~ A Service of
’. b Leibniz-Informationszentrum

.j B I l I Wirtschaft
) o o o Leibniz Information Centre
Make Your PUbllCCltlonS VZSlble. h for Economics ' '

Drechsler, Martin

Article — Published Version

On the Cost-Effective Temporal Allocation of Credits in
Conservation Offsets when Habitat Restoration Takes Time
and is Uncertain

Environmental and Resource Economics

Provided in Cooperation with:
Springer Nature

Suggested Citation: Drechsler, Martin (2022) : On the Cost-Effective Temporal Allocation of Credits

in Conservation Offsets when Habitat Restoration Takes Time and is Uncertain, Environmental and
Resource Economics, ISSN 1573-1502, Springer Netherlands, Dordrecht, Vol. 82, Iss. 2, pp. 437-459,
https://doi.org/10.1007/s10640-022-00685-y

This Version is available at:
https://hdl.handle.net/10419/308586

Standard-Nutzungsbedingungen: Terms of use:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen Documents in EconStor may be saved and copied for your personal
Zwecken und zum Privatgebrauch gespeichert und kopiert werden. and scholarly purposes.

Sie durfen die Dokumente nicht fiir 6ffentliche oder kommerzielle You are not to copy documents for public or commercial purposes, to
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich exhibit the documents publicly, to make them publicly available on the
machen, vertreiben oder anderweitig nutzen. internet, or to distribute or otherwise use the documents in public.
Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen If the documents have been made available under an Open Content
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten, Licence (especially Creative Commons Licences), you may exercise
gelten abweichend von diesen Nutzungsbedingungen die in der dort further usage rights as specified in the indicated licence.

genannten Lizenz gewahrten Nutzungsrechte.

-. https://creativecommons.org/licenses/by/4.0/
Mitglied der
WWW.ECOMSTOR.EU K@M 3
. J . Leibniz-Gemeinschaft


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1007/s10640-022-00685-y%0A
https://hdl.handle.net/10419/308586
https://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Environmental and Resource Economics (2022) 82:437-459
https://doi.org/10.1007/510640-022-00685-y

®

Check for
updates

On the Cost-Effective Temporal Allocation of Credits
in Conservation Offsets when Habitat Restoration Takes Time
and is Uncertain

Martin Drechsler'?

Accepted: 11 April 2022 / Published online: 29 April 2022
© The Author(s) 2022

Abstract

Tradable permits, or offsetting schemes, are increasingly used as an instrument for the
conservation of biodiversity on private lands. Since the restoration of degraded land often
involves uncertainties and time lags, conservation biologists have strongly recommended
that credits in conservation offset schemes should be awarded only with the completion
of the restoration process. Otherwise, the instrument is claimed to fail on the objective of
no net loss in species habitat and biodiversity. What is ignored in these arguments, how-
ever, is that such a scheme design may incur higher economic costs than a design in which
credits are already awarded at the initiation of the restoration process. In the present paper
a generic agent-based ecological-economic simulation model is developed to explore dif-
ferent pros and cons of the two scheme designs, in particular their cost-effectiveness. The
model considers spatially heterogeneous and dynamic conservation costs, risk aversion and
time preferences in the landowners, as well as uncertainty in the duration and the success
of the restoration process. It turns out that, especially under fast change of the conserva-
tion costs, awarding credits at the initiation of restoration can be more cost-effective than
awarding them with completion of restoration.

Keywords Agent-based model - Conservation offsets - Ecological-economic model -
Habitat restoration - Uncertainty

1 Introduction

Biodiversity is still declining dramatically, with land use and land-use change being the
most important anthropogenic drivers. Market-based instruments play an important role in
the conservation of biodiversity on private lands (de Vries and Hanley 2016). An increas-
ingly popular instrument are conservation offsets (Bull et al. 2018) which apply the con-
cept of tradable permits (Panayotou 1994) to biodiversity conservation.

< Martin Drechsler
martin.drechsler@ufz.de

Helmholtz Centre for Environmental Research — UFZ, Permoserstr. 15, 04318 Leipzig, Germany

Brandenburg University of Technology Cottbus-Senftenberg, Cottbus, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10640-022-00685-y&domain=pdf

438 M. Drechsler

The charm of tradable permits is that they allow for land-use change and economic
development while—at least in theory—guaranteeing that the cap (in the case of an
environmental harm) or the target (in the case of an environmental benefit) is reached
with certainty and at least costs. In the field of biodiversity conservation, this means
that if the biodiversity target is set at the current level of biodiversity, there will be
“no net loss” (NNL). In practical applications, however, conservation offsets have been
observed to fail on the achievement of NNL (Maron et al. 2012; Quétier et al. 2014).

On theoretical grounds, the ability of conservation offsets to deliver NNL has been
heavily questioned by a number of leading conservation biologists, including, e.g.,
Moilanen et al. (2009), Bekessy et al. (2010) and Maron et al. (2012). A central line
of criticism in these articles is that if credits are already awarded at the initiation of a
habitat restoration process and can immediately be sold to developers then habitat is lost
temporarily until the restoration process is complete. But even the assumption that at
some time the habitat loss will be offset is overly optimistic given that restoration pro-
jects have frequently failed altogether in the past (Maron et al. 2012).

Although the raised concerns are valid, they only look on the ecological side of the
issue, ignoring the economic side. While awarding credits with the completion of res-
toration has ecological advantages, it may have several economic disadvantages. One
is that credits that may be needed by a developer today will be available only at a later
time, so the development cannot take place — incurring economic costs. Another one is
that landowners investing in costly restoration earn the return only later, and moreover,
this return is uncertain due to the above-mentioned risk that a restoration process fails.

Given the requirement of NNL on the one hand and the potential economic problems
associated with a late award of credits on the other, so-called trading ratios have been
proposed so that credits are awarded at the initiation of restoration, but more credits are
required to develop a certain amount of ecologically valuable land than are earned by
the restoration of the same amount of degraded land. By this the loss of 1 ha of habitat
is compensated by the gain of g > 1 hectares of land later. This surplus compensates for
the time delay between loss and gain as well as the uncertainty in the gain (caused by
the uncertainty in the success of the restoration process), so that on average the amount
of habitat does not decline. Trading ratios are increasingly applied in practice (Bull
et al. 2017); a theoretical analysis of trading ratios, which however considers only their
ecological effects, is provided by Moilanen et al. (2009).

The present paper takes up this concept and explores, in a systematic manner, under
which circumstances NNL can be achieved more cost-effectively by awarding credits
with the initiation of restoration (award-initiation), considering appropriate trading
ratios, or by awarding credits with successful completion (award-completion). As an
alternative to the trading ratios I also consider that the (nominal) conservation target
may be increased appropriately beyond the initial amount of habitat, which also may
prevent the net loss of habitat on the temporal average (not necessarily at any point in
time) in the award-initiation scheme. So altogether, both schemes are designed that the
long-term average of habitat equals the initial amount. This is necessary for a mean-
ingful comparison because the indicators, in particular the cost per habitat, introduced
below for the scheme performance systematically depend on the amount of habitat.

