bc,t - Bc,t—l = p_l aHc/a)\c,t—l = (Bc,t—l - Ql,t)(gc - mc) - Ql,t -
Qz,t’ (Eq.12)
t=1,...T

Bp,t - Bp,t—l = p_l aHC/a}\p’t_l = Bp,t—l(gp - mp), t::l., . e T, (Eq.13)

gc=8p =G m.=0.5m, =M, B.g =B, =0.5B, (Eq.14)

To derive all the necessary information, the process begins in the final period (T = 20,
in this case) and proceeds backward. From (7) and (8), the optimal harvest quantity of the
GM crop and non-GM crop at time t ( Qi , Q3 ) are

[P, — & — pAcesr (1 + 8 —m)]/(2B) and (P, — o — pAcesq)/(2y) . respectively.
Since Acz1 = Apz1 = 0, (9) isused to solve A, 5o = A, 20 = 8/p. The process is repeated
and (B, Bp¢) is derived.

Results

Table 1 reports the values of the parameters obtained through the FGM model. We
consider six cases to study the value of GM crops and the biomass of the ecosystem in
time [0, 20]. The parameters in Tables 1 and 3 are set as the existing literature, and the
minor modification of the assumptions in the FGM and GGM model does not affect the
findings of this study as many simulation results have been obtained from various
parameter values. Many studies have discussed the higher price of the non-GM crop in
Case 2. Lusk et al. (2001) and Chern et al. (2003) discussed consumer acceptance and
willingness to pay for the non-GM crop. Many studies have also discussed the lower fixed
cost of the two crops in Case 3, such as Marra et al. (2003). Raymond Park et al. (2010)
examine the lower variable cost of GM crops in Case 4. McDowell et al. (2011) discussed
the lower growth rate and higher death rate of the two crops in Case 5 and Case 6.

Case 0 is the initial scenario with Crop 2, and Case 1 is used as the baseline for the
crop-mix. In Case 2, the non-GM crop is segregated by identity preservation and has a
higher price. Case 3 is characterized by a lower fixed cost of the two crops for the
improvement of planting technology, and Case 4 by the lower variable cost of GM crops
for the improvement of biotechnology. Case 5 and Case 6 are characterized by the lower
growth rate and higher death rate of the two crops due to climate change. Crop 1 and
Crop 2 sell at the same price in all cases (except Case 2, for identity preservation), as in
most cases, it is hard to distinguish GM crops from non-GM crops.
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The solutions of Cases 0 ~ 6 are reported in Table 2 and Figure 1. Our main
conclusions on the value of the GM crop are as follows. First, the value of the GM crop
Is equal to its economic value in the FGM model, as farmers do not consider the value of
biomass. Second, profit-maximizing farmers are likely to plant more GM crops than non-
GM crops, as the value of GM crops is higher. Third, the improvement of planting
technology and biotechnology increases the value of GM crops. Moreover, identity
preservation and climate change do not affect the value of GM crops. These conclusions
are in line with Brookes and Barfoot (2015), James (2005) and The International Service
for the Acquisition of Agri-biotech Applications (2016).

Table 1. Values of the Parameters obtained with the FGM Model

Py P, a B Y G M By n
Case 0 0 5.00 1.00 0 0.04 0.04 0.02 10,000.00 0.05
Case 1l 5.00 5.00 1.00 0.02 0.04 0.04 0.02 10,000.00 0.05
Case 2 5.00 6.00 1.00 0.02 0.04 0.04 0.02 10,000.00 0.05
Case 3 5.00 5.00 0.50 0.02 0.04 0.04 0.02 10,000.00 0.05
Case 4 5.00 5.00 1.00 0.01 0.04 0.04 0.02 10,000.00 0.05
Case 5 5.00 5.00 1.00 0.02 0.04 0.02 0.02 10,000.00 0.05
Case 6 5.00 5.00 1.00 0.02 0.04 0.04 0.04 10,000.00 0.05

Note: these results are based on simulated data

Table 2. Simulation using the FGM Model

The biodiversity at T=20

The value of GM crop The value of non-GM crop

Crop Pest Ecosystem
Case 0 0 1,308.53 6,891.52 | 5,631.04 12,522.56
Case 1 2,617.06 1,308.54 3,320.71 | 4,211.80 7,532.51
Case 2 2,617.06 2,044.59 2,951.07 | 3,993.74 6,944.80
Case 3 3,312.22 1,656.11 2,765.40 | 3,875.60 6,641.01
Case 4 5,234.13 1,308.53 629.45 1,785.07 2,414.52
Case 5 2,617.06 1,308.54 1,954.48 | 1,968.84 3,923.32
Case 6 2,617.06 1,308.54 2,433.38 759.69 3,193.08
Mean 2,716.37 1,463.34 2,992.29 | 3,175.11 6,167.40

