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Tradable permits are a common environmental policy instrument that has recently been applied also to the
conservation of biodiversity. Biodiversity conservation differs in many respects to the classical applications of
tradable permits like emissions control. One particularity is that, even if the permit system maintains a
constant total amount of species habitat, habitat turnover (the destruction of a habitat and restoration
elsewhere) affects the ecosystem. Another particularity is that the restoration of habitats often takes much
time, leading to time lags between the initiation of restoration activities and the time when restored habitat is
available for trading. We use an agent-based model of a tradable permit market to study the influence of
heterogeneous and dynamic conservation costs and habitat restoration time lags on key variables of the
market, such as the costs incurred to the market participants and the amount of habitat turnover. Our results
show that there may be trade-offs between these key variables. We also find that restoration time lags can
lead to fluctuations in permit prices that reduce the efficiency of the permit market. We conclude that
temporal lags deserve a careful analysis when implementing tradable permit systems for the preservation of
natural habitats and biodiversity.
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1. Introduction

In the last decades, tradable permits have gained increasing
popularity as a flexible and cost-effective policy instrument for limiting
the use of natural resources such as fish or water, and for limiting the
emission of pollutants like SO2 and CO2 (Tietenberg, 2006). A more
recent development, often referred to as habitat banking, is to use
tradable permit systems to protect rare habitats and biodiversity (see
eftec, IEEP et al. (2010) and Wissel and Wätzold (2010) for a detailed
discussion of these schemes and their current use). Under these
systems, a degradation or destruction of a natural habitat requires
possession of a permitwhich can only be acquired by restoring a habitat
of equal ecological value elsewhere or bybuying a permit on themarket.

Controlling the amount of natural habitat in a region by means of a
tradable permit system raises a number of challenges as opposed, for
example, to the control of carbon emissions. For climate protection, it
is of minor importance at which locations greenhouse gas emissions
are reduced or whether reduction efforts are constant in time or not,
as long as total emissions are reduced on an intermediate time scale.
The persistence of biodiversity, in contrast, is highly sensitive both to
the spatial and temporal allocation of natural habitat (Hanski, 1999a;
Roy et al., 2004; With and King, 2004; Wilson et al., 2007). A number
of studies has therefore addressed the spatial allocation of conserva-
tion measures with tradable land-use permits, such as (Drechsler and
Wätzold, 2009; Hartig and Drechsler, 2009).

For the temporal allocation, however, much less research has been
done. In the present paper we focus on two temporal issues. The first is
the presence of long time lags. The restoration ofmany relevant habitats
takes several years (e.g., to create an oligotrophic meadow on formerly
intensively used agricultural land) up to decades or even centuries (e.g.,
to create an old-growth forest). If the production of a market good
involves a time lag,market participantsmust decide on their production
level in advancewithout knowing at what price theywill be able to sell.
The relevance of time lags in markets has already been emphasized
about 80 years ago byHanau (1928) andKaldor (1934). For the example
of pork production, the authors found that, under certain conditions,
markets with time lags may exhibit cyclic fluctuations of prices and
supply. The reason is that at a temporary oversupply of a good prices fall
and production levels drop. This leads to an undersupply of the good in
the near future. The rising prices that are caused by this undersupply
trigger highproduction levelswhich lead toanoversupplyof the good in
thenear future, and soon. These cycles are not onlyundesirable fromthe
consumers' point of viewbutmay alsobe inefficient in the sense that the
same total amount of the good could be produced at lower costs if
productions levels were held constant in time.
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Fig. 1. Schematic illustration of the development of the ecological state of a patch over
time. Initially, the patch is habitat and managed for conservation (x=1, r=1). At time
t=2, the patch is developed and used for economic production (r=0) until t=5. At
t=5 restoration activities start (r=1) and the ecological state recovers to the habitat
state (x=1)which is reached after K=5 time periods. During restoration the ecological
state increases by 1/K=0.2 in each time period.
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The second problem is more specific to market-based conservation
instruments: while tradable permits lead to more flexibility and to
cost savings, the associated market activity has the potential to harm
species. The reason is that each trade implies the destruction of a
habitat patch and its local species populations, while created habitat
patches have to become occupied by local populations before they can
contribute to species survival. Even if the total number of habitat
patches remains constant, and even if species are able to disperse
between habitats (e.g., so-called metapopulations: Hanski (1999b)),
this spatial reallocation of habitats, called habitat turnover, is often
detrimental for the species (Hanski, 1999a; Keymer et al., 2000). In
(Hartig and Drechsler, 2009), we showed that turnover can affect
species survival as strongly as does the spatial allocation of habitat
(see also Schrott et al., 2005) and is a decisive factor when considering
tradable permits for biodiversity protection. It is therefore important
to understand how much turnover a market will produce and which
factors influence and determine the amount of turnover.