For the analysis I develop a generic agent-based ecological-economic model in which
landowners can use their land parcels for conservation or for “economic” purposes
like agriculture or housing, and strive for the maximisation of their net present value
expected profit. Here they consider time discounting and profit uncertainty which arises
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in the award-completion scheme, because at the initiation of a restoration process the
landowner does not know if and when the process will be complete and credits awarded.

The driver of the land-use and credits-trading activities are spatially heterogeneous and
temporally changing profits associated with the economic land use. These changes imply
that land parcels with comparatively low economic profits (which would typically be in
conservational use) may turn into high-profit land parcels (which would preferably be
developed into economic use and require credits), while land parcels with comparatively
high economic profits (which would typically be in economic use) may turn into low-profit
land parcels (which would preferably be restored to habitat to supply credits).

The different scheme designs are compared with respect to a number of performance
criteria: (i) the average cost of the scheme, represented by the forgone economic profits of
the landowners per habitat parcel and measuring the cost-effectiveness of the scheme, (ii)
the temporal variation in the forgone economic profits, (iii) the temporal variation in the
number of habitat parcels (considering that NNL is defined as a temporal average which
does not exclude the temporary shortfall of habitat), and (iv) the amount of habitat turnover
incurred by the continuous economic development and restoration of habitats which usu-
ally has a significant — often adverse — impact on the survival of species (Hanski 1999;
Drechsler and Johst 2010).

As outlined, the two types of conservation offset schemes differ by the time at which
credits are awarded. This question loosely relates to the inter-temporal trading (banking
and borrowing) of credits in emissions trading discussed in the environmental-economic
literature. Two main advantages are associated with inter-temporal trading. One is that it
allows hedging against trends in emission abatement costs (Innes 2003). If abatement costs
are currently low and expected to increase it is sensible to abate more emissions than nec-
essary, bank the earned credits and sell them in the future at a higher price; while if abate-
ment costs are currently high and expected to fall, it is sensible to borrow credits from
future time periods to avoid current high abatement costs.

The second advantage of inter-temporal trading is that it allows for hedging against
price shocks, or more generally, against risks (Fell et al. 2012; Xu et al. 2016), because—
similar to the expected price changes addressed above —, unexpected future increases or
drops in credit prices can be buffered by banking or utilised by borrowing, respectively.

Although there is some similarity between these studies and the present one, one should,
note an important difference: that the present study does not consider inter-temporal trad-
ing; instead, awarded credits are sold on the spot. In contrast to this, the present study
addresses a peculiarity in conservation offsets: that the restoration of ecological habitat
causes time lags—of uncertain length—between the economic investment and the gener-
ated environmental benefit and/or even uncertainty in the level of the generated environ-
mental benefit. Therefore, when ecologists (e.g., Bekessy et al. 2010) speak of “lending”
and “savings banks” this should be understood as a “lending from” and “saving for” nature,
respectively, rather than an inter-temporal trade between (human) market participants.

Furthermore, the present analysis does not focus on risk in the credits prices (cf. Land-
owner decision making in Sect. 2.2) but on the success and duration of the restoration pro-
cess. This, however, opens up a common question between the above-discussed inter-tem-
poral emissions trading and the two present types of conservation offset schemes: how do
the two schemes manage and distribute the ecological and economic risks associated with
the restoration of habitats — which is addressed in the above questions (ii) and (iii).

While there are a few environmental-economic papers that address the spatial aspect
of conservation offsets, such as Drechsler and Witzold (2009), Parkhurst et al. (2016) and
Needham et al. (2021), I am aware of only two that address the temporal dimension and
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in particular the issue of habitat restoration. One is Kangas and Ollikainen (2019) who
present an analytical model (numerically applied to forestry in Finland) of a conservation
credits market. Although the authors address the concept of trading ratios, they do not pro-
vide a systematic comparison of the different offset scheme designs. The other paper is by
Drechsler and Hartig (2011) who developed a model of a similar (though slightly simpler)
structure than the present one to explore effects of uncertainty in the cost (forgone profits)
of conservation. Assuming a deterministic habitat restoration process, it is somewhat com-
plementary to the present analysis.

2 Methods
2.1 Rationale

A model region is considered that consists of a number of land parcels which can be used
for conservation (habitat) or economic purposes, where in the latter case an economic
profit is earned. Habitat can be developed into economic use while economically used land
can be restored, which takes an uncertain time span or may fail altogether. Economic prof-
its (or forgone profits if the land is used for conservation) differ among land parcels and
change monotonically in time. That change, too, differs among the land parcels so that a
currently relatively profitable land parcel may become relatively unprofitable (compared to
other land parcels) or vice versa.

The basic idea of a conservation offset scheme is that owners of relatively profitable
land that is currently under conservation may wish to develop their land. For this they
require credits which they can buy from a landowners who earned credits by the restoration
of previously economically used land. Such dynamics arise if there is a mismatch between
profitability and land use so that some of the profitable land is currently used for conserva-
tion and some of the unprofitable land is currently used for economic purposes. Clearly,
one reason for such a mismatch are the above-introduced changes in the land profitabilities.

As outlined above, credits from restoration may be awarded with the initiation (award-
initiation scheme) or with (successful) completion of the restoration process (award-com-
pletion scheme). If credits are awarded with completion no net loss (NNL) is guaranteed
because no habitat can be developed before an economically used patch has been fully
restored to habitat.

In contrast, if credits are awarded with the initiation of a restoration process habitat can
be developed even if the restoration process is not yet complete or turns out to fail. If res-
toration is always successful and there is only a time lag between initiation and completion
loss of habitat is temporary—between the time where a restoration process is initiated and
the earned credit sold to a developing landowner, and the time when the restoration pro-
cess is complete. The consequence of this is that, in the long run, the number of habitat
parcels varies between the initial number and some smaller numbers, but there is no steady
decline of habitat (because no habitat is lost permanently). The long-term (“steady-state’)
average of the number of habitat parcels is thus constant, and below the initial number.
If one is only interested in that long-term average, NNL can be achieved just by shifting
the “baseline” of the habitat dynamics, defined by the initial number of habitat parcels,
upwards by an appropriate amount. Motivated by other applications of tradable permits,
such as emissions trading, the most intuitive policy here is to increase the conservation
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target (equivalent to a change in the emissions cap, i.e. the number of issued emission per-
mits) beyond the initial number of habitat parcels.