Note: these results are based on simulated data

Furthermore, our main conclusions about the impact of the introduction of a GM crop
on the biomass of an ecosystem are as follow. First, the biomass of an ecosystem is
decreased by the introduction of a GM crop. Second, the impact on the biomass of an
ecosystem caused by a GM crop in the initial stage might be negligible, but even the
slightest change could follow the evolution mechanism and lead to a considerable loss of
an ecosystem’s biomass. Third, climate change and the improvement in planting
technology and biotechnology would decrease the biomass of an ecosystem. Fourth, the
biomass of an ecosystem would not be improved and may even be worsened by identity
preservation. These conclusions mean the sustainability of an ecosystem’s biomass might
not exist by the impact of the GM crop’s economic value and are in line with Gregory et
al. (2009), and the United Nations (2010).
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Figure 1. The biodiversity of crop and pest at t = 0~20 for (a) Case 0 vs. Case 1, (b) Case 2 vs.
Case 1, (c) Case 3 vs. Case 1, (d) Case 4 vs. Case 1, (e) Case 5 vs. Case 1, and (f) Case 6 vs.
Case 1
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Table 3 reports the values of the parameters obtained through the GGM model. This
study uses these cases to study the value of the GM crop, welfare, and the biomass in the
GGM model. A non-GM crop characterizes Case 7, and Case 8 uses a crop-mix to discuss
its effect of the increment of P, (Case 9), a (Case 10), B (Case 11), M (Case 13), &
(Case 14), and the decrement of G (Case 12). Case 14 can be explained by the growing
recognition and activities of the public and private sector to conserve biomass (Bishop et
al., 2008). A discount rate of 5 percent means that the discount factor (p) is about 0.95.

Table 3. Values of the Parameters with the government’s bit-crop management model

P, P, o B Y G M 8 n By
Case 7 0.00 5.00 1.00 0.00 0.04 0.04 0.02 1.00 0.05 10,000.00
Case 8 5.00 5.00 1.00 0.02 0.04 0.04 0.02 1.00 0.05 10,000.00
Case 9 5.00 6.00 1.00 0.02 0.04 0.04 0.02 1.00 0.05 10,000.00
Case 10 5.00 5.00 0.50 0.02 0.04 0.04 0.02 1.00 0.05 10,000.00

Case 11 5.00 5.00 1.00 0.01 0.04 0.04 0.02 1.00 0.05 10,000.00

Case 12 5.00 5.00 1.00 0.02 0.04 0.02 0.02 1.00 0.05 10,000.00

Case 13 5.00 5.00 1.00 0.02 0.04 0.04 0.04 1.00 0.05 10,000.00

Case 14 5.00 5.00 1.00 0.02 0.04 0.04 0.02 2.00 0.05 10,000.00

Note: these results are based on simulated data

The value of biomass is set far below the price of GM crops. The reason for this is that
people’s willingness to pay for conserving the biomass is lower than its market value.
The solutions of Cases 7~14 are reported in Table 4, Table 5, and Figure 2.

Table 4. Simulation of welfare and biodiversity in the GGM model

The present value of Welfare The biodiversity of the ecosystem in T=20
Case 7 2,791.33 13,671.94
Case 8 5,176.34 8820.74
Case 9 5,897.93 8,517.03
Case 10 6,197.10 8,359.09
Case 11 7,677.02 6,399.28
Case 12 4,987.48 5,409.29
Case 13 4,912.35 4,281.26
Case 14 6,431.81 8,904.95
Mean 5,494.46 7,741.73

Note: these results are based on simulated data

Our main conclusions on the social welfare and value of GM crops are as follows.
First, a welfare-maximizing government is likely to plant more GM crops than non-GM
crops, as the welfare associated with GM crops is higher than that of non-GM crops.
Second, identity preservation, improvement in planting technology and biotechnology,
and biomass conservation activities could improve social welfare, but climate change
could not. Third, the improvement in planting technology and biotechnology and biomass
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conservation activities could improve the value of GM crops, but identity preservation
and biomass conservation activities could not. Finally, the impact of climate change on
the value of GM crops depends on the ability of species to migrate or cope with new
scenarios.

