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A B S T R A C T

To examine the potential impact of synthetic horns to reduce rhino poaching, a formal model of the rhino
horn market in which there exist firms with the capability to produce high quality synthetic horns is pre-
sented and studied. The analysis shows that whether the availability of synthetic horns would decrease the
equilibrium supply of wild horns—and how much the reduction would be—depends on market structure—
i.e., how competitive the synthetic horn production sector is—and on how substitutable the synthetic horns
are for wild horns. The implications of these results for conservation policies are derived and discussed. Syn-
thetic horn producers would benefit more by promoting their products as being superior to wild horns, but
this could increase horn prices and lead to more rhino poaching. For conservation purposes, it may be ben-
eficial to incentivize firms to produce inferior fakes—synthetic horns that are engineered to be undesirable
in some respect but difficult for buyers to distinguish from wild horns. The analysis also shows that promot-
ing competition in the production of synthetic horns in general is desirable from a conservation standpoint
as synthetic horn producers may prefer to keep prices at a high enough level that could still encourage
significant amount of poaching.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Rhino horns are highly valued in Asian countries such as Viet-
nam, and the rhino populations in Africa and Asia continue to be
threatened by poaching (Biggs et al., 2013; UNEP, 2016). Poachers
have become more sophisticated in recent years in terms of skill
and equipment (UNEP, 2016)—no doubt a reflection of how lucra-
tive trading in rhino horns is. In terms of price per unit weight, rhino
horns are worth more than gold or diamond (Biggs et al., 2013).

To help deal with the poaching crisis, a few biotech companies
have set their sights on developing synthetic versions of rhino horns
using the latest science and technology (Corbyn, 2015). The premise
behind such a strategy is straightforward: if synthetic horns that
are biologically identical (bio-identical) to the real thing can be pro-
duced at a lower cost compared to the cost of supplying wild horns,
the demand for wild horns would decrease as buyers shift consump-
tion towards the synthetic products. This, of course, would reduce
people’s incentive to poach rhinos.
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discussions about the technical aspects of this paper; and Miles Silman for encour-
aging me to write about this topic. I also thank the comments and suggestions from
anonymous referees of the journal.
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The idea of using synthetic horns as a form of anti-poaching mea-
sure is a controversial one in the conservation community. Major
rhino conservation groups are strongly opposed to it for they fear
that the availability of synthetic horns would actually increase the
demand for wild horns—by, e.g., lending legitimacy to the rhino
horn trade—and exacerbate the poaching problem (Save the Rhino
International and International Rhino Foundation, 2015).

One reason why those who are concerned about the fate of the
rhinos are locked in the debate over how beneficial synthetic horns
would be as an anti-poaching solution is that there appears to have
been little, if any, rigorous analysis of this issue based on formal
economic theory. Further, beyond the question of whether synthetic
horns would benefit or hurt the rhino population, there has been
scant discussion about what would be the most effective way—in
terms of reducing the supply of wild horns—to utilize the technolog-
ical capability to produce high quality synthetic horns, and whether
there are policies that can be implemented by governments or con-
servation groups that can enhance the potential of this technology to
curtail rhino poaching. While biotech firms seem keen on producing
bio-identical synthetic horns (Corbyn, 2015), what would happen to
wild horn supply if these companies were to sell synthetic horns that
are designed to be undesirable in some respect yet difficult for buyers
to distinguish from the real horns? How does asymmetric informa-
tion about horn quality affect the impact that synthetic horns can
have on wild horn trading? Can synthetic horns bring about adverse
selection in the horn market and drive out rhino poachers?

http://dx.doi.org/10.1016/j.ecolecon.2017.06.003
0921-8009/© 2017 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.ecolecon.2017.06.003
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/ecolecon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolecon.2017.06.003&domain=pdf
mailto: chenfh@wfu.edu
http://dx.doi.org/10.1016/j.ecolecon.2017.06.003


F. Chen / Ecological Economics 141 (2017) 180–189 181

To examine these issues rigorously, a model of the horn market in
which there are profit maximizing firms with the capability to pro-
duce high quality synthetic horns is presented and analyzed. Due to
the possible existence of asymmetric information in the market, the
model here builds on Akerlof’s famous model of the used car mar-
ket (Akerlof, 1970). While the market in Akerlof’s model is perfectly
competitive, the model here allows for imperfect competition since
biotech companies with the capability to produce synthetic horns
may possess some market power over horn prices.

The existing literature in economics on the protection of
endangered animals has looked at the potential effects of a few
types of conservation policies. Several authors have considered the
impact of ivory trade bans on the elephant population (Barbier et
al., 2013; Bulte and van Kooten, 1999a,1999b; Heltberg, 2001). Other
work examined how legalizing trade in wildlife goods derived from
endangered animals—e.g., rhino horns—can affect people’s incen-
tives to poach these animals (Bulte and Damania, 2005, Damania
and Bulte, 2007; Collins et al., 2016). There is also a small literature
that investigates how policy-makers or speculators can strategi-
cally manipulate the stockpile of wildlife goods to affect the level
of poaching (Kremer and Morcom, 2000; Brown and Layton, 2001;
Mason et al., 2012). Besides the conservation implications of trade
bans, Barbier et al. (2013) also considered the importance of aligning
the incentives of all parties involved in regulating wildlife trade and
giving local communities a vested interest in protecting endangered
animals.

In spirit, the model presented here is close to the one in Damania
and Bulte (2007). In that model, there is a legal farmed sector that
produces substitutes for the wildlife products provided by poachers;
moreover, there is imperfect competition in the farmed sector so that
producers of the substitute products have significant ability to affect
the price of these goods. In the model here, the biotech sector pro-
duces synthetic goods that serve as substitutes for the wildlife goods,
and the biotech companies—like producers in the farmed sector in
Damania and Bulte (2007)’s model—are assumed to be price-makers.
However, unlike their model, in which buyers can costlessly distin-
guish between wildlife goods and their substitutes, the model here
assumes that buyers are not able to tell apart the synthetic substitute
products from the wild ones. Hence, there is asymmetric information
in the market analyzed in this paper.

The analysis here shows that whether the availability of synthetic
horns would decrease the equilibrium supply of wild horns—and
how much the reduction would be—depends on market structure—
i.e., how competitive the synthetic horn production sector is—and
on how substitutable the synthetic horns are for wild horns. The
implications of these results for conservation policies are derived and
discussed. Synthetic horn producers would benefit more by promot-
ing their products as being superior to wild horns, but this could
increase horn prices and lead to more rhino poaching. For conser-
vation purposes, it may be beneficial to incentivize firms to produce
inferior fakes—synthetic horns that are engineered to be undesir-
able in some respect but difficult for buyers to distinguish from wild
horns. This would drive down demand for rhino horns and could
depress horn prices sufficiently to drive out rhino poachers from the
market. The analysis also shows that promoting competition in the
production of synthetic horns in general is desirable from a conser-
vation standpoint as synthetic horn producers may prefer to keep
prices at a high enough level that could still encourage significant
amount of poaching.