Quite a different case is when habitat restoration not only takes time but may fail alto-
gether. In the award-initiation scheme this implies that credits are awarded for restoration
efforts that eventually do not lead to the creation of habitat. If these ecologically worthless
credits are sold to developers habitat parcels are developed into economic use without any
offset, so on average the number of habitat parcels will decline. Although for a limited
time horizon such a decline could be compensated even by a sufficient increase in the con-
servation target as above, it the does not seem to match what one would intuitively under-
stand by NNL. And, the outcome would sensitively depend on the considered time horizon.
Instead, the introduction of trading ratios, as described in the Introduction, appears more
appropriate.

In principle trading ratios could also be applied if habitat restoration is always success-
ful and only involves a time lag. However, since no habitat is lost permanently while any
habitat development is associated with a larger amount of restored habitat, this would in
the long run lead to a steady increase in the number of habitat parcels, and again a sensitive
dependence of the scheme performance on the considered time horizon (unless the trading
ratio is unrealistically small compared to the values reported by Bull et al. (2017)). In par-
ticular, such a steady increase to high numbers of habitat parcels would overly complicate
the comparison with the award-completion scheme.

Even if net loss in the average number of habitat parcels can be avoided there may still
be temporal fluctuations in the number of habitat parcels with temporary short-falls as well
as temporary surpluses. Two other quantities of interest are the coefficient of variation in
the number of habitat parcels, and habitat turnover, i.e. the average proportion of habitat
parcels developed between consecutive time periods.

Lastly, not only can the number of habitat parcels be expected to vary in time, but vari-
ation may also occur in the total cost (total forgone economic profits) associated with the
NNL requirement. The different offset schemes are statistically compared with respect to
these four performance variables.

2.2 The Model
2.2.1 The Model Region and System States

The model region is assumed to consist of N=100 land parcels, each owned by a single
landowner who can use the land parcel for economic purposes or for conservation. A
land parcel i used economically in time step ¢ earns an economic profit a,(¢) in that time
step, while a conserved land parcel earns no economic profit. Economic profits a; vary
among the different land parcels, which may, e.g., be due to spatially heterogeneous soil
quality for agriculture or different distances to cities. A conserved land parcel may be
habitat or in restoration, so altogether three states are distinguished: in economic use,
conserved and in restoration, and conserved and habitat. Land parcels in economic use
can stay in economic use or switch to conservation (with the initiation of a restoration
process); habitat parcels may stay in conservation or switch to economic use; and land
parcels in restoration stay in restoration until the restoration process is complete or has
failed (see below). Transitions between economic use and conservation (but not neces-
sarily habitat) and transitions from habitat to economic use are instantaneous between

@ Springer



442 M. Drechsler

consecutive time steps, while transitions from economic use to habitat are possible
only via the state of restoration. Below the different processes in the model system are
described. An overview is given in Fig. 1.

2.2.2 Dynamics of the Economic Profits

To model spatial heterogeneity in the economic profits, the initial profit a,(0) at time
t=0 is sampled for each land parcel i € {1, ..., N} randomly and independently from a
uniform distribution with lower and upper bounds of 1 — ¢ and 1+ ¢ (scaling all prof-
its in units of the mean profit). The mean and the standard deviation of the a,(0) are
denoted as m, and s, respectively (for N — co we obtain m,= 1 and s,=0o/3").

As described above, the credits market dynamics are driven by changing economic
profits on the land parcels. For simplicity and analytical clarity, the dynamics of the
a; are modeled such that their mean and standard deviation over the N land parcels are
constant over time. For this, a rate of profit change r; is introduced and sampled ran-
domly and independently from a uniform distribution with lower and upper bounds of
—y and +y. An “unscaled” profit is calculated for each model time step ¢ via

(1) = a;(0) + r;t ey

The standard deviation of the z; of Eq. (1) will increase with time, so they have to be
rescaled in each time step . With m, the calculated mean and s, the standard deviation of
the z; in time step ¢, the rescaled economic profit is calculated via

Initialisation of scheme simulation:

- if credits are awarded at the initiation of the restoration process: choose the target increase d and the offset ratio ¢
- calculate economic profits for all land parcels and time steps

- least profitable land parcels are in conservation; other land parcels in economic use and assigned one credit each

Beginning of time step

Economic land parcels which just completed restoration process turn into habitat

Award-initiation scheme:
cach landowner who started restoring in the previous time,
step is awarded a credit and offers it for sale awarded a credit and offers it for sale
L |
v

Loop through credits price values from zero upwards...

For each “test price” determine for each landowner the land use for the following time step, considering

Award-initiation scheme: Award-completion scheme:
landowner weights (present) credit sales revenues landowner weights future and uncertain credit sales revenues
against stream of future forgone economic profits against stream of future forgone economic profits

... until market equilibrium is reached

!
‘ For the equilibrium price calculate the land use for each land parcel for the following time step ‘
v

I Calculate for each land parcel that just started restoration if and when the process will be complete |

!

End of time step

[Aftcr time step 100: record state variables, in particular average number of habitat parcels ‘

Fig. 1 Overview on the simulation schedule
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So
a;,(t) = my + (Z,-(t) - ml-) < )
1
Fig Ala in Online Appendix A shows a numerical example of the profit dynamics.
Numerical inspection reveals that the obtained distribution of the economic profits
over the N land parcels is, with negligible error, constant in time, which simplifies the
analysis and the interpretation of the results. However, the validity of the results is not
restricted to the assumption of a constant profit distribution. Consider, e.g., the case in
which all profits a,(r) are multiplied by some factor &', (where b may be larger or smaller
than one), which would imply that the mean and the standard deviation of the profit
distribution would change between consecutive time steps by b (for a numerical exam-
ple, see Fig A1b). However, despite these changes, the ratio between the profits of two
land parcels i and j, ai(t)/aj(t) would still be constant in time, and so would be the ratio
of the parcels’ land prices, i.e. their streams of all discounted future profits. Since the
decisions of the landowners (see below) depend only on the relative profits of the avail-
able land-use measures, the dynamics of the credits market and the land use would not
change. Only the credits price would nominally change by a factor b per time step, in
accordance with the profits.

2.2.3 Habitat Restoration Dynamics

Two types of habitat restoration are considered that reflect typical uncertainties in an
ecological restoration process: that the length of the process is uncertain and that the
process may fail altogether (which includes the case that the previous destruction of the
ecological value of the land parcel may not be reversible). For simplicity the two types
are treated separately, so restoration processes that have both uncertain duration and
may fail altogether in the end, are not considered.