Our conclusions about the impact of the introduction of a GM crop on the biomass of
an ecosystem are as follows. First, the approaches of simulated biomass in each case of
the GGM and FGM models are similar, the conclusions are in line with the solutions of
the FGM model, and the modification of the assumptions in the GGM model does not
affect the findings of this paper. Second, biomass conservation activities slow down the
decline rate of biomass. These conclusions imply the sustainability of an ecosystem’s
biomass might not exist by the impact of the GM crop’s economic value considering its
ecological or evolutionary loss.

Table 5. Simulation of the Value of GM crop in the GGM Model

The economic value of | The ecological value of | The evolutionary value of | The value of GM

GM crop (B) GM crop (C) GM crop (D=A-B-C) crop (A)

Case 7 0.00 0.00 0.00 0.00
Case 8 2,615.07 -12.76 -217.30 2,385.01
Case 9 2,615.07 -12.76 -217.30 2,385.01
Case 10 3,310.22 -14.39 -230.41 3,065.42
Case 11 5,230.13 -25.52 -318.93 4,885.69
Case 12 2,614.53 -12.72 -180.17 2,421.64
Case 13 2,614.53 -12.72 -255.30 2,346.51
Case 14 2,609.08 -24.87 -428.06 2,156.15
Mean 2,701.08 -14.47 -230.93 2,455.68

Note: these results are based on simulated data

The simulated value of GM crops in previous studies (e.g., FGM model solution) is
more significant than that in this study (e.g., GGM model solution), as the ecological and
evolutionary loss of GM crops would decrease the optimal planned harvest of the welfare-
maximizing government. Thus, the legal restrictions should consider the ecological and
evolutionary loss of GM crops. Owing to public hostility and legal restrictions, no GM
crops are currently planted in France (The Law Library of Congress, 2014). Based on the
findings of FGM model are in line with previous studies, the differences between the
presented approach and the referred literature are: 1. Their methods are different: the
method of this paper is to use the numerical calculus and derivation of the hypothetic
theory model which is the optimal control models with crop-mix and pest interactions,
and the methods of the referred literature are most the statistical analysis of the different
empirical models. 2. Their influencing factors are different: their influencing factors
which discussed by this paper are identity preservation, improvement in planting
technology and biotechnology, and climate change; their influencing factors of the
referred literature are most the developing degree of country. As Kliimper and Qaim
(2014) use meta-analysis to prove that yield and profit gains for farmers of GM crops are
higher in developing countries than those in developed countries.
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Discussion

The major contributions of this study are as follows. First, this paper discussed the
economic value and ecological and evolutionary loss of GM crops in agricultural systems
simultaneously. Most existing studies discuss the economic value of GM crops as
Kliimper and Quaim (2014). Some studies discuss the ecological loss of GM crops as in
Sanvido et al. (2007). Moreover, the only study discussing the evolutionary loss of GM
crops is Flynn et al. (2010).

Second, this paper employs a discrete-time optimal control model and its numerical
simulations to discuss the value of GM crops. We have not seen much research discussing
the value of GM crops by the economic model and its numerical simulations. Therefore,
this paper could increase the completeness of the theory on the value of GM crops. Third,
this paper found that ecological loss of GM crops would be due to the mortality of its
natural enemies, its monoculture, and competition with non-GM crops. The ecological
loss of GM crops, which is the mortality of its natural enemies affected by GM crops, has
been discussed in many previous studies. This paper also develops the ecological effect
of GM crops to its monoculture and competition with non-GM crops. For the value of
biodiversity is underestimated, government subsidies and fines for bioconservation are
far below the market value of biology. As Chan et al. (1995) reported, the fine for illegal
hunting is USD 50 (Kalmykia) and USD 60 (Kazakhstan) for one male Saiga antelope.
However, the antelope can be sold at USD 764 (Hong Kong), USD 885 (Mainland China)
and USD 920 (Taiwan) per kilogram.

Jose et al. (2006) studied the economic impact of GM crop in the Philippines by a
Cobb-Douglas production function and a two-step econometric procedure where the
initial stage consists of GM crop adoption decision and the second stage estimates the
impact of GM crop adoption on net returns. The results showed that the yields of GM
crop farmers (4,850 kg/ha) were significantly higher than those of the non-GM crop
farmers (3,610 kg/ha) and there was a significant welfare effect (PhP 43.48 million) of
using GM crop among farmers. James (2010) stated that the first 500 million GM crop
hectares in 2005 took 10 years to reach, but only 5 years were needed to plant the second
500 million GM crop hectares (a total of 1 billion GM crop hectares) in 2010.