The exposition is organized as follows. In Section 2, a model of the
horn market is presented. In Section 3, the concept of an equilibrium
of the market is defined formally and its existence is established. The
main results of this paper are given in Section 4, which looks at how
the presence of synthetic horn producers impacts the supply of wild
horns in the model. The policy implications of the analysis for rhino
conservation are discussed in Section 5. Section 6 concludes.

2. The Model

Suppose there are two types of goods in the market for rhino
horns: wild horns, and synthetic horns. The market consists of: a
continuum of buyers; a continuum of sellers of wild horns; and a
monopoly producer of synthetic horns. (A discussion of alternative
market structure is deferred to Section 5, which examines how the
level of competition in the production of synthetic horns affects the
wild horn supply.)

2.1. Sellers of Wild Horns

Each seller of wild horns can procure and sell one unit at cost
c > 0. This cost can differ across sellers: the distribution of c among
the sellers is given by the cumulative distribution function F( • ). The
number1 of sellers is NS > 0. For simplicity, assume that F( • ) is con-
tinuous. Further, assume that there is some minimum cost c > 0 of
supplying wild horns so that F(c) = 0 for all c ≤ c and F(c) > 0 for all
c > c.

All wild horn sellers are price-takers: given price p for horns, a
wild horn seller chooses whether to supply one unit of the good or
not. Therefore, for a seller with cost c, it is profit maximizing to sup-
ply one unit of wild horn if p ≥ c, and not to sell any otherwise. With
the given distribution function for c, the total supply of wild horns at
price p is thus NSF(p).

2.2. Monopoly Producer of Synthetic Horns

The monopoly can produce any non-negative amount Q of syn-
thetic horns at cost C(Q), where C( • ) is an increasing, continuous, and
differentiable function. The monopoly’s objective is to maximize its
profit by choosing Q. Assume that the monopoly has a cost advantage
over the wild horn sellers in the sense that the monopoly’s marginal
cost of producing the q-th unit of synthetic horn is lower than the
marginal cost of supplying the q-th unit of wild horn for all q.

2.3. Buyers

The number of buyers is NB > 0. The synthetic horns are of high
quality in the sense that buyers cannot distinguish between the two
types of horns (equivalently, the cost of testing or differentiating
between the two is prohibitive). The value of the wild horn to a buyer
is VW ≥ 0, while the value of the synthetic horn is VS ≥ 0. The distri-
bution of VW among the buyers is given by the continuous cumulative
distribution function G( • ). To avoid trivialities, assume that G (c) < 1
so that wild horns would be traded in the market if no synthetic
horns are available. For convenience, let us refer to a buyer whose
valuation of the wild horn is VW as a type-VW buyer. Assume that the
value of the synthetic horn to a type-VW buyer is given by h(VW), i.e.,
VS = h(VW), where h is some non-negative, strictly increasing, and
continuous function.

Remark 1. The model can be generalized to accommodate a wider
range of relationship between a buyer’s valuation of the wild horn VW

and the buyer’s valuation of the synthetic horn VS. This can be done
by specifying the distribution of VS for each value of VW, i.e., how the
buyers’ preference for the synthetic horn is distributed in the popula-
tion as a function of their valuation of the wild horn. However, such a
generalization is not necessary for the main points of this paper, and
the assumption that VS is monotonically and continuously related to
VW is adopted here to simplify the proof of the existence of a market
equilibrium (Theorem 4).

1 Technically speaking, the number of sellers (buyers) is the measure of sellers
(buyers).
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Given that buyers cannot distinguish between wild horns and the
synthetic substitutes, there is only one price in the market for horns.
Buyers are price-takers: given price p for horns, a buyer chooses
whether to buy one unit or not to buy any. Because buyers cannot
observe the type of horns sold in the market, they need to con-
sider the expected value of the horns for sale when they make their
purchase decision.

Letting p denote the probability that a horn for sale is wild, the
expected value of a horn available for purchase to a type-VW buyer is
pVW+(1−p)VS = pVW+(1−p)h(VW). Assuming that the buyers know
the distribution of cost among the wild horn suppliers, the belief p
must be the proportion of wild horns among all the horns being sold
in the market, i.e.,

p = p(p, Q) =
NSF(p)

NSF(p) + Q
. (1)

Hence, given p and Q, it is optimal for the buyer to purchase a unit
if p(p, Q)VW + (1 − p(p, Q))h(VW) ≥ p, and not buy otherwise. There-
fore, the total demand for horns given p and Q is NB (1 − G (V (p, Q))),
where V(p, Q) ≡ min

{
V ∈ R+

∣∣p(p, Q) V + (1 − p(p, Q)) h(V) ≥ p
}
.

Given p and Q, V (p, Q) is the threshold valuation of wild horn
that determines whether a buyer would purchase a horn or
not: a buyer whose valuation of the wild horn exceeds V(p, Q)
would choose to buy, while a buyer whose valuation of the wild
horn is below this threshold would not make a purchase. Note
that, because h( • ) is strictly increasing by assumption, the set{
V ∈ R+

∣∣pV + (1 − p) h(V) ≥ p
}

is non-empty for any p ∈ [0, 1] and
p ≥ 0.

2.4. Market Equilibrium

In an equilibrium of the market, the price of horns must clear the
market—the number of units that buyers want to buy at the equilib-
rium price must equal the number of units supplied by the wild horn
sellers and the monopoly synthetic horn producer.

To derive the monopoly’s production of synthetic horns, we first
need to determine the relationship between Q, the monopoly’s quan-
tity, and the market price of horns p. Recall that, given p and Q,
the demand for horns is NB (1 − G (V(p, Q))), and the total supply of
horns is NSF(p)+Q. Fixing Q, let P(Q) denote a price p ≥ 0 that satisfies
the market clearing condition

NB (1 − G (V(p, Q))) = NSF(p) + Q. (2)

Eq. (2) allows us to implicitly define a market clearing price func-
tion P( • ) that specifies how the market price of horns varies with the
monopoly’s production of synthetic horns.

Given the price function P( • ), the monopoly’s profit maximization
problem is

max
Q≥0

{
P(Q)Q − C(Q)

}
. (3)

A market equilibrium of the model can then be defined by a
quantity-price pair (Q∗, p∗) such that: given P( • ), Q∗ is profit maxi-
mizing for the monopoly; and p∗ = P(Q∗) clears the market.

Remark 2. Since the demand for horns is at most NB, if the monopoly
chooses Q > NB, then the monopoly would be saddled with unsold
units, which is clearly not profit maximizing. Therefore, it can be
assumed henceforth that Q ∈ [0, NB].

3. Existence of Market Equilibrium

In this section, the question of whether a market equilibrium
always exists will be addressed.

Without the monopoly producer of synthetic horns in the mar-
ket, the equilibrium price of horns solves Eq.(2) with Q set at 0.
In this case, V(p, 0) = p, and Eq. (2) must have a solution by the
Intermediate Value Theorem.

With the monopoly in the market, it can be shown that a solu-
tion to Eq. (2) must exist for any Q ∈ [0, NB] (see Lemma 15 in the
Appendix). If P(Q) is unique for all Q ≥ 0, then it must be continu-
ous in Q. This, along with the restriction Q ∈ [0, NB], imply that the
monopoly’s optimization problem (3) has a solution; hence, a market
equilibrium must exist in this case.