For the modelling of uncertainty in the duration, it is assumed that the restoration of
an economically used land parcel into habitat takes m time steps which are distributed
according to

) (M— l)m—l
Pr(m) = P01SM_1(m - 1) = W

exp {—=(M - 1)} 3
for M>1 and m> 1. Here P,,_, is the Poisson distribution with mean M—1. The probability
of observing instantaneous restoration is set to zero: Pr(m=0)=0. Basically, Pr(m) is a
Poisson distribution shifted by one to the right, so Pr(m) has a mean of M and a standard
deviation of M—1 (for a numerical example, see Fig. C1 in Online Appendix C). The set-
ting of Pr(m=0)=0 is to ensure that an economically used land parcel cannot become a
habitat and earn credits in the same time step. Otherwise a circularity would appear such
that the decisions of the landowners in time step ¢ (see below) affect the supply of credits
in time step ¢, which through the market clearance (see below) affects the decisions of the
landowners in the same time step. An alternative solution to entangle this circularity would
be overly complicated, and the loss of generality implied by the restriction m >0 seems
acceptable.

For the case in which restoration processes may fail, the probability of such failure
is denoted by ¢. A successful process (happening with probability 1-¢) completes after
exactly M time steps.
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2.2.4 Scheme Design

It is assumed hat initially n(0) land parcels are habitat and N-n(0) land parcels are in eco-
nomic use. As outlined in Sect. 2.1, while the award-completion scheme guarantees that
the number of habitat parcels does not change over time: n(#) =n(0) for all > 0, the award-
initiation scheme must be equipped with appropriate trading ratios or target increases to
avoid net habitat loss. As explained, short-term fluctuations cannot be excluded, but it is
demanded that the long term average of habitat parcels

T
1 ¢
E, =7 gg n'n(r), 4)

with social discount factor #, does not fall below 7(0).

Next to the initial number of habitat parcels, n(0), the initial amount of credits in the
market is set at —d (d>0). Under the choice of d=0, a habitat can be developed once a
credit has been created. The choice d>0 describes an initial debt of d credits in the model
region that must be balanced by the creation of d credits before credits may be sold to land-
owners to develop their land parcel; this choice represents the increase of the target for the
number of habitat parcels.

A habitat parcel may be converted to economic use by purchasing a credit. In the award-
completion scheme a credit is awarded with successful completion of a restoration process
when the previously economically used land parcel has turned into habitat. The credit can
be sold at the current market price p (banking of credits is ignored, so an earned credit
is sold immediately). In the award-initiation scheme, credits of an amount 1/g (g>1) are
earned with the initiation of a restoration process on an economically used land parcel.
Here a value of g> 1 represents a trading ratio as described in the Introduction. Similar to
the award-completion scheme, earned credits are sold immediately at the current market
price p.

Landowners are not allowed to prematurely cease a running restoration process, so after
the process has been initiated the land parcel remains in conservation for m time steps (in
the case of uncertain restoration duration) or M time steps (in the case of uncertain restora-
tion success). Only once a successful restoration process is complete and the land parcel
has become habitat (after m or M time steps, respectively) the land parcel may be re-devel-
oped to economic use, which requires the purchase of a credit—as described above.

The future of a land parcel on which a restoration process had just turned out to fail
depends on the scheme. In the award-completion scheme the landowner had not received
any credits yet, so the land parcel may (and will: see below) switch back in the next time
step from conservation to economic use without the necessity of purchasing a credit. In
contrast, in the award-initiation scheme in which the landowner had received a credit with
the initiation of the restoration process, the land parcel can be switched back to economic
use only after the purchase of a credit.

As outlined in Sect. 2.1, if habitat restoration is prone to fail (¢ > 0) net loss of habitat
can be avoided in the award-completion scheme only through trading ratios ¢g> 1. Alter-
natively, if the success of habitat restoration is certain (¢ =0) but the duration is uncer-
tain (Eq. 3) the trading ratio is g=1, but the conservation target is increased: d>0. To
avoid numeral difficulties in the calculation on the credits market clearance (see below),
d and ¢q are chosen as integer numbers. Since the considered numbers of initial land par-
cels (Table 1 below) and typical offset ratios in real conservation offset schemes (Bull
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et al. 2017) are much larger large one, this assumption does not represent a severe loss of
generality.

2.2.5 Landowner Decision Making

Since the economic profits are assumed to change in a deterministic manner, it is consistent
to assume that the landowners perfectly know their future values. Further, in a perfect per-
mit market, without time lags or uncertainty, the (equilibrium) permit price equals the mar-
ginal cost at the cap (or conservation target as in the present case) (e.g., Tietenberg (2006)).
In the present model, time lags and uncertainty associated with the restoration process
cause temporal fluctuations but no deterministic trends in the dynamics. Since there is also
no temporal change in the profit distribution (Eq. (2)), the credits price is nearly constant,
with no trend and with comparatively small fluctuations around its mean (Fig. 4). Thus, it
is consistent to assume that the landowners in their decisions assume that the future credits
prices formed in the market will equal the current price.

As described above, in the award-initiation scheme the initiation of a restoration pro-
cess earns one credit immediately which is sold at price p, earning a revenue of

Raw»init =p/q (5)

This equation holds for both cases of restoration uncertainty (in duration and in suc-
cess). In the award-completion scheme the credit is earned with completion of the res-
toration process. In the case where the process succeeds with certainty but has uncertain
duration, the revenue of initiating a restoration process is given by the credits price p dis-
counted over the time lag m:

Raw-compl, 1= p(l + 5)—m (6)

In the case where the restoration process may fail the revenue of initiating a restoration
process (of duration M) is

p(1 +6)™ success
Raw»compl,Z = { AWM failure (7)
where
AM =3 a(o)(1+8) ®)
=M

is the discounted flow of economic profits starting from the time M at which the failed
restoration process ended (counted from the initiation of the restoration process; note that
in Eq. (8) and the equations below, for simplicity of notation, the land-parcel index i has
been dropped and the current time step assigned a value of #=0). This considers that after
a failed restoration process in the award-completion scheme, the land parcel may switch
back to economic use for free, and since under conservation the land parcel earns zero rev-
enue it is always profitable (A™ > 0) for the landowner to choose that option.

It is assumed that landowners may be risk averse to the uncertainty in m (Eq. 6) or ¢
(Eq. (7). This is modeled by transforming the revenue R into a von-Neumann-Morgenstern
utility function
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R~ -1
R)y= ——
u(kR) == — ©)
with constant relative risk aversion p (Eckhoudt et al. 2005). The expected risk utility of
changing an economically used land parcel to conservational use and initiate a restoration
process then is, usings Egs. (5) and (7)—(9):

u(p/q) award — initiation
EU(econ — cons) = > Pr(m)u(p(l + 5)™) award — completion, uncertain duration (m)
m

(1= @u(p(1 +8)™) + pu(A™) award — completion, uncertain success (¢)
(10)
To decide whether a restoration process is initiated or not, this risk utility EU is com-
pared to the certain utility of keeping the land parcel in economic use

U(econ — econ) = u(A) (11
where
A=Y a@)1+6)~ (12)
7=0

is the present value of the land parcel’s flow of profits under economic use (i.e., its land
price).