Fourth, this paper found that the evolutionary loss of GM crops is an aggregated
ecological loss through the evolutionary mechanism. Also, this paper is one of the first to
establish models to prove the reason why its existence. Fifth, this paper found that small
ecological loss would develop into substantial evolutionary loss and might result in crop
species rapidly becoming purebred. So the sustainability of an ecosystem’s biomass might
not exist by the impact of the GM crop’s economic value regardless of considering its
ecological or evolutionary loss or not. Very few studies focus on the relationship between
the ecological loss of GM crops and its evolutionary loss, and how the relationship affects
crops. Hence, this paper builds models to fill this research gap. Craft and Simpson (2001)
used two models of competition between differentiated products to derive the value of
biodiversity for use in new product development, and found the private value of marginal
species (as biodiversity) is small, and its social value could be very model-dependent and
parameter-specific. However, these findings would undervalue biodiversity, due to the
static models and negligible nonmarket value of biodiversity. The Secretariat of the
Convention on Biological Diversity (2010) shows that the promotion of superior breeds
(like GM crop) would reduce biodiversity.

Magg et al. (2001) found greater European corn borer larval mortality observed for
GM maize (84.6% after 4 days) when compared to non-GM maize (50.4% after 4 days).
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Jesse and Obrycki (2000) proved that GM corn pollen naturally deposited on milkweed
in a corn field (lethal effect) cause significantly higher mortality of monarch butterflies
(20+3% at 48 h) than with no pollen (3+3% at 48 h) or with non-GM corn pollen (0%).
Hilbeck et al. (1998) proved that the mortality rate for chrysopid larvae raised on GM
corn-fed prey was 62.25+5.97% compared with 36.88+4.57% when raised on non-GM
corn-fed prey.

Last but not least, this paper simulated the impact of the value of GM crops due to
identity preservation, improvement in planting technology and biotechnology, climate
change, and conservation activities. Therefore, this paper fills another significant research
gap as there is a lack of studies on the impact of the value of GM crops by the change of
external factors. Specifically, this paper selected and observed the changes in external
factors to understand how that related to the value of GM crops. The impacts on the value
of GM crops are also considered.

Conclusions

This paper introduces optimal control models and numerical analysis to analyze the
value of GM crops, seen as the sum of economic value, and ecological, and evolutionary
loss. In the FGM model, which does not consider the value of biomass, a profit-
maximizing farmer plant more GM crops. However, even the slightest loss of biomass
caused by GM crops in the initial stage may become significant following the evolution
mechanism. Furthermore, the biomass of the crop, pest, and ecosystem worsens by
identity preservation, improvement in planting technology and biotechnology, and
climate change in the FGM and GGM model. In the GGM model, which takes into
consideration the value of biomass, the welfare-maximizing government plants the GM
crop. Moreover, the social welfare could be improved by identity preservation, the
improvement in planting technology and biotechnology, and biodiversity conservation
activities.

Based on the simulation results, our conclusions are as follow. First, a GM crop raises
not only the mortality of its natural enemies and species on the same food chain or
ecosystem, as reported by previous studies, but also causes the ecological loss resulting
from monoculture of the GM crop and competition between GM and non-GM crops, as
well as evolutionary loss, which is ecological loss determined by the evolutionary
mechanism. Second, the biomass of the ecosystem has been over-damaged by the
introduction of GM crops, and market mechanisms alone cannot determine the efficient
use of GM crops. Third, using GM crops for profit maximization induces species to
become purebred quickly (Noailly, 2008). Thus, the impact of Genetically Modified Crop'
value on the sustainability of an ecosystem’s biomass might be significantly negative.

The several limitations of this study may provide useful ideas for future researchers.
The main limitation of this study is the simplification of the GGM model for the
simulations. As this paper takes into consideration of the value of a GM crop is highly
simplified for the GM crops are not homologous. The future study could take the
discussion on the different transgene or the different type of genetic modification could
have influenced the value of the GM crop. Or as the government's target for ecosystem
biomass, which should be its sustainability, could be utilized for a discussion of its impact
on the government’s behavior. Moreover, the model can consider the risk of GM crops,
as a single pathogen could wipe out entire species and their predators (Martin, 2000).
Capellesso et al. (2016) proved that GM crops increase environmental impacts without
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changing economic performance. Researchers can also study the impact of GM crops on
the biomass of other species (as non-target insects). For example, they can study farm
size for managing conventional corn-soybean rotation in a larger area than organic
rotation (Lu et al., 2012; Delbridge et al., 2013). Finally, the bifurcation theory could be
employed to assess the ecological and evolutionary value of GM crops, as it involves a
complicated evolution mechanism and cannot be represented by an optimal control model.
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