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Abstract
Developing environmental conservation plans involves assessing trade-offs between the benefits and costs of conservation.
The benefits of conservation can be established with ecological inventories or estimated based on previously collected
information. Conducting ecological inventories can be costly, and the additional information may not justify these costs.
To clarify the value of these inventories, we investigate the multiple criteria value of information associated with the
acquisition of improved ecological data. This information can be useful when informing the decision maker to acquire
better information. We extend the concept of the value of information to a multiple criteria perspective. We consider value
of information for both monetary and biodiversity criteria and do not assume any fixed budget limits. Two illustrative cases
are used describe this method of evaluating the multiple criteria value of information. In the first case, we numerically
evaluate the multiple criteria value of information for a single forest stand. In the second case, we present a forest planning
case with four stands that describes the complex interactions between the decision maker’s preference information and the
potential inventory options available. These example cases highlight the importance of examining the trade-offs when
making conservation decisions. We provide a definition for the multiple criteria value of information and demonstrate the
potential application when conservation issues conflict with monetary issues.
Keywords Bayesian decision theory  Conservation planning  Decision analysis  Information updating 
Optimization  Simulation  Trade-offs

1 Introduction
Decisions should be made using and acquiring information
appropriate to the problem. In a conservation planning
setting where decisions need to be made on which potential
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areas should be protected, the information needed to make
decisions can relate to the qualities of the specific potential
conservation area, such as the productivity of the area, time
since human intervention or the inventory information on
specific species in the area. The information needs depend
on the specific conservation priorities. When prioritizing
conservation needs a wide set of factors may need to be
taken into account. This requires a balance between multiple, potentially conflicting conservation and economic
issues. These considerations will influence how the conservation problem is structured, and unique data acquisition
strategies may best guide the decision making process. In a
conservation setting there is a clear trade-off between
spending money to conserving larger areas and spending
money to ensure the highest quality areas are conserved.
This trade-off between using information currently
available, or the acquisition of improved information has
been formalized using the value of information (VoI)
(Raiffa and Schlaifer 1961; Eidsvik et al. 2015). The VoI is
often defined as the amount an individual is willing to pay
to be able to make the decision without uncertainty.
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Alternatively, the VoI can be defined as the willingness of
an individual to make decisions with more accurate information. The specific willingness to pay depends on the risk
preferences of an individual, with risk averse decision
makers willing to pay more for certainty than risk seeking
decision makers (Charness et al. 2013). Through the use of
a VoI analysis, the value and importance of obtaining new
information can be quantified, allowing the trade-off
between the costs and benefits to be explored.
The VoI has been shown to be of value in previous
environmental planning cases. Canessa et al. (2015)
examined the conservation options under certainty, uncertainty and updated uncertainty, and the potential benefit of
obtaining new information was described through the VoI.
The potential for evaluating the VoI for the specific case of
forest management has been reviewed, and the multiple
criteria perspective of the VoI has been suggested by
Kangas (2010). In the review, Kangas highlights the
potential application of Bayesian decision theory (Raiffa
and Schlaifer 1961) and Cost-plus-loss analysis (Burkhart
et al. 1978), she then describes factors which can impact
the VoI (Ketzenberg et al. 2007). While Kangas (2010)
highlights the potential of VoI for multiple criteria problems, she also notes a lack of analytical methods to calculate the VoI for multiple criteria.
Related to forest management context, the value of
improving forest data has been explored through several
frameworks. From a data quality and harvesting decision
framework, Kangas et al. (2015) evaluated the VoI for
making decisions to harvest a single forest stand (a predefined forested area with relatively homogeneous characteristics). The key idea was to evaluate the differences in
VoI between moderately improved data or perfect data,
each with different costs. From a forest holding perspective, Eyvindson et al. (2017) used a two-stage stochastic
programming framework to identify when the next holding
level forest inventory should be conducted. Through a risk
preference perspective, Eyvindson and Kangas (2016)
evaluated the VoI as a percentage improvement of the
objective function (maximizing the expected net present
value and while minimizing negative deviations from a
targeted periodic value obtained from the forest holding).
In a multiple criteria context, the VoI becomes a tradeoff between competing interests. In the presence of multiple conflicting objectives, the optimal solutions are called
Pareto optimal which means that none of the criteria values
can be improved without impairing at least one of the other
criteria values [see e.g. Miettinen (1999)]. Therefore, each
Pareto optimal solution represents a trade-off between the
criteria and the set of all Pareto optimal solutions is called
Pareto front. In a conservation planning perspective this
trade-off could be evaluated as the improvement of the
ecological benefits and the combination of the costs of both
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obtaining improved information and the opportunity cost of
conservation. These ecological benefits may involve multiple criteria [such as the protection of various species, or
ecosystem services (Juutinen and Mönkkönen 2004; Moffett and Sarkar 2006)]. The multi-unit VoI has been
explored by Bennett et al. (2018), where they address the
importance of considering multiple management units
(species, habitat areas) at the same time, with a fixed
conservation budget. Their work can be extended to
address this trade-off between the cost of information, and
value of conservation actions by utilizing preference
information from the person making the actual decision.
We propose that budgets should be flexible, able to adapt
according to the preference information and to the quality
of the conservation sites.
The key objective for this research is to develop a semianalytical method to calculate the multiple criteria VoI. We
do this first by utilizing a Bayesian decision framework to
identify the trade-off between improving the quality of
information and the costs associated with the improvement
for a specific stand. We allow the decision maker to freely
set her preferences between monetary and biodiversity
objectives. In our approach, the decision maker first
chooses an initial conservation decision and constructs an
indifference curve that describes her preferences. Monte
Carlo simulations are carried out to obtain multiple criteria
VoI for the possible inventory schemes. The decision
maker then chooses the ecological inventory scheme to be
followed, which will inform which conservation decisions
are made. The approach is first illustrated with a single
specified stand and extended to a multi-stand case. We
utilize the context of a forest planning case as a representation of land-use/management planning problems. The
results highlight how the VoI depends upon the specific
characteristics and qualities of the forest stands under
consideration.