Assuming that next to the foregone economic profits restoration incurs no additional
costs, the restoration process is initiated and the economically used land parcel is con-
served if EU(econ — cons) > U(econ — econ). Otherwise the land parcel stays in economic
use.

Considering the possible transitions of habitat parcels, a habitat parcel is developed to
economic use if its land price A exceeds the credits price p: A>p. Otherwise it remains
habitat (and conserved). As described above, land parcels in restoration remain in restora-
tion (and in conservational use) until the restoration process has either ended successfully
or failed.

A final note: Landowners assume that once the land parcel has become a habitat it will
not be developed again. This does not exclude that they will in fact develop the habitat
back into economic use, which would require the purchase of a credit. It is only assumed
that the landowners are myopic and do not consider that it may be profitable to change the
land use again later in the future.

2.2.6 Market Clearance

The model is a partial equilibrium model in which the credits market clears in each time
step. As implied by Egs. (6) and (7), at credits price p=0 no land parcel would switch
from economic to conservational use and the amount of credits would equal the number
of land parcels initiating a restoration process (award-initiation scheme) or completing the
restoration process (award-completion scheme). At the same time, all conserved land par-
cels would be converted to economic use, so there would be an undersupply of credits. In
contrast, at p— oo all habitat parcels would stay in conservation and all economically used
land parcels would switch to conservation, so demand for credits would be zero and credits
oversupplied. Using a simple iterative numerical procedure, the unique positive and finite
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equilibrium credits price p* where supply equals demand is determined. As considered,
e.g., by Needham et al. (2021), p* is at the intersection of the supply (marginal cost) and
demand (marginal benefit) curves (for a numerical example, see Online Appendix D of the
present paper).

2.2.7 Model Initialisation (t=0)

It is assumed that initially n(0) land parcels are habitat and N-n(0) are in economic use.
There are two reasons why landowners would trade credits and change the initial land use
in the course of the model dynamics. First, economically profitable land parcels are cur-
rently habitat and unprofitable ones are in economic use, so the current land use is not
cost-effective. There will be a substantial immediate demand for credits to develop those
profitable habitat parcels which would have to be met by the restoration of (unprofitable)
economically used land parcels. In a static world in which the agricultural profits are con-
stant (a,(f)=a,(0) for all #>0) this reallocation process would end once the cost-effective
allocation in which the n(0) least profitable land parcels are habitat has been reached. The
extent of this reallocation process depends entirely on the match between the initial distri-
bution of the habitat parcels and the least profitable land parcels. If there is perfect overlap
there will be no change while if there is zero overlap all habitat parcels will in the end be
developed to economic use and all habitat parcels had been in economic use initially.

The second reason for credits market activity and land-use change is the temporal
change in the agricultural profits, a,(f). The present analysis focuses on this second pro-
cess. The first process of spatially aligning land-use with economic profitability depends,
as described, entirely on the incidental correlation between economic profits and land
cover. To eliminate this, I assume that initially the n(0) least profitable land parcels are
habitat and all others are in economic use. Further, no credits are available initially but are
awarded once restoration processes are initiated (award-initiation scheme) or completed
(award-completion scheme; except for the explicit consideration of a credit debt, d > 0).

In the award-completion scheme a habitat can be developed only if at the same time a
restoration processes completes successfully, so net loss is excluded by scheme construc-
tion. In contrast, in the award-initiation scheme a habitat can be developed if at the same
time a restoration process is initiated, leading at least to temporary net habitat loss. To
ensure that at least on average there is no net loss, the target for the number of habitat par-
cels may be increased. This is achieved by initiating the dynamics with a debt of d credits
which has to be removed in the first model time step by initiating (at least) d more resto-
ration processes than habitat parcels can be developed (cf. the above section on scheme
design).

2.2.8 Model Dynamics (t>0)

The model dynamics are simulated over 7= 100 time steps. Depending on the agricultural
profit a,(f), in each time step ¢ each landowner predicts the (expected) profitabilities of con-
servation and economic use as functions of the current state of the land parcel (habitat or in
economic use; recall that land parcels in restoration remain conserved until the restoration
process is complete or has failed) and the credits price p. From these functions the equilib-
rium credits price p* is determined as described above, which determines the land use for
each land parcel. For those land parcels that switch from economic use to conservation, the
duration of the restoration process is sampled according to Eq. (3), or if restoration failure
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is considered, the duration of the restoration is set at the fixed value of M, and it is sampled
whether the process will succeed (with probability 1—¢) or not.

For each land parcel under restoration the time step in which the restoration process
completes is recorded, and for each time step the number of land parcels is counted that
are just completing their restoration process and turn into habitat. As described above, in
the award-initiation scheme this number represents the number of credits coming onto the
market.

2.3 Model Analysis

As described, the model dynamics are simulated for 7=100 time steps. In each time step
the number of habitat parcels, the total forgone economic profit and the ratio of the two
(i.e. the cost per habitat parcel) is recorded. For the comparison of the award-initiation and
the award-completion schemes, the following statistics (“scheme performance variables”)
over the 7' model time steps are calculated:

The average cost per habitat parcel (cost-effectiveness),

The cost variation, i.e. coefficient of variation in the forgone profits of all land parcels,
The habitat variation, i.e. coefficient of variation in the number of habitat parcels,

The habitat turnover, i.e. the proportion of habitat parcels developed per time step into
€Conomic use.

L=

To account for the stochasticity in the model dynamics, the simulation is carried out 200
times and averages of the performance variables taken. As described, the two conserva-
tion offset schemes are compared under the constraint that both deliver the same long-term
average of habitat parcels (Eq. 4) that is equal to the initial number of habitat parcels—that
is there is neither net gain nor net loss of habitat. While the award-completion scheme
meets this constraint by construction, the award-inititation scheme must be tuned to no
net loss or gain by an appropriate choice of the target increase d (considered, as argued, if
restoration success is certain but duration is uncertain) or the trading ratio g (considered if
the restoration duration is certain but success is uncertain). For this, d or g are incremented
from their initial values d=0 and g=1 until there is no net loss (Fig. 2).

{ Inititalisation of scheme analysis: target increase d = 0 and offset ratio ¢ = 1 l

v

*{ 200 simulations of scheme dynamics

!