Eq. (2), however, can have multiple solutions, i.e., given some
Q ∈ [0, NB], there can be more than one market clearing price (see
the Appendix for an example). The intuition for this multiplicity is
straightforward and is the same as that for the possible coexistence
of multiple equilibria in the canonical Akerlof’s lemons market (in
which all sellers are price-takers). Suppose V > h(V) so that syn-
thetic horns are viewed by buyers as being inferior to wild horns.
Consider the effect on demand for horns when price increases. From
the buyers’ perspective, a high price, ceteris paribus, lowers consumer
surplus and thus reduces demand. However, there is a second, coun-
tervailing effect at work: given Q > 0, a high horn price leads to
a large supply of wild horns, which—as can be seen from Eq. (1)—
increases the fraction of wild horns in the market; and when horn
prices are high, the greater probability of obtaining a horn that is
wild increases buyers’ willingness-to-pay, which gives buyers more
incentive to buy horns. If the latter effect (which tends to increase
demand) more than offsets the first effect (which tends to decrease
demand), then an increase in horn price, fixing Q, would raise both
the supply of horns and the demand for horns, making it possible for
the market to clear at a high price.

Using an analogous argument, a decrease in horn price, by reduc-
ing the supply of wild horns and thus the fraction of horns for sale
that are wild, can result in both lower supply of horns and lower
demand for horns. This gives rise to the possibility of the market also
being able to clear at a relatively low price.

The fact that there can be multiple market clearing prices fixing
Q raises the question of how P(Q) is to be defined when Eq. (2) has
more than one solution given Q. Since all sellers in the model are
profit maximizers who would like to receive the highest price they
can get for their product, in the following analysis P(Q) is defined to
be the highest price that clears the market if the monopoly produces
Q units of synthetic horns. This allows a market equilibrium of the
model to be defined precisely as follows.

Definition 3. Let

P(Q) ≡ sup
{
p ∈ R+

∣∣NB (1 − G (V(p, Q))) = NSF(p) + Q
}
. (4)

A market equilibrium is a quantity-price pair (Q∗, p∗) satisfying:

1 Q∗ ∈ argmaxQ ≥0{P(Q)Q − C(Q)};
2 p∗ = P(Q∗).

If there are values of Q for which multiple market clearing prices
exist, then P(Q) as defined in Eq. (4) need not be continuous in
Q. Despite the possibility of discontinuity, defining P(Q) to be the
highest market clearing price given Q ensures that a solution to
the monopoly’s profit maximization problem—and, hence, a market
equilibrium—exists.

Theorem 4. A market equilibrium exists.
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Proof. See the Appendix. �
Remark 5. Lemma 17 in the Appendix shows that the sup in (4) can
be replaced with max.

4. Effect of Synthetic Horns on the Supply of Wild Horns

In this section, the impact on the supply of wild horns if the
monopoly producer of synthetic horns is able to enter the horn
market will be considered.

4.1. Perfect Substitutes (h(V) = V)

Let us first consider the effect of the monopoly’s production of
synthetic horns on the supply of wild horns if the synthetic products
are considered by buyers to be equivalent to the wild ones, i.e., the
synthetic horns are bio-identical to and perfectly substitutable for
wild horns. In this case, h(V) = V, which yields V(p, Q) = p. Eq. (2)
then implies that P(Q) is strictly decreasing (see Lemma 19 in the
Appendix). This yields the following result.

Proposition 6. If h(V) = V, the availability of the synthetic horns
would reduce the equilibrium supply of wild horns. However, the suppli-
ers of wild horns would not necessarily be driven out of the market.

To see the first part of Proposition 6, note that the equilib-
rium price of horns in the absence of the monopoly is P(0), which,
given the model assumptions, is strictly greater than c. When the
monopoly is in the market, its marginal revenue at Q = 0 is P(0), and
its marginal cost at Q = 0 is C′(0). Since P(0) > c > C′(0), where the
second inequality follows from the assumed cost advantage that the
monopoly has over the wild horn sellers, the monopoly would pro-
duce a strictly positive amount of synthetic horns, i.e., Q∗ > 0. Since
P( • ) is strictly decreasing in this case, P(Q∗) < P(0), which means
the equilibrium supply of wild horns must be lower when synthetic
horns are being sold in the market.

To prove the second part of Proposition 6, consider a specification
of the model in which: (i) c is distributed uniformly over the interval
[c, c̄] for some c̄ > c; (ii) VW is distributed uniformly over the interval
[0, V̄], where V̄ > c; and (iii) C′(Q), the monopoly’s marginal cost of
producing synthetic horns, is constant at some c > 0. To capture
the fact that the synthetic horns are cheaper to supply than the wild
horns, assume that c < c, i.e., the monopoly’s marginal cost is lower
than the minimum marginal cost of supplying wild horns.

With this specification, P( • ) is a piecewise linear function. Assum-
ing that NB

(
1 −

(
c̄/V̄

))
≤ NS, P( • ) is given by

P(Q) =

⎧⎨
⎩

V̄
NB(c̄−c)+NSV̄

[(NB − Q) (c̄ − c)+NSc] if Q ≤ NB

(
1 −

(
c/V̄

))
V̄

NB
(NB − Q) if Q >NB

(
1 −

(
c/V̄

)) .

Now, find the value of Q—call it Q̄—such that the price that clears
the market is c, i.e., Q̄ solves P(Q̄) = c. This yields Q̄ = NB(1 −
(c/V̄)). Note that when Q < Q̄ , P(Q) > c, which means the supply of
wild horns is non-zero; if Q ≥ Q̄ , then P(Q) ≤ c, which would lead to
no supply of wild horns.

The monopoly’s revenue function is P(Q)Q, and its marginal rev-
enue function is MR(Q) ≡ d(p(Q)Q)

dQ . It is easy to check that MR( • )
is strictly decreasing. At Q = Q̄ , there is a discontinuity in the
monopoly’s marginal revenue function (since there is a kink in P( • )
at Q̄). The marginal revenue as Q approaches Q̄ from below is

MR1 ≡
NB (c̄ − c)

(
2c − V̄

)
+ NScV̄

NB (c̄ − c) + NSV̄
;

the marginal revenue as Q approaches Q̄ from above is

MR2 ≡ 2c − V̄;

and

MR1 − MR2 =
NSV̄

(
V̄ − c

)
NB (c̄ − c) + NSV̄

> 0.

If c > MR1, then the monopoly’s profit maximizing quantity is
below Q̄ , and there is a strictly positive supply of wild horns in equi-
librium; if c ≤ MR1, then the monopoly’s profit maximizing quantity
is equal to or above Q̄ , and the equilibrium supply of wild horns is
zero. See Fig. 1 for a graphical illustration of this model specification.