Dynamics in permit markets have been studied so far mainly
within the context of carbon emissions trading. For instance, Stevens
and Rose (2002) as well as Godal and Klaassen (2006) investigate
how the absence or presence of constraints on intertemporal trade in
the form of permit borrowing and banking affects the cost-
effectiveness of the permit market. Hagem and Westskog (2008)
analyze how restrictions on intertemporal trade affect the ability of a
dominant agent to exploit its market power. The mentioned studies,
however, do not consider that changing management actions may
take time and be associated with transaction costs (in the sense that
the management change per se incurs a cost). Given that the res-
toration of habitat is often costly and very time consuming, it is of
interest to understand how restoration costs and time delays affect the
dynamics of a tradable permit scheme for biodiversity conservation.

In this study, we develop a non-spatial agent-based model of a
tradable permit scheme to conserve habitat. Important parameters of
this scheme are habitat restoration time, restoration costs, and the
variation of opportunity costs between sites and in time. Opportunity
costs are the forgone profits if a patch is not used for the production of
conventional market goods (henceforth termed: “for economic pro-
duction”) but managed for conservation. We investigate how habitat
turnover, the total opportunity cost (the sum of the opportunity costs
over all patches) and the total restoration expense (the sum of the
restoration costs over all patches) depend on these parameters. In
addition, we analyze whether permit schemes for biodiversity may
develop cyclic fluctuations, similar to other markets with production
time lags. The following Section 2 introduces the model. The results are
presented in Section 3 and discussed, together with their practical
implications, limitations and questions for future research, in Section 4.

2. Methods

2.1. Model Description

2.1.1. Model Region, Land-use Options and Economic Framework
We assume that the model region consists of N=1000 land

patches, each of which is owned by one agent andmanaged in discrete
time steps. During each period t, a patch can be either used for
economic production, ri(t)=0, or for conservation, ri(t)=1. Conser-
vation management incurs a patch-specific opportunity cost ci per
period. Opportunity costs ci(t) are modeled as a temporally correlated
random walk with mean 1, standard deviation σ and temporal
correlation α (Appendix A). A correlation of α=1 means perfect
temporal correlation so that ci(t+1)=ci(t), and a correlation of α=0
means that the costs between consecutive periods are uncorrelated.
Costs are further assumed to be uncorrelated among different patches.

The ecological state xi of patch i is represented by a value between
0 and 1, with 1 being a habitat of maximum ecological value. The
ecological state of a patch changes according to the type of man-
agement applied. Using the patch for economic production (ri=0)
immediately changes the ecological state to xi=0.Whenmanaged for
conservation, the ecological state is assumed to recover with a speed
of 1/K per time step, so starting from state xi=0 it takes K periods to
reach the habitat state (xi=1; see Fig. 1). Uncertainty in the resto-
ration success (cf. Moilanen et al., 2008)) is ignored for simplicity. We
assume that agents may have to support restoration actively. In this
case, they bear an additional restoration cost of magnitude d per time
period during restoration, in addition to the opportunity cost ci.

If a patch has fully recovered to xi=1, its owner receives a land-
use permit. The possession of a permit by agent i is denoted by zi=1;
otherwise zi=0. Any agent who destroys a habitat patch requires a
permit. Permits are traded among agents on a perfectly-competitive
market. Banking of permits for the purpose of speculation (ziN1) is
not considered in our model. Agents decide on their market and land-
use actions under the objective of maximizing their long-term profit.
This long-term profit is assumed to be the difference between the
discounted economic benefits and costs realized in each period. The
discounting factor is denoted as q=1/(1+δ), where δ is the discount
rate per time period. Agents have information neither about the future
development of the permit price nor about their future opportunity
costs. Their decisions are taken under the assumption that permit
price and opportunity costs remain on their current levels.

The number of patches initially managed for conservation is
denoted as Z. Since no land-use permits are allocated initially and the
destruction of a habitat requires a new habitat to be restored
elsewhere, Z is constant in time. The initial allocation of the Z habitat
patches is described in Section 2.2. A summary of the state variables
and model parameters is given in Table 1.