Increment d Averages over simulation l‘cplicalcs
crement ¢ =
/J\

Increment ¢

_—— Ry
__—average number ——_ .
. ~—_Yyes, and uncertainty
Of habitat parcels smaller than S
—~—— — 1n success of

. —~—_initial (net loss)?_— .
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End of scheme analysis

A

yes, and uncertainty

in duration of

Fig.2 Analysis of the award-initiation scheme to achieve no net habitat loss or gain on average

@ Springer



On the Cost-Effective Temporal Allocation of Credits in... 449

In a global sensitivity analysis (Saltelli et al. 2008), the described analyses are carried
out for 500 random model parameter combinations where each parameter (in the case of
the profit dynamics y: the common logarithm) is drawn from a uniform distribution with
bounds given in (Table 1). The mean restoration time and the risk of restoration failure are
drawn as integer values while all other model parameters are real values.

The bounds in Table 1 are motivated as follows. A value of 6=0.2 (0.8) correspond to a
profit ratio between the most and the least profitable land parcels of of 1.5 (9), which cov-
ers a broad range of possible situations. Preliminary analyses revealed that reducing (1g(y/
(2 0)) below -3 (i.e., y <0.001-26) does not change the economic profit dynamics compared
to that obtained for (1g(y/(20)=-3, while an increase of (Ig(y/(20) y beyond —1 (y>0.120)
does not change the economic profit dynamics either compared to that for (1g(y/(26) =-1.

The chosen discount rates are typical for private investment decisions, and a risk aver-
sion of p=0.5 can be regarded as quite strong (Derissen and Quaas 2013). The meaning of
the values of M depend on the time scale of the model. If land use is considered to change
every year (or decade) than values of M =2, 10 represent restoration times of 2, 10 years
(or decades). A restoration failure probability of ¢ =0.8 is regarded as severe uncertainty in
the modelling framework of Moilanen et al. (2009).

For each model parameter combination, the means and standard deviations, mean,,,, ;,;,»
MEAN 4y, compi> SAEV iy AN Sde€V,y,,. ., Of the performance variables are calculated for the
two offset schemes over the 500 parameter combinations, and from this an effect size is
calculated via

mean g,,_ipjy — MeAN 4y, compi

>0A5 (13)

<Sdevc2¢w—init + Sdevczzw—campl
which measures the effect of a treatment with uncertain outcomes (Cohen 1988), where the
treatment in the present case is the “replacement” of an award-completion scheme by an
award-initiation scheme. A non-zero effect size is a sufficient condition for statistical sig-
nificance (provided the sample size is sufficiently large) but in addition, E tells how marked
the effect is relative to the uncertainty in the outcomes.
The following quantities are calculated for each of the four performance variables:

e The mean of E over the 500 model parameter combinations
e The standard deviation of E over the 500 model parameter combinations
e The correlation of E with the seven model parameters.

Table 1 Bounds of the model

N Model parameter Symbol Lower
parameters. If uncertainty is in
. . and upper
the duration of the restoration bounds
process, the probability of
f;s_t%ratlon failure is fixed at Economic profit heterogeneity o 0.2,0.8
Logarithm of economic profit dynamics 1g(y/(20)) -3,-1
Discount rate ) 0.02, 0.08
Risk aversion p 0,0.5
Mean restoration time M 2,10
Probability of restoration failure 17 0,0.8
Initial number of habitat parcels A =n(t=0)/N 0.1,0.4
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The described analysis is carried out for two levels of the social discount factor:
n=1 (no discounting) and #=0.95 (habitat is discounted at five percent per time step).

3 Results
3.1 Model Dynamics for an Exemplary Scenario

The difference between the functioning of the award-completion and the award-ini-
titation schemes is vividly demonstrated in Fig. 3. For average values of the model
parameters (Tablel), Fig. 3a,b shows typical examples of the stochastic dynamics of
the award-completion scheme: the number of habitat parcels (black bars), the number
of land parcels completing their restoration process and turning into habitat (grey bars
stacked on top of the black bars), and the number of habitat parcels converted to eco-
nomic use (grey bars stacked below the black bars). In the first few time steps, no land
parcel turns into habitat, since by the initialisation of the model dynamics there are no
land parcels in restoration at t=0. In the example of Fig. 1a, only at =8 is one land
parcel completing its restoration process (which must have been initiated in one of the
previous time steps) and allows one habitat parcel to be developed to economic use.
These processes continue over time, driven by the changing economic profits of the
land parcels. Here it is noticeable that the number of habitat parcels is constant at the
initial value of 20, which is achieved in each time step by an equality of the number of
converted habitat parcels and the number of land parcels completing their restoration
process.

In the award-inititation scheme (Fig. 3c,d) habitat parcels are converted to eco-
nomic use even before previously economically used land parcels have turned into
habitat. In Fig. 3¢ four land parcels are developed between times t=0 and =1, reduc-
ing the number of habitats by four to a level of 16 in t=1. Only between t=4 and
t=5 some of the deficit is partly offset by the completion of two restoration processes,
increasing the number of habitat parcels in =5 to 18. Between =5 and t=6 two
more land parcels turn into habitat while one habitat parcel is developed, increasing
the number of habitat parcels in =6 to 19. From =16 to =19, the number of habitat
parcels exceeds the initial value of 20. In this manner the dynamics continue with the
number of habitat parcels varying around a mean of about 20.

The total economic profit, i.e., the sum of profits on the economically used land
parcels, varies according to the exogenous change modeled in Egs. (1) and (2) and the
induced land-use changes. Figure 4a shows some examples in which the total profit in
the award-inititation scheme (bold lines) are quite similar for both types of restora-
tion uncertainty. While in the award-completion scheme (thin lines) uncertainty in the
duration of the restoration process (solid line) appears to generate lower total profit
than uncertainty in the restoration success (dashed line).

Figure 4b confirms the assumption formulated in the Methods section on land-
owner decision making, that the credits price is fairly constant over time, which—as
explained—stems from the constancy of the distribution of the economic profits in
the model region. Online Appendix D discusses differences between the two schemes
within the classical economic framework of supply and demand functions.
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Fig.3 Random realisations of the dynamics of the number of habitat parcels (black bars), the number of
land parcels completing their restoration process (grey bars stacked on top of the black bars), and the num-
ber of habitat parcels converted to economic use (grey bars stacked below the black bars). Panels a, b:
award-completion scheme; panels c¢,d: award-inititation scheme. Model parameters (cf. Table 1): 6=0.5, y/
(20)=0.01, 6=0.05, p=0, M=5, 2,=0.2. Panels a, c¢: uncertain duration of the restoration process (¢ =0);
panels b,d: uncertain success of the restoration process (¢ =0.4). The social discount factor is n=1

3.2 Sensitivity Analysis

The effect of replacing the award-initiation by the award- completion scheme on the four
performance variables introduced in Sect. 2 is measured by the effect size E, Eq. (13),
where a value below 0.5 can be regarded as low and a value above 0.8 as large (Cohen
1988). Table 2 shows the means and standard deviation of the effects sizes for a social
discount factor of n=1. Following Cohen (1988) the values in Table 2 are classi-
fied as follows: if £>0.8 the associated performance variable is markedly larger in the
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Fig.4 Examples of random trajectories of the total profit of the economically used land parcels (panel
a) and the credits price p* (panel b). Solid and dashed lines: uncertainty in the duration and the success,
respectively, of the restoration process. Thin lines: award-completion scheme and bold lines: award-initita-
tion scheme. Model parameters as in Fig. 3

award-inititation scheme than in the award-completion scheme; if -0.5<E<0.5 both
schemes perform similarly; and if £ <-0.8 the associated performance variable is markedly
smaller in the award-inititation scheme than in the award- completion scheme.