The implications of Proposition 6 are clear. Compared to the case
in which only wild horns are sold in the market, the availability
of the synthetic horns increases the market supply of horns, which
reduces their price, and this decreases the amount of wild horns in
the market. However, even if the synthetic horns can be supplied at
a lower cost than wild horns, there is no guarantee that wild horn
sellers would be driven out of business since profit maximization for
the monopoly in this case does not necessarily mean that it should
drop the price low enough to get rid of all competition coming from
wild horn sellers. Depending on parameter values, the monopoly
producer of synthetic horns may find it more profitable to keep the
market price of horns not too low—i.e., above c—by producing a low
amount of synthetic horns than to flood the market with its products
and drive down the price enough to force out all wild horn sellers.

Although data on rhino horn demand and poachers’ reservation
values are difficult to obtain, we can get a rough sense of how a
monopoly producer of synthetic horns that consumers consider to
be perfect substitutes for wild horns would affect the rhino horn
market. This can be done by utilizing some estimates that have
been derived for the price and quantity of wild horns traded in this
market. According to figures that are available, in 2011 2.5 tons
of rhino horns entered the market with an average retail price of
US$65,000 per kilogram (’t Sas-Rolfes, 2012). Assuming a demand
elasticity of −0.47 (Brown and Layton, 2001), these numbers yield
the following demand curve for rhino horns: q = 414670p−0.47,
where q denotes the demand for horns. Given an estimate of US
$5000 for c (Haas-and-Ferreira, 2016), the lowest cost of supplying
a kilogram of wild horns, and assuming that the supply curve for

Fig. 1. Graphical illustration of the model specification given in Section 4.1. If the
monopoly’s marginal cost c is not sufficiently low, then there is a positive supply of
wild horns in equilibrium.
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Fig. 2. The market-clearing price function P(Q) given the estimated demand curve for
rhino horns and the estimated cost of supplying wild horns.

wild horns is linear and intersects the estimated demand curve at
(q, p) = (2.5tons,$65, 000), the market-clearing condition (2) gives
us the market-clearing price function P(Q) shown in Fig. 22. Given
P(Q), the monopoly’s marginal revenue function is as shown in Fig. 3.
Note that: (i) the monopoly’s supply of synthetic horns Q has to
exceed 7572 kg to drive the market price of rhino horns below US
$5000 and discourage any poachers from entering the market, and;
(ii) if the monopoly cost of supplying a kilogram of synthetic horns
is lower than US $5000, then it would supply no more than 2400 kg
of synthetic horns. In other words, given the available estimates of
poachers’ cost and the demand for rhino horns, a monopoly that pro-
duces synthetic horns that are perfectly substitutable for wild horns
would not be expected to supply enough synthetic horns to drive out
rhino poachers from the market.

4.2. Superior Substitutes (h(V) > V)

It appears that some of the companies interested in the devel-
opment and production of synthetic horns would opt for an ‘overt’
marketing strategy that touts their synthetic products as being just
as good if not better than wild horns (due to, for example, lack of
contaminants in the synthetic products) (Broad and Burgess, 2016).
As Proposition 7 below states, even if synthetic horns can be sup-
plied at a lower cost than wild horns, this type of product promotion
and marketing can backfire from a conservation viewpoint: if buy-
ers find synthetic horns to be more desirable than wild horns, then
the presence of the monopoly in the market can actually increase the
equilibrium price of horns and lead to a greater supply of wild horns.

Proposition 7. If buyers find synthetic horns to be better than wild
horns (h( V) >V), then having the monopoly producer of synthetic horns
in the market can increase the equilibrium supply of wild horns.

This result is shown using the following example.

Example 8. Suppose VW is distributed uniformly over [0, 100], c is
distributed uniformly over [c, c + 100] for some c ∈ (0, 100), and the
monopoly’s marginal cost is constant at c < c. Let NB = NS = 100,
and assume that h(V) = hV for some constant h > 1. Given c = 50
and h = 5, it is easy to show that the market clearing condition (2)
has a unique solution for each Q: the price function P( • ) is given by

P(Q) =

{
125

2 − 7
4 Q + 1

4

√
9Q2 + 2900Q + 2500 if Q ≤ 90

500 − 5Q if Q > 90
.

2 Recall that Q denotes the quantity of synthetic horns produced by the monopoly.
To simplify the calculations that were used to generate Figs. 2 and 3, the demand
elasticity was rounded to −0.5.

Fig. 3. The marginal revenue function of a monopoly producer of synthetic horns
given the price function P(Q) shown in Fig. 2.

A plot of P( • ) is given in Fig. 4. Note that the upward-sloping por-
tion of P( • ) implies that it is possible to specify a cost function for
the monopoly such that the market equilibrium with the monopoly
yields more wild horns than the equilibrium without the monopoly
in the market. The monopoly’s marginal revenue function given P( • )
is shown in Fig. 5. If the monopoly’s marginal cost is constant at
c = 48, then the monopoly’s profit maximizing quantity Q∗ is 50.1,
and the market equilibrium price is P(Q∗) = 78. At this price, the sup-
ply of wild horns is 28. In contrast, if the monopoly is not in the horn
market, then the equilibrium market price of horns is P(0) = 75, and
the supply of wild horns is 25, i.e., the supply of wild horns is lower
without the monopoly producer of synthetic horns.

Intuitively, when synthetic horns are considered by buyers to
be better than the real thing, then having a synthetic horn pro-
ducer in the market raises the average quality of goods, which—all
else being equal—increases buyers’ willingness-to-pay for horns. This
puts upward pressure on the price of horns, which can result in a
greater supply of wild horns.

4.3. Inferior Substitutes (h(V) < V)

What would happen to the equilibrium supply of wild horns if
buyers do not consider bio-identical synthetic horns to be perfect
substitutes for wild horns and thus would not be willing to pay as

Fig. 4. A plot of the price function P( • ) in Example 8.
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Fig. 5. A plot of the monopoly’s marginal revenue function in Example 8 for Q ≤ 90. If
the monopoly’s marginal cost is constant at 48, then the monopoly’s profit maximizing
quantity is 50.1.

much for them as they would for the real thing? Similarly, what if the
monopoly deliberately chooses to produce synthetic horns that are
known to be undesirable in some respect (e.g., engineered to induce
an upset stomach if consumed in powder form) yet bio-similar to
wild horns so that they are not easily differentiated from them?

To answer these questions, let us now compare the impact of syn-
thetic horns on the horn market when the monopoly’s product is
viewed as being perfectly substitutable for wild horns (h(V) = V)
to the effect of synthetic horns when they are valued less than wild
horns by buyers (h(V) < V). For this purpose, let h1( • ) denote the
identity function (i.e., h1(V) = V for all V) and pick a function h2( • )
such that h2(V) < V for all V. Now, define the following: for i = 1, 2,

Vi(p, Q) ≡ min
{
V ∈ R+ | p(p, Q)V + (1 − p(p, Q))hi(V) ≥ p

}

and

Pi(Q) ≡ max
{
p ∈ R+ | NB (1 − G(Vi(p, Q))) = NSF(p) + Q

}
.

In words, P1(Q) is the (highest) market clearing price of horns
when the monopoly produces Q units of perfect substitutes, and
P2(Q) is the (highest) market clearing price of horns when the
monopoly produces Q units of inferior substitutes.