2.1.2. Agents's Decisions and Market Interactions
We assume that all agents are fully informed about their current

opportunity costs ci(t) and the currentmarket price for permits. Based on
this information, aswell as theecological state xi(t−1)and thenumberof
ownedpermits zi(t−1), agentsdecideon their land-use riandwhether to
buy a permit, sell a permit, or neither buy nor sell. The three choices buy,
sell, and neither buy nor sell are denoted by bi=1, bi=−1 and bi=0,
respectively. The following decision rules maximize the expected long-
term profit of agent i under the above-described assumptions (details of
the derivation of the decision rules can be found in Appendix B):

(a) If the patch is not habitat (xib1) the agent can choose between
restoration (ri=1) or use of the patch for economic production
(ri=0). For the decision, the agent has to weight the dis-
counted benefit of selling the permit at price p after completed
restoration against the sum of the discounted restoration costs
that accrue from the present period until completed restora-
tion, and the discounted opportunity costs from the present
period until infinity (the latter is henceforth termed the



Table 1
State, decision, and aggregated variables as well as model parameters. Note that
instantaneous habitat restoration (“zero time periods required for habitat restoration”)
is considered in this study, as well, but parameter K has no meaning in that case.

Symbol Connotation Range

State variables
xi Ecological state of patch i {0,…,1}
zi Number of land-use permits associated with

patch i
{0,1}

Yi=(xi,zi) State of patch i {0,…,1}×{0,1}
ci Opportunity cost of patch i ≥0
p* Permit price in market equilibrium ≥0

Decision variables
bi Market action of agent i (sell/none/buy) {−1,0,1}
ri Land-use activity on patch i (economic

production or conservation)
{0,1}

Aggregated variables
T Habitat turnover ≥0
C Total opportunity cost ≥0
D Total habitat restoration expense ≥0
X Long-term temporal average of variable X ≥0

Model parameters and their values and ranges considered in the analysis
N Number of patches 1000
Z Initial number of habitat patches 250
σ Standard deviation of opportunity costs ci {0.1,…,0.5}
α Temporal correlation of opportunity costs ci 0.8
d Habitat restoration cost {0,…,0.5/(1−q)}
q Discounting factor 0.95
K Number of time periods required for habitat

restoration
{1,2,…10}

Fig. 2. Schematic representation of model scheduling within one time period. Habitat
recovery applies if the patch is managed for conservation (ri=1) and the patch has not
yet fully recovered to habitat (xib1). After full recovery of a patch, its owner receives a
land-use permit (zi=1).
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(expected) land price of the patch). If the discounted benefits
exceed the discounted costs ri=1 is optimal, otherwise the
agent chooses ri=0 (cf. Eq. (B9b) in Appendix B).

(b) If the patch is habitat and no permit is held (xi=1 and zi=0)
the agent can choose between buying a permit and converting
the patch to economic production (bi=1 and ri=0), or buy no
permit and conserve the patch as habitat (bi=0 and ri=1). If
the current permit price p exceeds the land price of the patch
the latter option is chosen; otherwise the former option is
chosen (cf. Eqs. (B9c) and (B9d)).

(c) If the patch has just recovered to habitat and the agent has
received a permit (xi=zi=1) the agent can choose between
selling the permit and conserving the patch as habitat (bi=−1
and ri=1) or using the permit to convert the patch back to
economic production (bi=ri=0). If the current permit price p
exceeds the land price the former option is chosen; otherwise
the latter option is chosen (cf. Eqs. (B9e) and (B9f)).

For the case of instantaneous restoration an additional rule applies:
in case (a) the permit can be sold immediately after the decision to
restore. Thus, the choice is between restoring and selling on the one
side and not restoring on the other (cf. Eqs. (B9a) and (B9b)).

Thedescribeddecision rules canbe regarded asa functionbi(xi,zi,ci,p)
that determines for a given permit price p whether agent i is willing to
buy a permit on the market (bi=1), sell a permit (bi=−1) or do
nothing (bi=0) (for simplicity of notation we suppress the time index
here). To derive the equilibriumprice p* and themarket dynamics from
this function, we equate demand and supply and solve the equation

∑
N

i=1
biðxi; zi; ci;p*Þ = 0:

The solution for p* is straightforward because Σibi(xi,zi,ci,p)) in-
creases monotonically with increasing p from negative values
(obtained for very small p) to positive values (obtained for large p).
By inserting the equilibrium price p* into the function bi(xi,zi,ci,p)
we calculate for each agent whether he buys or sells or stays passive
(bi=1, −1 or 0) and update the number of owned permits, zi(t), by
adding or subtracting bought respectively sold permits from zi(t−1).
The ecological state xi is updated from xi(t−1) to xi(t) as described
in the previous Subsection 2.1.1. A graphical representation of the
updating of xi and zi can be found in Fig. 2.