In this manner, the following can be stated:

1. For both types of restoration uncertainty the cost per habitat parcel, i.e. the cost-effec-
tiveness, is similar in both schemes (mean E of 0.29 and —0.08, respectively). However,
with standard deviations of E of 0.51 and 0.72, the magnitude of the performance dif-
ference between the two schemes varies substantially (allowing values of E far above
1 or below —1) if the model parameters are varied within their ranges of Table 1. The
correlation coefficients in Table 2 indicate that E increases especially if the economic
profit heterogeneity o or the economic profit dynamics y are reduced (indicated by the
negative correlations) or if the mean restoration duration M is increased (indicated by
the positive correlation). Thus, for large ¢ and y and small M the effects size E will be
very large and negative, indicating that the award-initiation scheme is markedly more
cost-effective than the award-completion scheme, while the opposite is observed for
small ¢ and y and large M.

2. In the case of uncertain restoration duration, the award-initiation scheme generates
markedly less cost variation than the award-completion scheme over most of the model
parameter space (the mean of E is negative and its absolute value about twice the stand-
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ard deviation). Large values of E close to zero so that both schemes generate a similar
cost variation are obtained (cf. the correlation coefficients) for slow economic profit
dynamics y and large discount rates . In the case of uncertain restoration success, both
schemes perform, on average, similar, but the standard deviation of E is large, so the
award-initiation scheme can generate both markedly higher or lower cost variation than
the award-completion scheme. Analogous to the case of uncertain restoration duration,
the former is observed for slow economic profit dynamics y and large discount rates §.

3. Habitat variation is markedly higher in the award-initiation scheme than in the award-
completion scheme across the entire model parameter space in the case of uncertain
restoration duration (the mean of E is positive and much larger than the standard devia-
tion of E) and across most of the parameter space in the case of uncertain restoration
success. This is not surprising, given that the award-completion scheme by construction
does not generate any habitat variation at all. In the case of uncertain restoration duration
this effect is largest if the economic profit dynamics y are fast and the initial proportion
of habitat parcels 1, high. In the case of uncertain restoration success the effect is larg-
est if the economic profit heterogeneity ¢ and economic profit dynamics y are high and
especially if there is a high risk of restoration failure ¢.

4. An interesting observation regards the habitat turnover. This is on the average of all
model parameter combinations markedly larger in the award-initiation scheme than
in the award-completion scheme if the uncertainty is in the restoration duration, while
the opposite is observed if the uncertainty is in the restoration success. However, the
standard deviation of the effect size is larger than its mean, so in both cases of uncer-
tainty the opposite of the “average” behaviour can be observed. The effects of the model
parameters are similar with both types of restoration uncertainty, so that a decreasing
economic profit heterogeneity ¢ or profit dynamics y, increasing discount rate ¢ and/or
increasing restoration time M increase E, i.e. the habitat turnover in the award-initiation
scheme relative to that in the award-completion scheme.

For the social discount factor of #=0.95 the results are almost identical (Table B1 in
Online Appendix B).

4 Discussion

In this paper a generic agent-based ecological-economic simulation model is developed to
explore whether conservation offsets should be implemented as “award-initiation schemes”
in which credits from habitat restoration are awarded immediately at the initiation of the
restoration process, or as “award-completion schemes” in which credits are awarded only
with completion of the restoration process.

The model considers a region with 100 land parcels, each of which can be managed for
conservation or for economic purposes such as agriculture. Economic use earns a profit
which varies among land parcels and changes over time. The model dynamics start with
a certain number of land parcels in habitat state and the others in economic use. As the
(potential) economic profit on a habitat parcel increases, the owner of that land parcel
may wish to develop the parcel to economic use, for which s/he needs to purchase a credit
on a credits market. Credits are supplied, as described, by landowners who are initiating
(award-initiation scheme) or completing (award-completion scheme) a restoration process
on their previously economically used land parcel.
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Two types of uncertainty in the restoration process are considered: uncertainty in the
duration and uncertainty in the success of the process. The two offset schemes are com-
pared for both types of restoration uncertainty with respect to (i) the cost (forgone eco-
nomic profit) per habitat parcel (measuring the cost-effectiveness of the scheme), (ii) the
variation in the scheme cost (coefficient of variation, over time, of the forgone profits
incurred by the conservation of land parcels), (iii) the variation (coefficient of variation
over time) in the number of habitat parcels, and (iv) the habitat turnover which is defined
as the average number of habitat patches developed into economic use between consecutive
time steps.

By construction, the award-completion scheme can guarantee that there is no net loss
(NNL) of habitat, while in the award-initiation scheme there can be temporary or even
permanent (if habitat restoration fails) habitat loss. To allow for a meaningful comparison
of both schemes, NNL on the long term average (defined by the weighted temporal average
of the number of habitat parcels (Eq. 4), where the weights measure society’s time prefer-
ence) is achieved in the award-initiation scheme by either raising the conservation target
(applied here if the duration of the restoration process is uncertain) or by introducing trad-
ing ratios so that the development of a habitat parcels is compensated for by the initiation
of the restoration of more than one economically used land parcels (applied here if the suc-
cess of the success of restoration is uncertain).

While previous ecological research strongly argues in favour of the award-completion
scheme the integrated consideration of the ecological and the economic dimensions leads
to more differentiated conclusions. On the average of the considered 500 random model
parameter combinations, both schemes have a similar level of cost-effectiveness, but a
more detailed inspection of the results reveals that (especially) if the economic profits on
the land parcels change fast over time and/or the mean duration of the restoration processes
is small the award-initiation scheme is more cost-effective than the award-completion
scheme while the opposite is observed for slow profit dynamics and large mean restoration
duration.

The variation in the scheme costs is generally (but not always!: cf. Section 3.2) higher
in the award-completion scheme than in the award-initiation scheme, while the opposite is
observed for the variation in the number of habitat parcels. This points to a different allo-
cation of the risk introduced by the uncertainty in the habitat restoration. Due to its tight
regulation that a habitat cannot be developed before another land parcel has been success-
fully restored, in the award-completion scheme the uncertainties associated with habitat
restoration translate into cost variation while the ecological benefit (NNL) is achieved with
certainty. In contrast, the looser regulation in the award-initiation scheme implies that less
of the restoration uncertainty translates into cost variation—at the expense that there is
variation in the ecological benefit (temporary habitat loss). How critical such temporary
habitat loss is depends on the traits of the species to be conserved (e.g., whether the species
is “r-” or “K-selected”: Begon et al. (2005)).