Proposition 9. P2(Q) ≤ P1(Q) for all Q ∈ [0, NB].

Proof. First, it is clear that, given p and Q,

{
V ∈ R+ | p(p, Q)V + (1 − p(p, Q))h2(V) ≥ p

}
⊂ {

V ∈ R+ | p(p, Q)V + (1 − p(p, Q))h1(V) ≥ p
}
.

Hence, it must be the case that

min
{
V ∈ R+ | p(p, Q)V + (1 − p(p, Q)) h2(V) ≥ p

}
≥ min

{
V ∈ R+ | p(p, Q)V + (1 − p(p, Q)) h1(V) ≥ p

}
,

i.e., V2(p, Q) ≥ V1(p, Q).
Now, we know that NB (1−G(V1(P1(Q), Q))) −(NSF(P1(Q))+Q)=

0 because P1(Q) is a market clearing price given Q. Moreover, because

P1(Q) is the largest market clearing price, Lemma 14 in the Appendix
implies that

NB (1 − G(V1(p, Q))) − (NSF(p) + Q) < 0 for all p > P1(Q). (5)

Since V2(p, Q) ≥ V1(p, Q) for all p and Q, and G( • ) is an increasing
function, NB(1 − G(V2(p, Q))) ≤ NB(1 − G(V1(p, Q))) for all p, which
together with Eq. (5) imply that NB(1−G(V2(p, Q)))−(NSF(p)+Q) < 0
for all p > P1(Q). Therefore, P2(Q) ≯ P1(Q), i.e., P2(Q) ≤ P1(Q). �

A straightforward but significant implication of Proposition 9 is
that the monopoly can generate more revenue by producing perfect
substitutes rather than inferior substitutes. Therefore, given a choice
between making synthetic horns that are viewed as being perfectly
substitutable for wild horns and making synthetic horns that are
inferior to wild horns in some respect but hard to distinguish from
the real ones, a profit maximizing monopoly—all else equal—would
choose to make perfect substitutes.

Remark 10. Using an analogous argument, the (highest) market
clearing price of horns when the monopoly produces Q units of supe-
rior substitutes (h(V) > V) must be at least as high as the (highest)
market clearing price of horns when the monopoly produces Q units
of perfect substitutes (h(V) = V). Therefore, the monopoly can gen-
erate more revenue by promoting its product as being better than
wild horns rather than being perfectly substitutable.

It should be noted that even though the market price of horns
is lower given any quantity of synthetic horns produced by the
monopoly when the synthetic horns are inferior to wild horns rather
than perfect substitutes, this does not necessarily imply that the
equilibrium supply of wild horns is lower when the monopoly pro-
duces inferior substitutes. Relative to the case in which the monopoly
produces perfect substitutes, the supply of wild horns may be higher
in equilibrium when the monopoly produces inferior substitutes.
This is shown by Example 11.

Intuitively, because the production of inferior substitutes tends
to drive down horn price by reducing buyers’ willingness-to-pay for
horns, the monopoly producer of synthetic horns may compensate
for this negative effect on revenue by keeping production low so as
to prop up price. This effect can yield an outcome in which the equi-
librium price is actually higher when the synthetic horns are inferior
substitutes for wild horns than when the synthetic horns are perfect
substitutes.

Example 11. Suppose NB = NS = 100, buyer valuation of wild horns
VW is uniform over [0, 100], and the cost of supplying wild horns c is
uniform over [40, 140]. Assume that the monopoly’s marginal cost of
producing synthetic horns is constant at 30 whether the monopoly
produces synthetic horns that are perfect substitutes for wild horns
or inferior substitutes.

With perfect substitutes, the price function P( • ) is

P(Q) =

{
70 − 1

2 Q if Q ≤ 60

100 − Q if Q > 60
. (6)

The monopoly’s marginal revenue function is 70 − Q for Q ≤ 60,
and it is 100 − 2Q for Q > 60. With the given marginal cost func-
tion, the monopoly’s profit maximizing quantity is Q∗ = 40, and the
equilibrium market price is 50.
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For the case with inferior substitutes, suppose h(V) = 1
10 V . The

price function P( • ) in this case is

P(Q) =

{
55 − 21

40 Q + 1
40

√
361Q2 − 49200Q + 360000 Q ≤ 7.8

10 − 1
10 Q Q > 7.8

.

Given a constant marginal cost of 30, the monopoly’s profit max-
imizing quantity is Q∗ = 7.05, and the equilibrium market price is
55.7.

5. Implications for Conservation Policy

As mentioned in the Introduction, a handful of biotech companies
seek to develop synthetic horns that are bio-identical to wild horns.
The analysis here shows that the availability of synthetic horns that
are perfectly substitutable for wild horns and can be supplied at a
lower cost will drive down horn prices and decrease the amount of
wild horns in the market (Proposition 6). This, of course, should ben-
efit the rhino population by reducing hunters’ incentive to poach
rhinos for their horns.

There is, however, a key issue that has received little attention in
the conservation community concerning the use of synthetic horns
as a rhino conservation tool: if we have the technological capability
to produce synthetic horns that are extremely difficult for buyers to
distinguish from wild horns, what would be the most effective way
to utilize this technology to reduce rhino poaching? Is it to produce
bio-identical synthetic horns? Or should synthetic horn producers,
taking advantage of information asymmetry in the market, make
synthetic horns that buyers would consider vastly inferior to wild
horns?

One disadvantage of producing bio-identical synthetic horns—as
shown by Proposition 7—is that, if buyers view them to be more
desirable than wild horns due to their lack of contaminants or
because presumably no animals are harmed in producing them, their
availability in the market could actually raise the price of horns and
result in a greater supply of wild horns (and, hence, more poaching).
Even if buyers consider bio-identical synthetic horns to be perfect
substitutes for wild horns—i.e., no better and no worse—how effec-
tive synthetic horns are in reducing the supply of wild horns depends
critically on market structure, specifically, how much competition
there is on the production side of synthetic horns.

To illustrate this point, assume henceforth that bio-identical syn-
thetic horns are perfect substitutes for wild horns. Recall from
Proposition 6 that, because a monopoly has an incentive to keep
prices high in order to boost profit, the availability of perfectly sub-
stitutable synthetic horns may not drive down prices enough to drive
out wild horn suppliers when synthetic horns are produced by a sin-
gle firm. Now, consider what would happen if there is competition
in the synthetic horn sector and bio-identical synthetic horns are
produced by multiple firms. Intuitively, the competition would put
downward pressure on horn prices, leading to a lower supply of wild
horns compared to the market with a monopoly producer of syn-
thetic horns. This implies that the following situation could occur:
there is positive supply of wild horns in equilibrium when produc-
tion of bio-identical synthetic horns is monopolized by a single firm;
however, when there is perfect competition in the production of
bio-identical synthetic horns, the equilibrium price is lowered suffi-
ciently to drive out all wild horn producers. Example 12 shows this
numerically using the model presented here.