2.2. Model Initialization and Analysis

We initialize the model by assigning a random cost ci to each patch
and assuming that the Z least costly patches are managed for con-
servation. No land-use permits are allocated initially, which may be
regarded as “grandfathering” of permits, meaning that those agents
who currently use their patch for economic production have the
permission to do so in the future, and those whose patches are habitat
mustmaintain their patch in that state (unless they acquire a land-use
permit). Because of the restoration time lags, the initial allocationmay
have a short-term influence on the land use in themodel. To avoid any
influence of this on the results of our analysis, we run the model for
1000 “burn-in” periods until we generate data. For the considered
parameter combinations, this time is sufficient for themarket to reach
a stationary state that is independent of the initial levels of the ci and
the allocation of the conserved patches. After the burn-in time, the
data for the analysis are generated by running the model for another
1000 periods. We use a base parameter combination σ=0.3 (medium
variation of opportunity costs), α=0.8 (large level of temporal cor-
relation in the opportunity costs), q=0.95 (which corresponds to a
discount rate of about five percent per period), d=5 (restoration cost
per time period equals 25 percent of the average land price, 1/(1−q)).
The number of patches managed for conservation is Z=250. We
record the temporal development of the following aggregated vari-
ables during the simulation: the amount of habitat turnover (number
of habitat patches destroyed between consecutive periods (T)), the
total opportunity cost (C) which sums the opportunity costs (ci) of all
patches under conservation or restoration (i.e., ri=1), and the total
restoration expense (D) that sums the restoration costs (d) of all
patches under restoration (i.e., ri=1 and xib1). In addition we cal-
culate the 1000-period temporal average of these variables, denoted
by T , C and D.

From the defined base parameter combination we then vary d
between 0 and 0.5/(1−q) (half the average land price), and σ

image of Fig.�2
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between 0.1 and 0.5. Since σ represents the coefficient of variation of
the normally distributed opportunity costs, a value of 0.1 (0.5) cor-
responds to a confidence interval of about [0.8, 1.2] respectively [0, 2].
The described analyses are carried out for instantaneous restoration
and for restoration delayed by one time period (K=1). We lastly
consider cases of KN1.

3. Results

3.1. Temporal Evolution of the Aggregated Variables T, C and D

Fig. 3 shows the temporal development of the total opportunity
cost C, the total restoration expense D and habitat turnover T for the
base parameter combination (other parameter combinations lead to
similar trajectories). While in the case of instantaneous restoration
(Fig. 3a), T, C and D are fairly constant in time, all three variables
fluctuate in the case of delayed restoration (Fig. 3b). Also, the temporal
averages of T, C and D are higher for the case of delayed restoration as
compared to the case of instantaneous restoration (note that the
variables are plotted on a log scale).

3.2. Influence of Opportunity Cost Variation and Restoration Costs on the
Market Behavior

To analyze the influence of opportunity cost variation and resto-
ration costs on themarket behavior, we focus on the temporal averages
of turnover and costs: the average amount of habitat turnover, T , the
average total opportunity cost, C, and the average total cost which is the
sum of average total opportunity cost and average total restoration
expense, C + D.

For the case of instantaneous restoration, Fig. 4a shows that
average habitat turnover T increases with increasing cost variation σ
(moving from left to right the color changes from blue/green to green/
red). The reason is that at large σ, cost savings from reallocating
Fig. 3. Habitat turnover (number of habitat patches destroyed between consecutive
time periods) (T, dashed line), total opportunity cost (sum of the opportunity costs over
all patches) (C, solid line) and total restoration expense (sum of the restoration costs
over all patches) (D, dotted line) as functions of time for the case of instantaneous
habitat restoration (panel a) and for the case of delayed habitat restoration (K=1:
panel b). The variables T, C and D are plotted on a logarithmic scale to the base of 10.
The model parameters are: N=1000, Z=250, σ=0.3, α=0.8, d=0.25/(1−q) and
q=0.95.

Fig. 4. Average habitat turnover (T) for instantaneous habitat restoration (panel a) and
delayed restoration (K=1; panel b) as functions of the opportunity cost variation (σ)
and the restoration cost (d). T is represented by color scale. Other model parameters are
chosen as in Fig. 3.
habitat are large and agents have a strong incentive to trade permits
and reallocate habitat. Average habitat turnover further increases
with decreasing restoration cost d (moving top to bottom), because at
small d the costs associated with the habitat reallocation are small.
The same results are obtained for the case where restoration is
delayed by one time period (Fig. 4b).