In the case of uncertain restoration duration the amount of habitat turnover agrees with
the habitat variation and is generally higher in the award-initiation scheme (with increased
target) than in the award-completion scheme. Interestingly, the opposite is observed if the
uncertainty is in the restoration success: the award-initiation scheme (with trading ratios)
leads to less habitat turnover than the award-completion scheme. Thus, there is not only
a trade-off between cost variation and habitat variation but also between habitat varia-
tion (minimised in the award-completion scheme) and habitat turnover (minimised in the
award-initiation scheme). Again, it depends on the traits of the species, among others its
ability to colonise restored habitat parcels (De Woody et al. 2005; Drechsler and Johst
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2010), which of the two is more adverse. The results are largely independent of time prefer-
ences in the definition of NNL.

Altogether, the two considered scheme designs appear to have different pros and cons
which to quite some extent depend on the ecological and economic circumstances. Among
the parameters of the present model, the speed by which the economic profits of the land
parcels change is the most important one which tends to increase cost-effectiveness and
habitat variation and reduce habitat variation in the award-initiation scheme relative to
those in the award-completion scheme. As expected, risk aversion in the landowners reduce
the cost per habitat of the award-inititation scheme relative to that in the award-completion
scheme, but interestingly, this effect is very small. An explanation for this is provided in
Online Appendix C. The importance of the risk aversion might change if a correlation
between the risk of restoration failure (¢) and the restoration time (1) was considered.

The discussion above points to some questions for future research. One follows from the
identified trade-offs between the amount of habitat that can be provided for given economic
cost and the amount of habitat variation and turnover, which all affect the survival of spe-
cies. Coupling the present model to an ecological population model would reveal which
scheme design is eventually able to deliver species conservation most cost-effectively, and
how this depends on the characteristics of the species.

Next to this, one could consider that the survival of species not only depends on the
dynamics but also on the spatial distribution of their habitat (Hanski 1999). On the eco-
nomic dimension, the importance of the spatial distribution of habitat for species has moti-
vated the introduction of the agglomeration bonus that rewards the conservation of land
close or adjacent to other conserved land (Parkhurst et al. 2002). In a static setting, Hartig
and Drechsler (2009) incorporated the agglomeration bonus into the coupled ecological-
economic simulation model of a conservation offset scheme, but the joint consideration of
both the spatial and the temporal dimensions is still a matter of future research.

While the present analysis focuses on the uncertainties associated with habitat restora-
tion, uncertainties in the dynamics of the profits of economic land use and credits prices
(cf. Drechsler and Hartig 2011) are ignored. Intuition suggests that in the presence of price
risks, risk averse landowners may hesitate to invest in habitat restoration, raising the cost
of the award-completion scheme. But, as in the case of the considered ecological risks
discussed above, it is not obvious how pronounced this effect would be. Future research
may explore this issue, as well as the effects of alternative profit models: while Eq. (1)
assumes monotonic changes, arising e.g., from developmental differences between regions
such as coast versus inland (Needham et al. 2021) or urban areas/fringes versus rural areas,
land prices may also change non-montonically due to economic cycles or shocks. One may
argue that a non-monotonic development could be split into monotonic segments and the
present model could be applied in each individual segment, but an explicit consideration of
non-monotonic changes may be an interesting area of future research. The results, however,
will likely depend on assumptions about the landowners expectations, in particular whether
they consider possible trend reversals in their decisions or not.

Another question of interest is how the present results and arguments carry over to “net
gain policies” which aim at a net increase in ecological benefits (Bull and Brownlie 2015).
Within the present framework there appears no obvious reason why this should not be the
case, but future research may explore this issue in more detail.

For simplicity, the considered model assumes two land-use types, economic use and
conservation, and development of conserved sites into economically used site must be
compensated for by restoring economically used sites. By this, the present analysis is simi-
lar to those of Chomitz (2004) and Kangas and Ollikainen (2019) where conservational use
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represents forestry and economic use represents (intensive) agriculture and industry like
mining, respectively. A slightly more complex setting was considered by Needham et al.
(2021) who considered three land-use types: conservation (with high ecological benefit),
agriculture (with medium ecological benefit) and housing development (with zero ecologi-
cal benefit), and where economic development changes agricultural sites to housing areas,
while ecological restoration changes agricultural sites into conserved sites. Despite this dif-
ference, restoration uncertainty and time lags should have similar effects as in the present
study, but it would be worth while to extend the present model to more than two land-use
types.

While inter-temporal trading such as the banking of credits is not considered in the pre-
sent analysis (where earned credits are sold on the spot), it plays a role in real conserva-
tion offset schemes (Levrel et al. 2017). Bekessy et al. (2010) consider it as a means for
insuring investors against the risks associated with the habitat restoration in award-com-
pletion schemes. Yet, to the author’s knowledge there is no modelling study that explores
the effects of banking in conservation offsets, which is another avenue of further research.

Further attention might be paid to known heterogeneities among the landowners. While
in the present analysis, e.g., the restoration time is sampled randomly, some land parcels
may be known to have longer restoration times than others, or their restoration may be
known to involve a higher risk of failure. The optimal levels of environmental protection
efforts over different agents can depend on the specific time lag associated with these
efforts (Kuwayama and Brozovi¢ 2017), so it could be advisable to consider known eco-
logical heterogeneity in the design of conservation offset schemes.

Lastly, it should be noted that the present results provide insights into pros and cons of
different temporal allocations of conservation credits (at the initiation or with successful
completion of a habitat restoration process), while the actual implementation of such offset
schemes (with trading ratios or increased targets) is beyond the scope of the analysis.

5 Conclusion

The present analysis provides another example, next to seminal ones like Ando et al.
(1998), that the integrated consideration of both the ecological and the economic dimen-
sions of a conservation problem can lead to quite different conclusions from those obtained
in disciplinary ecological or economic analyses. The answer to the question of whether
credits in conservation offsets should be awarded at the initiation or the successful com-
pletion of habitat restoration is much less clear than suggested by previous ecological
research. Both scheme designs appear to have their pros and cons which depends on the
circumstances. Especially in the face of fast economic change the award-inititation scheme
has considerable advantages on the economic cost side due to its higher flexibility (trans-
lating in a higher level of cost-effectiveness)—which however come at an increased eco-
logical risk. In line with arguments by zu Ermassen et al. (2020), one should not strike out
these cost advantages lightly but invest the saved costs to compensate for the increased eco-
logical risks, such as by financing conservation efforts in phases of temporary habitat loss.
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