Example 12. As in Example 11, suppose NB = NS = 100, VW is
distributed uniformly over [0, 100], and c is distributed uniformly
over [40, 140]. Assume that synthetic horns are perfect substitutes
for wild horns so that h(V) = V. If synthetic horns are produced by

a monopoly, then the price function P( • ) is given by Eq. (6). If the
monopoly’s marginal cost function is 10 + Q

2 , then the monopoly’s
profit is maximized at Q∗ = 40. In the market equilibrium, the horn
price is 50 and the supply of wild horns is 10.

On the other hand, if the synthetic horn market is perfectly com-
petitive, then the marginal cost function for producing synthetic
horns given above is the supply curve for synthetic horns. The equi-
librium price is one that equates the demand for horns to the total
supply of horns (wild and synthetic). In this case, the equilibrium
price of horns is 40, and all of the demand for horns is satisfied by
synthetic horns, i.e., in equilibrium, there is no supply of wild horns.

The effectiveness of using synthetic horns to reduce the supply
of wild horns depends not only on market structure (as shown in
Example 12), but also on what kind of synthetic horns are produced,
specifically, whether the bio-fabricated horns are engineered to be
bio-identical to wild horns or are made to be undesirable in some
respect yet difficult to distinguish from wild horns. Why does the
type of synthetic horns produced matter? When firms produce bio-
identical synthetic horns that are viewed as perfect substitutes for
wild horns, what buyers are willing to pay for horns is unaffected
even if they cannot tell which horns are wild and which ones are syn-
thetic, i.e., the presence of synthetic horns would have no effect on
the demand curve for horns. However, if buyers are aware that there
are undesirable fakes—which they place a low valuation on—in the
market that they cannot distinguish from wild horns, their uncer-
tainty over the quality of horns for sale would cause them to lower
what they are willing to pay to acquire horns. And, compared to the
case in which firms produce bio-identical synthetic horns, this would
lead to a lower demand for horns.

To explore the implications of this further, consider the following
example.

Example 13. Again, suppose NB = NS = 100, VW is distributed uni-
formly over [0, 100], and c is distributed uniformly over [40, 140]. The
marginal cost function of producing synthetic horns is 20 + Q.

Perfect substitutes: Suppose synthetic horns are perfect substi-
tutes for wild horns (h(V) = V), and suppose there is a monopoly
producer of synthetic horns. The price function P( • ) is given by Eq.
(6). It is easy to check that the monopoly’s profit maximizing quan-
tity is 25. The equilibrium market price is 57.5, and there is positive
supply of wild horns in equilibrium (17.5).

If the synthetic horn market is perfectly competitive, then the
synthetic horn supply curve is given by the marginal cost function
specified above. In this case, the equilibrium quantity of horns is 46.7.
The equilibrium price is 53.3, and, again, there is positive supply of
wild horns in equilibrium (13.3).

Inferior substitutes: Suppose now synthetic horn suppliers only
produce inferior substitutes (h(V) < V). All else remain the same in
the model. To be specific, suppose h(V) = V

2 . If synthetic horns are
produced by a monopoly, then the price function P( • ) is given by

P(Q) =

{
55 − 5

8 Q + 1
8

√
9Q2 − 880Q + 14400 if Q ≤ 20.8

50 − 1
2 Q if Q > 20.8

.

The monopoly’s profit maximizing quantity is Q∗ = 14.6, and the
price of horns in equilibrium is 53.2.

With perfect competition in the production of synthetic horns,
there is a unique market equilibrium in which the price is 40 and all
horns for sale are synthetic (no supply of wild horns).

As Example 13 makes clear, both the market structure of the
synthetic horn production sector and the type of synthetic horns that
are produced affect how much impact the availability of synthetic
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horns has on the supply of wild horns. In the example, when syn-
thetic horns are perfect substitutes for wild horns, wild horn suppli-
ers cannot be driven out of the market even when there is perfect
competition in the production of synthetic horns. The situation is
different when synthetic horns are inferior substitutes, however. In
this case, while some wild horn suppliers will remain in the market
when there is a monopoly synthetic horn producer, there is no wild
horn supply with perfect competition in the production of synthetic
horns.

A few key policy implications for rhino conservation that can be
drawn from the analysis here are the following. First, to fully take
advantage of the power of synthetic biology to save the rhinos and
to maximize the impact of synthetic horns on reducing wild horn
supply, policies to promote competition in the production and sale
of synthetic horns should be implemented. Financial incentives or
regulatory changes that make it easier or more lucrative for firms to
enter the synthetic horn market would put downward pressure on
horn prices that makes rhino poaching and the selling of wild horns
less profitable.

Second, subsidies to the makers of synthetic horns that incen-
tivize them to increase their output and lower prices would benefit
the rhinos by reducing the supply of wild horns. As illustrated by
the example given in Section 4.1, if the marginal cost of produc-
ing bio-identical synthetic horns is sufficiently low, the presence of
a monopoly producer of synthetic horns in the market would drive
out wild horn sellers by reducing price to a point where it is not
profitable to supply wild horns. Since subsidies can be used to lower
producers’ marginal cost, a suitably chosen subsidy to manufactur-
ers of synthetic horns would eliminate wild horn supply from the
market.

Third, because synthetic horn producers may keep horn prices at
a high enough level to allow wild horn sellers to stay in the mar-
ket (Proposition 6), and because synthetic horn producers prefer to
make perfect substitutes rather than inferior substitutes (a corollary
of Proposition 9), another implication of the analysis here is that poli-
cies or actions that make it less costly for non-profit organizations
to acquire the technological capability to produce synthetic horns
should be supported. Organizations that are not intent on profiting
from the production of synthetic horns could make a high enough
quantity of bio-identical synthetic horns to drive down prices suf-
ficiently to cause wild horn suppliers to exit the market. While the
production of a large quantity of bio-identical synthetic horns may
be extremely costly, another strategy that a non-profit organization
could pursue is to produce inferior substitutes. Because the presence
of undesirable synthetic horns in the market creates uncertainty for
buyers and lowers demand for horns, a non-profit entity may not
need to produce a high amount of inferior substitutes—and, hence,
incur a large cost—to drive out wild horn suppliers through adverse
selection.

6. Summary and Discussion

6.1. Summary

Rhino poaching numbers are high and rising. This observation
coupled with the fact that the economies of China and Southeast
Asia—where most of the demand for rhino horns comes from—are
projected to continue to grow at a healthy rate (OECD, 2016) portend
a grim future for the rhinos if no significant changes occur.

Economic principles tell us that the availability of synthetic horns
can reduce the supply of wild horns—and even drive out wild horn
sellers completely from the horn market. However, previous discus-
sions of this topic rarely touch on the question of what major factors
can impact the effectiveness of synthetic horns to decrease wild horn
supply and what can be done to best utilize synthetic horns as a
conservation tool.

The main lesson provided by the results here is that the market
structure of the synthetic horn sector and the type of synthetic horns
that are produced matter greatly in determining how much—and
what kind of—effect the availability of synthetic horns has on wild
horn supply. For this reason, the type of policies that are imple-
mented in the synthetic horn market would play a pivotal role in
helping us chart the future fate of the rhinos. While the model
presented here is highly stylized and the numerical examples are
provided mainly for illustrative purposes to highlight certain quali-
tative properties of the model, the results here show how important
it is that we have a clear understanding of the economics of synthetic
horns if we care about the most effective way to save the rhinos.