Since large restoration costs imply low habitat turnover (Fig. 4),
one would expect that they also imply a high total opportunity cost,
because at low habitat turnover it is not possible to allocate con-
servation activities to the least costly patches. This is indeed observed
for instantaneous restoration (Fig. 5a):moving from bottom to top the
average total opportunity cost increases. For delayed restoration,
however, we observe the opposite: increasing restoration cost d
decreases the average total opportunity cost (Fig. 5b) even though it
reduces turnover (Fig. 4b). This decrease of the total opportunity cost
can be explained by the fluctuations observed Fig. 3. The fluctuations
reflect “excess” restoration activities that lead to a periodic oversup-
ply of permits. The additional opportunity costs that arise from these
excess restoration activities outweigh the above-mentioned cost
savings that are associated with the reallocation of conservation
measures. Altogether, in the case of delayed restoration an increase in
the restoration cost reduces the total opportunity cost, because it
reduces excess restoration.

image of Fig.�3
image of Fig.�4


Fig. 5. Average total opportunity cost (C) for instantaneous habitat restoration (panel a)
and delayed restoration (K=1; panel b) as functions of the opportunity cost variation (σ)
and the restoration cost (d). C is represented by color scale. Other model parameters are
chosen as in Fig. 3.

Fig. 6. Average total cost (total opportunity cost plus restoration expense, C + D) for
instantaneous habitat restoration (panel a) and delayed restoration (K=1; panel b) as
functions of the opportunity cost variation (σ) and the restoration cost (d). C + D is
represented by color scale. Other model parameters are chosen as in Fig. 3.

Fig. 7. Average habitat turnover (number of habitat patches destroyed between
consecutive time periods) (T , dashed line), average total opportunity cost (C, solid line)
and average total cost (summing opportunity cost and restoration expense: C + D,
dotted line), as functions of the habitat recovery time (K) (K=0 here represents
instantaneous restoration). Other model parameters are chosen as in Fig. 3.
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At small opportunity cost variation σb0.2, the average total cost
(C + D) first increases, approaches a maximum and then decreases
with increasing restoration cost d (moving from the bottom to the
top of Fig. 6a and b). The reason is that the restoration expense D is
the product d ⋅T of the restoration cost d and habitat turnover T. At
small d, turnover T only weakly depends on d (cf. Fig. 4a and b) so
the product d ⋅T increases with increasing d. At large d, however,
turnover T steeply declines with increasing d (cf. Fig. 4a and b) and
it declines so fast that the product d ⋅T declines as well. This non-
monotonic dependence of the total cost on the restoration cost is
observed only for small opportunity cost variation while for larger
values of σ we observe a monotonic increase. This increase is
caused by the increase in the total opportunity cost observed in
Fig. 5.

The effect of the opportunity cost variation σ on the total cost
depends on the magnitude of the restoration cost. At db2, the total
cost decreases with increasing σ (moving from left to right in the
bottom part of Fig. 6a and b), because the total cost is dominated by
the average total opportunity cost C that was found to decline with
increasing σ (Fig. 5a and b). At large d we find the opposite: the total
cost increases with increasing σ. The reason is that at large d the
average total cost is dominated by the average total restoration
expense D, and D increases with increasing average habitat turnover T
which increases with increasing σ (Fig. 4a and b).
3.3. The Effects of the Restoration Time (K)

Fig. 7 shows that habitat turnover declines with increasing
restoration time K. The reason for this is that increasing K reduces
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the profitability of habitat restoration. This is associated with an
increase of the average total opportunity cost C, because conservation
is not carried out on the patches with the lowest opportunity costs.
Total cost exhibit a maximum at K=1, because delayed restoration
leads to excess restoration activities so total cost is higher than for
instantaneous restoration (K=0). At larger K, however, habitat
turnover decreases so steeply that average total restoration expense
and average total cost decrease with increasing K. The maximum can
also occur at larger K if the restoration cost d is small (not shown), but
the general pattern prevails.
4. Discussion

We developed an agent-based model for the dynamics of a permit
scheme with a special focus on conservation applications where
reallocations of conservation measures (“habitat turnover”) and time
lags between the initiation of a conservation measure and its positive
environmental effect (“habitat restoration time”) are of particular
relevance. The model considers that conservation of a habitat leads to
opportunity costs and that opportunity costs exogenously change in
time and vary among sites. An additional cost of magnitude d arises
during the restoration of a habitat.