2 Materials and methods
To clearly detail the process involved in calculating and
assessing the multiple criteria VoI, we first apply this
method to a simple case where a single conservation area (a
forested stand) will be protected or not. We then highlight
how the method can be applied to a multi-stand problem,
where one or more stands can be protected so that the
utility of the decisions is maximized. This is applied to a
specific cost-efficiency problem, where the decision maker
wishes to maximize the species richness in the set of protected stands while minimizing the costs for conservation
(both inventory costs and the opportunity costs to protect a
specific stand - later identified simply as the conservation
cost). Thus, the criteria are the costs associated with
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conducting inventories and conservation, and the expected
benefits from the conservation efforts. For both cases we
utilize explicitly stated preference information from a
decision maker. In the single stand case, the preference
information relates to the needed conservation value from
the stand, while for the multi-stand case we utilize preference information as an indifference curve describing the
preferred trade-off between conservation benefits and
costs.

2.1 Data
For both cases the data is based on field collected data in
forests from the Satakunta region of south western Finland
(Juutinen et al. 2009). In that study, multiple aspects of
interest to forest conservation were inventoried. To simplify the presentation of the method, we only utilize the
inventory information on the number of indicator woodinhabiting fungi at each stand. Wood-inhabiting fungi
species require old-growth forests with a diverse structure
of deadwood decomposition, and as a result may be a good
indicator of biodiversity of other desired species. Each of
the 70 inventoried forest stands in this data set are mature
or old-growth forest. The stands were grouped based on
their age structure (1:  80, 2: 81–95, 3: 96–110, 4: [ 110
years). We did this to link fairly readily available prior
information (age class information) to a distribution of
potential outcomes based on this information. The number
of used to represent the age classes differed, ranging from
14 to 21 per class. The distribution of the number of
indicator wood-inhabiting fungi found in the age class
groups is highlighted in Fig. 1. For each age class group, a
negative binomial distribution was fitted to the actual data,
to provide a modeled representation of the data. For presentation proposes in the single stand case, a Poisson distribution was used of stand 2, as the fitted negative
binomial distribution and the Poisson distribution were
nearly identical. The costs of conserving and inventorying
an example stand for each age class is provided in Table 1.
The variations in costs were related to the travel time
required to reach the particular stand.