6.2. Discussion

On a technical note, because multiple market clearing prices can
coexist fixing the quantity of synthetic horns in the market, the anal-
ysis here assumes that the market price is the highest price that
clears the market. This assumption, however, is not overly restric-
tive in that the main results of the paper—and their implications—do
not depend on it. For instance, aside from the results dealing with
the existence of a market equilibrium, none of the examples, propo-
sitions, or lemmas presented here would be affected substantively
if the market price were to be defined instead as the lowest price
that clears the market. While the existence of an equilibrium can-
not be guaranteed with this alternative definition of the market
price (because there may not be a solution to the monopoly’s max-
imization problem (3)), this non-existence is simply a consequence
of the assumption that the monopoly’s quantity can be any non-
negative real number, and not the result of some fundamental flaw
of the model. More specifically, if the monopoly’s choices of quantity
are restricted to be non-negative integers, then an equilibrium can
always be found even if the market price is defined to be the lowest
price that clears the market.

It is important to point out that the analysis here assumes that the
availability of synthetic horns does not alter how buyers value wild
horns, i.e., the distribution of VW in the model does not change with
the introduction of synthetic horns. If the presence of synthetic horns
somehow reduces the value that people place on wild horns, then
the development of synthetic horns would have a greater potential
to decrease rhino poaching than in the situation examined here by
directly dampening the demand for wild horns. On the other hand, if
the availability of synthetic horns in the market raises buyers’ valu-
ation of wild horns—by, for instance, changing how people perceive
the legitimacy of horn consumption—then the production and sale
of synthetic horns would be more likely to yield perverse effects on
conservation efforts and increase wild horn supply. If and how the
presence of bio-similar or bio-identical synthetic horns would affect
people’s valuation of wild horns is ultimately an empirical question.
In this paper, the possibility that the availability of synthetic horns
can directly alter the distribution of VW is not considered in detail
since it is important as a first step to understand how the market
would operate in the absence of such an effect, especially since it is
not clear empirically how strong this effect actually is. An examina-
tion of this effect, as well as a rigorous analysis of how this effect
would impact the efficacy of synthetic horns to reduce wild horn
supply, should be pursued in future research.

For the sake of convenience, every wild horn seller in the model
here is assumed to be able to supply a unit of wild horn at
some given cost c. Now, wild horn sellers’ willingness to supply
their products in general depends on a host of factors, including
whether trading in horns is legal or not, the expected cost of pun-
ishment if horn-selling is illegal, and the stock of rhinos. Hence,
a more complete treatment of wild horn sellers’ decision would
derive their supply of horns as the solution to an optimization
problem that incorporates the above-mentioned factors (see, e.g.,
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Milner-Gulland and Leader-Williams, 1992 for a model that explic-
itly derives the supply from rhino and elephant poachers as the
solution of their profit maximization problem). Such a generaliza-
tion would allow us to better understand, for example, how policy
changes that affect the enforcement of trade bans or the stock of wild
rhinos could impact the supply of wild horns. While these considera-
tions lie beyond the scope of this paper, the main policy implications
of the analysis here concerning the effectiveness of synthetic horns
as conservation tools should carry over directly to models that utilize
a more general formulation of price-taking wild horn sellers’ decision
problem.

The model presented here assumes perfect competition in the
poaching sector. Given that rhino horns are durable goods that can
be stored for future trading (Kremer and Morcom, 2000), it is possi-
ble for some horn traders to stockpile a large amount of wild horns
and thereby exert significant influence on the market price of horns.
In South Africa, which has 70% of the world’s rhinos, about 30%
of the country’s rhinos are privately owned. One of these private
rhino ranchers has so far stockpiled 5 tons of wild horns3, which he
hopes to sell if and when rhino horn trading becomes legal (Christy,
2016). Another extension of the current work is to analyze how the
results and policy implications derived here would be affected if
some suppliers of wild horns possess substantial market power.

A central assumption adopted in the paper is that buyers are
not able to distinguish between synthetic horns and wild horns (or,
equivalently, the cost of doing so is prohibitive). When there is a
significant difference in how buyers value wild horns relative to
synthetic horns, they have an incentive to invest in some form of
testing or information to differentiate between the two products. At
the same time, some horn sellers may utilize costly signaling strate-
gies to inform buyers of the type of product they are selling. Note
that any mechanism that allows buyers to ascertain the quality of
horns for sale—assuming that wild horns are valued more than syn-
thetic horns—essentially adds to the cost of acquiring wild horns
relative to a market without any synthetic products. Note in addi-
tion that some synthetic horn producers would not want buyers to
be able to distinguish between wild and synthetic horns. Consider for
instance a non-profit organization that seeks to reduce rhino poach-
ing by producing synthetic horns that are inferior substitutes for
wild horns and thereby creating an adverse selection problem in the
horn market. Whether trading in natural horns is legal or not, such a
conservation-minded organization would have no incentive to make
it easy for anyone to identify their products. This is because adverse
selection in the horn market requires that consumers be uncertain
of the quality of goods that are for sale, which is what leads to lower
prices and hence lower supply of wild horns.

One market that shares a few key features with the rhino horn
market is that for diamonds. In the diamond market, there are nat-
ural diamonds, diamond ‘simulants’, and synthetic diamonds. Dia-
mond simulants are non-diamond materials such as cubic zirconia
and moissanite that have similar optical properties as diamonds, i.e.,
they look like real diamonds to the untrained eye (Lawson, 2006).
Synthetic diamonds, which have been produced since the 1950s,
are man-made materials that have the same physical and chemical
properties as natural diamonds (Lawson, 2006). While synthetic dia-
monds are mostly used for industrial applications such as drilling and
cutting, some manufacturers have introduced gem-quality synthetic
diamonds for jewelry applications (Lawson, 2006; Siegel, 2009). In
fact, synthetic diamonds could even be considered to be of higher
quality than natural diamonds since synthetic diamonds could be
engineered so that they do not possess the imperfections or impu-
rities in natural diamonds (Siegel, 2009). The jewelry market for

3 To put this number in perspective, recall from Section 4.1 that an estimated 2.5
tons of rhino horns were traded in 2011 at an average price of US$65,000 per kilogram.

synthetic diamonds, however, is small (Lawson, 2006; De Beers,
2016).

It should be noted that it is easy to identify diamond simulants
based on physical properties (Lawson, 2006). Moreover, there exists
technology that can reliably distinguish between synthetic diamonds
and natural diamonds (Lawson, 2006; Siegel, 2009). Perhaps because
market participants have the capability to differentiate natural dia-
monds from simulants or synthetic substitutes, the natural diamond
industry—despite the prospect of increased competition from gem-
quality synthetic diamonds in the future—forecasts robust growth of
their markets for the next ten to fifteen years (De Beers, 2016).