Within the considered parameter ranges habitat turnover
generally increases with increasing cost variation, because the larger
the cost variation the higher the cost savings that can be achieved
through the reallocation of conservation activities. Habitat turnover
decreases with increasing restoration cost d and habitat recovery
time, because large restoration costs and recovery times make res-
toration unattractive to landowners, reducing the supply of permits
on the market. For the case of instantaneous restoration we further
found that low habitat turnover leads to high total opportunity costs,
because not all conservation measures can be allocated to the sites
with the lowest costs. Considering that habitat turnover is often
harmful for species, a trade-off exists between minimizing the
amount of habitat turnover and minimizing the total opportunity
cost.

The fact that turnover is affected by the restoration cost d provides
a potential for market regulation. So far, we have interpreted d as a
restoration cost that is determined by biological or technological
conditions and cannot easily be influenced. It would be possible,
however, to increase d by introducing a tax on restoration. Therefore,
d could be used to adjust habitat turnover depending on the ecology
the species of concern: the higher the sensitivity of the species to
habitat turnover the higher should be the tax.

If restoration is not instantaneous but includes a time lag the
modeled permit market exhibits fluctuations of habitat turnover
and costs. The reason for these fluctuations is that the decision to
restore a habitat is made in period t on the basis of the current
permit price and opportunity cost, but the habitat and the
associated land-use permit are obtained only in a later period
when cost and permit price may have changed. At that time it may
not be profitable to keep the habitat and sell the permit, but
instead the patch is converted to economic production again. This
process is similar to the well-known pork cycle (e.g., Hanau, 1928;
Kaldor, 1934). Since restoration is associated with both opportu-
nity and restoration costs, restoring too much habitat is costly.
Decreasing excessive restoration, e.g. by taxing restoration activ-
ities, may therefore reduce habitat turnover as well as the total cost
of the policy.

The length of the time lag (restoration time) has a decisive
influence, as well. Large time lags render restoration unattractive and
reduce restoration activity. That reduces habitat turnover and the
associated total restoration expense but increases the total opportu-
nity cost, because conservation is no longer allocated to the patches
with the lowest opportunity costs. At very large restoration times
market activity ceases and we end up in a static landscape without
any trading activity or land-use change.

In the presentation of themodel results we have kept somemodel
parameters fixed in order to focus on opportunity cost variation,
restoration time, and restoration cost. Those were regarded by us to
be the most relevant parameters in the context of this paper. We
nevertheless varied the other parameters, too, and found that the
main results presented in this paper are quite robust to these vari-
ations. The main effects of the other parameters were: (i) decreasing
the temporal correlation of the opportunity costs leads to faster
changes in the opportunity costs and increases average habitat
turnover and the associated total restoration expenses in the model
landscape; (ii) increasing the (initial) number of habitat patches
increases average habitat turnover but decreases “relative turnover,”
i.e. the ratio of average habitat turnover and number of habitat
patches; (iii) changes in the discount rate lead to ambiguous results
and require further scrutiny.

Our model makes a number of assumptions that may limit the
generality of the results. One is that landowners base their expecta-
tions about future costs and prices solely on their current observa-
tions. Using current costs and prices may be a sensible strategy
especially in the face of long restoration times and severe uncertainty
in costs and prices. On the other hand, it appears also plausible to
assume that agents are able to look further back to the past, observe
the long-term behavior of costs and prices and include this
information into their decision making. Such a memory of agents
would most probably reduce the excessive restoration that was found
to increase habitat turnover and costs.

Another consequence of the steady-state expectation model of
the agents is that banking of permits for the purpose of speculation
(Tietenberg, 2006) is not efficient from the agents' point of view.
When costs and prices are assumed not to change, it is optimal for
any agent who owns a habitat patch and a permit either to im-
mediately convert the habitat or to sell the permit. Banking by
keeping habitat and permit is not profitable (cf. Eqs. (B9e)–(B9f)).
Modeling smarter agents would be an interesting opportunity for
further research on the effect of banking on the dynamics and
efficiency of permit schemes.

An assumption which concerns both the ecological and the eco-
nomic side of the model is that spatial issues are neglected. In the
context of conservation space is often important, because conserva-
tion benefits as well as conservation costs may show substantial
spatial heterogeneity (e.g., Ando et al., 1998; Polasky et al., 2008).
Moreover, if species individuals or populations on different habitats
interact, this interaction is likely to be distance-dependent (Hanski,
1999b), leading to spatially external effects in the permit scheme
(Bruggeman and Jones, 2008). These can be internalized through
spatial trading rules (Bruggeman et al., 2005, 2009) which may have
consequences on the dynamics of a permit scheme (Drechsler and
Wätzold, 2009; Hartig and Drechsler, 2009, 2010). An avenue of
future research could therefore be to study the interaction between
spatial trading rules and rules that target the market dynamics, such
as a restoration tax. One can, however, expect that the general con-
clusions of the present analysis will be retained even if spatial
interactions and trading rules are included.

Acknowledgement

We are grateful for the helpful comments of two anonymous
reviewers.

Appendix A

The opportunity cost ci(t) for patch i is sampled randomly
with mean 1 and standard deviation σ, and temporally correlation
α, where α=0 represents no correlation and α=1 perfect
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correlation. We use the following algorithm to create this cost
distribution:

ciðtÞ = 1 + α⋅ ciðt−1Þ−1ð Þ + ð1−αÞ σ
GðαÞ ξ

� �
: ðA1Þ

Here G(α) is the standard deviation of the following first-order
autoregressive process:

ciðtÞ = αciðt−1Þ + ð1−αÞξ; ðA2Þ

where ξ is a normally distributed random variablewith zeromean and
standard deviation 1 (e.g., Mills (1990)). Since G depends on α, for a
chosen level of α we simulate Eq. (A2) to determine G and then run
the market model using Eq. (A1). An example of a cost trajectory is
shown in Fig. A1.

Appendix B

We define a patch state Y=(x,z) that comprises the ecological
state x and the number of owned permits z . We denote the number of
the present period with an index 0, so that the present state,
opportunity cost and permit price are denoted as Y0, c0 and p0. For
simplicity, we also suppress the agent number i. We further introduce
a quantity s0=(β0,ρ0) that represents the chosen actions in the
present period. These include β0∈{1,−1,0}, representing purchase or
sale of a permit or inactivity, respectively, and ρ0∈{0,1}, representing
management of the patch for economic production or for conserva-
tion, respectively. We use the small letter s and the Greek letters β and
ρ to indicate that they represent possible actions, while capital letters
S=(b, r) used in Section 2.1 represent the strategy that gives the
optimal response to a given permit price p0 at given costs c0 in a given
patch state Y0.

To consider agents' expectations of the future, we define a vector
Y=(Y0,Y1,Y2,...,Yk,...) that contains the states of the present and all
future periods,…,∞, a vector c that correspondingly contains the
present and anticipated conservation management costs for all
periods, a vector p that contains the present and anticipated permit
prices, and a vector s that contains the present and future actions.

We assume that the profit of the agent (Π) can be written as the
sum of the discounted profits, πt, earned in the present (t=0) and
future (tN0) periods

ΠðY; c;p; d; sÞ = ∑
∞

t=0
qtπtðYt ; ct ; d;pt ; stÞ ðB1Þ

where the discounting factor qb1 measures how agents discount
future profits. The profit πt earned in period t is composed of
Fig. A1. Random cost trajectory with cost variation σ=0.3 and temporal correlation
α=0.8.
the opportunity costs ct, habitat restoration costs d and the cost or
revenue from buying or selling a permit:

πt = −βtpt−ρt ct + d⋅ΘðK−xtÞð Þ ðB2Þ

The first term in Eq. (B2) considers that buying (βt=1) or selling
(βt=−1) of permits decreases or increases the profit by the permit
price of the present period. Opportunity costs ct arise if the patch is
managed for conservation (−ρtct). The quantity Θ(y) represents the
so-called Heaviside function that yields 1 if yN0 and zero otherwise.
This implies that the last term of Eq. (B2), ρtd.Θ(1−xt), equals d if
restoration takes place (i.e., if ρt=1 and xtb1), and zero otherwise.

We assume that agents expect future costs and permit prices to
maintain constant in time:

ct = c0;pt = p0 for all t N 0: ðB3Þ

Π of Eq. (B1) ismaximized through dynamic programming (e.g., Clark,
1990). As a result, we obtain the optimal actions in the present period,
b and r, as functions of the present patch state, opportunity cost, permit
price, restoration cost, and discount factor.

Inserting the obtained b and r for each patch into function bi(xi,zi,ci,
p) in Section 2.1 yields the market transactions and the equilibrium
permit price for the present period. This determines the distribution
of land use and land-use permits in the region and the states of the
patches.