As in the diamond market, there are simulants in the rhino horn
market such as buffalo horns (Save the Rhino International and Inter-
national Rhino Foundation, 2015) and cattle horns (Sims and Yates,
2010), which some sellers try to pass off as rhino horns. And syn-
thetic products may appear soon in the rhino horn market (McGrath,
2016). The claim can be made—and in fact has already been made
(Corbyn, 2015)—that synthetic horns could be of better quality than
wild horns due to lack of contaminants, which echoes a similar claim
about the quality of synthetic diamonds.

To what extent can the past, current, and future developments
in the diamond market tell us about how the introduction of syn-
thetic horns would impact the rhino horn market? Despite some of
the parallels between the rhino horn and diamond markets, this is
debatable because it is not clear how comparable the two markets
really are. Unlike the situation for rhino horns, there is no legal pro-
hibition against trading in natural diamonds. It is also unknown at
this point how long before the technology that is capable of distin-
guishing between natural horns and synthetic horns would become
available once high quality synthetic horns can be manufactured.

In the highly concentrated diamond industry, De Beers, the global
leader in natural diamond production, was cognizant of the threat
that synthetic diamonds could pose for its business. The company
therefore invested in developing the technology for differentiating
synthetic diamonds from natural ones, and launched promotional
and educational campaigns to teach those in the industry how
to tell the difference between the two kinds of diamonds (Siegel,
2009). If and when synthetic horns are ready to be rolled out, how
would these products be regulated by governments? Would any
wild horn sellers, like De Beers in the diamond industry, be able—
financially and technology-wise—and willing to invest in developing
the technology that allows one to distinguish between synthetic
products and natural products? Assuming that such detection tech-
nology becomes available, how would it impact the price—and hence
supply—of wild horns? An analysis of these and related issues should
also be tackled in future work.

Appendix

Consider the function

f̃ (p, Q) ≡ NB (1 − G (V(p, Q))) − (NSF(p) + Q) .

Lemma 14. f̃ (p, Q) is continuous in p (and Q), with f̃ (p, Q) < 0 for all p
sufficiently large.

Proof. Given the continuity of F( • ) (and, hence, the continuity of p
in p), V( • ) is continuous in p. This implies that f̃ (p, Q) is continuous
in p. Now, we can make V(p, Q) arbitrarily large by picking p to be
arbitrarily large. This means that, for p sufficiently high, f̃ (p, Q) can
be made arbitrarily close to −(NS + Q) < 0. �

Lemma 15. Given Q ∈ [0, NB], a solution to Eq.(2) exists.
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Proof. Since V(0, Q) = 0, we have f̃ (0, Q) = NB − Q ≥ 0. In addition,
f̃ (p, Q) < 0 for all p sufficiently large by Lemma 14. Because f̃ (p, Q) is
continuous in p (Lemma 14 again), the Intermediate Value Theorem
then tells us there must be a non-negative p at which f̃ (p, Q) = 0. �
Example 16. Suppose the distribution of c among the wild
horn sellers is uniform over the interval [4, 20], i.e., F(p) =
max

{
min

{
p−4
16 , 1

}
, 0

}
. Assume that the distribution of VW among the

buyers is uniform over [0, 20], i.e., G(V) = max
{

min
{

V
20 , 1

}
, 0

}
, and

that h(V) = 1
10 V . Let NB = NS = 100. Given Q = 5, there are three

solutions to Eq. (2): 1.9, 4.12, and 10.15.

Lemma 17. f̃ (P(Q), Q) = 0 .

Proof. First, note that f̃ (P(Q), Q) ≯ 0. If f̃ (P(Q), Q) > 0, then, since
f̃ (p, Q) < 0 for all p large and f̃ (p, Q) is continuos in p (Lemma 14),
there would be a p > P(Q) such that f̃ (p, Q) = 0, which contra-
dicts P(Q) being an upper bound for all solutions of the equation
f̃ (p, Q) = 0.

Now, assume that f̃ (P(Q), Q) < 0 (for this to be true, note that
P(Q) has to be strictly positive). By the continuity of f̃ (p, Q) in p, there
is a neighborhood around P(Q) such that f̃ (p, Q) < 0 for all p < P(Q)
in this neighborhood. This, however, contradicts P(Q) being the least
upper bound for all solutions of f̃ (p, Q) = 0 (since any p < P(Q) in
this neighborhood must also be an upper bound). �
Lemma 18. If P(Q) is defined as in Eq. (4), then it is upper semi-
continuous.

Proof. To establish upper semi-continuity, we need to show that, for
any Q∗ ≥ 0 and sequence {Qn} such that Qn → Q∗, P(Q∗) ≥ limn→∞pn,
where pn ≡ supm≥nP(Qm).

The proof is by contradiction. Suppose not; suppose to the con-
trary P(Q∗) < limn→∞pn. By the definition of P(Q∗) as given in (4) and
the fact that f̃ (p, Q∗) < 0 for all p sufficiently large (from Lemma 14),
we must have f̃ (p, Q∗) < 0 for all p > P(Q∗).

Since P (Q∗) < limn→∞pn by supposition, there must exist n large
enough such that P(Q∗) < pn. By the definition of pn, we have P(Qm) ≤
pn for all m ≥ n. This means there must be an m ≥ n such that P(Qm) ∈
(P(Q∗), pn] (if not—if there is no such m—then pn cannot be the least
upper bound of {P(Qm)}m≥n, a contradiction).

The above observations imply that f̃ (P (Qm) , Q∗) < 0. Since we
can pick n and m so that Qm is arbitrarily close to Q∗, we obtain
f̃ (P (Qm) , Qm) < 0 by the continuity of f̃ (p, Q) in Q. This, however,
contradicts f̃ (P (Qm) , Qm) = 0, which follows from Lemma 17. �

Proof of Theorem 4

Proof. Given any Q ∈ [0, NB], Lemma 15 tells us that{
p ∈ R+ | NB (1 − G (V(p, Q))) = NSF(p) + Q

}
is non-empty so

that P(Q) is well defined. In addition, Lemma 18 implies that the
monopoly’s objective function is upper semi-continuous. By an
extension of the Weierstrass Extreme Value Theorem (Aliprantis
and Border, 2006), the monopoly’s profit maximization problem has
a solution. Hence, a market equilibrium must exist. �
Lemma 19. If h(V) = V, then P(Q) is strictly decreasing.

Proof. First, note that if h(V) = V, then V(p, Q) = p and f̃ (p, Q) is
decreasing in p. Take two quantities Q1 and Q2 such that Q1 < Q2.
Suppose to the contrary that P(Q1) ≤ P(Q2). Since f̃ (p, Q) is decreasing
in p and is strictly decreasing in Q, the hypothesis that P(Q1) ≤ P(Q2)
along with the fact that f̃ (P (Q1) , Q1) = 0 and f̃ (P (Q2) , Q2) = 0
(using Lemma 17) yield

0 = f̃ (P (Q2) , Q2) ≤ f̃ (P (Q1) , Q2) < f̃ (P (Q1) , Q1) = 0.

This is a contradiction; therefore, P(Q1) > P(Q2). �
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