To maximize the profit function of Eq. (B1), we start by consid-
ering a finite number of T periods, assuming that the agent is currently
in period t=0bT, with present opportunity costs c0 and permit price
p0, and introduce a value function for some other later period 0≤T−
k≤T:

VðT−kÞ = max
sT−k

∑
k

i=0
qiπT−k= iðYT−k= i; cT−k= i;d;pT−k= i; sT−k= iÞ

( )

ðB4Þ

The term in parentheses represents the sum of the discounted (with
regard to period T−k) profits earned fromperiod T−k onuntil thefinal
period T, given that opportunity cost and permit price are given by c0
and p0, respectively (Eq. (B3)). To obtain V(T−k), this sum has to be
maximized as a function of the actions sT−k in period T−k, which are
participation in the permit market (βT−k) and land use (ρT−k). The
maximization is subject to the constraints described in Section 2.1. For
the final period T the value function reads

VðYT Þ = max
sT

fπT ðYT ; c0;d; p0; sT Þg

= max
βT ;ρT

f−βTp0−ρT c0 + d⋅Θð1−xT Þð Þg

ðB5Þ

The solution of Eq. (B5) depends on the patch state YT=(x(T),
z(T)). Noting that b and r are the optimal actions, the solution of
Eq. (B5) is

bðT; xðTÞb1; zðTÞ = 1Þ = 0
rðT; xðTÞb1; zðTÞ = 1Þ = 0
VðxðTÞb1; zðTÞ = 1Þ = 0

ðB6aÞ

bðT; xðTÞ = 1; zðTÞ = 0Þ =
(
0 pðtÞ N cðtÞ
1 otherwise

rðT; xðTÞ = 1; zðTÞ = 0Þ =
(
1 pðtÞ N cðtÞ
0 otherwise

VðxðTÞ = 1; zðTÞ = 0Þ =
(

−cðtÞ pðtÞ N cðtÞ
−pðtÞ otherwise

ðB6bÞ

image of Fig. A1
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bðT; xðTÞ = 1; zðTÞ = 1Þ =
(
−1 pðtÞ N cðtÞ
0 otherwise

rðT; xðTÞ = 1; zðTÞ = 1Þ =
(
1 pðtÞ N cðtÞ
0 otherwise

VðxðTÞ = 1; zðTÞ = 1Þ =
(
pðtÞ−cðtÞ pðtÞ N cðtÞ

0 otherwise

ðB6cÞ

The value function for the penultimate period is

VðYT−1Þ = max
βT−1 ;ρT−1

f−βT−1p0−ρT−1 c0 + d⋅Θð1−xðT−1Þ= KÞð Þ + qVðYT Þg

ðB7Þ

(note that the state YT≡(x(T),z(T)) depends on the actions, β(T−1)
and ρ(T−1) in the penultimate period. The solution of Eq. (B7)
delivers the optimal actions b(T−1) and r(T−1) for the penultimate
period. For an arbitrary period T−k the value function V(YT− k) can be
expressed recursively by the Bellman equation

VðYT−kÞ = max
βT−k ;ρT−k

f−βT−kp0−ρT−k c0 + d⋅Θð1−xT−k = KÞð Þ + qVðYT−k + 1Þg

ðB8Þ

(Clark, 1990). Eq. (B8) is applied repeatedly backwards in time until
the present period t=0 is reached. Letting T numerically approach
infinity, V(YT) approaches the maximum profit (Eq. (B1)) that can be
obtained in the present period, with the associated optimal actions b
and r. A typical result is shown in Fig. B1.
Fig. B1. Optimal strategy b(x,z) (top row) and r(x,z) (bottom row) for the case of K=2 a
opportunity cost (p/c) and the ratio of restoration and opportunity costs (d/c). The levels o
With T approaching infinity the optimal strategy converges to that
presented in Eqs. ((B9a)–(B9f)) for instantaneous and delayed habitat
restoration.

bðxb1Þ = −1 instant:restor:and p N c∑
∞

j=0
qj =

c
1−q

+ d

 !

0 otherwise

8>><
>>:

ðB9aÞ

rðxb1Þ = 1

instant:restor:and p N
c

1−q
+ d

� �
or

delayed restor:and qK−xp≥ c∑
∞

j=0
qj + d ∑

K−x−1

j=0
qj =

c + dð1−qK−xÞ
1−q

 !
8>>>>><
>>>>>:

9>>>>>=
>>>>>;

0 otherwise

8>>>>>>>><
>>>>>>>>:

ðB9bÞ

bðx = 1; z = 0Þ =
0 p N

c
1−q

1 otherwise

8<
: ðB9cÞ

rðx = 1; z = 0Þ =
1 p N

c
1−q

0 otherwise

8<
: ðB9dÞ

bðx = 1; z = 1Þ =
−1 p N

c
1−q

0 otherwise

8<
: ðB9eÞ

rðx = 1; z = 1Þ =
1 p N

c
1−q

0 otherwise

8<
: ðB9fÞ
s a function of the patch state Y=(x,z), (x∈ {0,0.5,1},z∈ {0,1}), the ratio of price and
f b∈ {−1,0,1} and r∈ {0,1} are represented by grey scale.

image of Fig. B1
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