2.2 VoI for conservation of one forest stand
Consider a simplified problem with one stand. The decision
maker will first make a decision r on inventorying the stand
and then make a decision d on conservation of the stand
(both decisions are binary). The conservation and the
inventory costs are denoted by b and c, respectively.
According to our prior information, Y, the number of
species in the stand follows a Poisson distribution with
known mean k. The value Y will be known exactly if the
inventory is made. The optimization problem maximizes

the combined utility from the conservation cost (U1 ) and
number of species conserved (U2 ). Assuming a risk neutral
decision maker, the optimization problem is written as
max hU1 ðr; dÞ; U2 ðr; dÞi ¼ maxhðbd þ rcÞ; dY i:
r;d

r;d

ð1Þ

The decision maker will define the limit y0 , a threshold
number of species conserved, and prefer the conservation if
Y  y0 . If Y is unknown, she will prefer the protection if
EðYÞ  y0 . The utility under the prior information (r ¼ 0) is
then specified as follows

hb; yi; if k  y0
max hU1 ð0; dÞ; U2 ð0; dÞi ¼
ð2Þ
d
h0; 0i; if k\y0 ;
where y is the true value of Y. Note that the real benefit is y
even in the case she did not conduct the inventory and,
therefore we use y instead of E(Y). If decision to conserve
the stand (d ¼ 1) is made, the true value of U2 remains
unknown to the decision maker, as she did not conduct the
inventory.
After the inventory, the decision maker learns that
Y ¼ y. The utility under the posterior information (r ¼ 1)
becomes

hðb þ cÞ; yi; if y  y0
max hU1 ð1; dÞ; U2 ð1; dÞi ¼
d
hc; 0i;
if y\y0 :
ð3Þ
The VoI is the difference of the posterior and prior utility
max hU1 ð1; dÞ; U2 ð1; dÞi  max hU1 ð0; dÞ; U2 ð0; dÞi
d
d

hIðy  y0 Þc þ Iðy\y0 Þðb  cÞ; Iðy\y0 Þyi;
¼
hIðy  y0 Þðb þ cÞ  Iðy\y0 Þc; Iðy  y0 Þyi;

if k  y0
if k\y0 ;

ð4Þ
where I denotes an indicator function. This provides the
decision maker values related to the expected loss/gain in
costs or conservation value.
To calculate the expected VoI, we need the cumulative
distribution function of the Poisson distribution
FðyjkÞ ¼ ek

y
X
kk
k¼0

k!

;

y ¼ 0; 1; 2; . . .:

ð5Þ

We also need to calculate the expected value of Y on the
condition Y\y0
Py0 1 kk ek
k k!
kFðy0  2jkÞ
ð6Þ
¼
;
EðYjY\y0 ; kÞ ¼ k¼0
Fðy0  1jkÞ
Fðy0  1jkÞ
and the expected value of Y on the condition Y  y0
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Fig. 1 The distribution of the
number of indicator species
found for each age structure
categorization. A negative
binomial distribution model was
fitted to the collected data, and
both are included to highlight
how well the model matches the
particular sampled distribution
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Table 1 Costs associated with conserving and inventorying a selected stand from each age class. These costs relate to the average conservation
cost and inventory cost for those inventoried stands
Costs (in ¤)

Age class 1

Age class 2

Age class 3

Age class 4

Conservation cost

48,000

66,000

40,200

35,600

Inventory cost

5100

5800

6200

5600

P1

2.3 VoI for conservation of multiple forest
stands

k k

k k k!e
k  kFðy0  2jkÞ
¼
:
EðYjY  y0 ; kÞ ¼
1  Fðy0  1jkÞ
1  Fðy0  1jkÞ
k¼y0

ð7Þ
The expected VoI becomes


E maxhU1 ð1; dÞ; U2 ð1; dÞi  max hU1 ð0; dÞ; U2 ð0; dÞi
d
d

hð1  Fðy0 jkÞÞc þ Fðy0 jkÞðb  cÞ; Fðy0 jkÞEðYjY\y0 ; kÞi;
¼
hð1  Fðy0 jkÞÞðb þ cÞ  Fðy0 jkÞc; ð1  Fðy0 jkÞÞEðYjY  y0 ; kÞi;

if k  y0
if k\y0 :

ð8Þ
A numerical illustration is presented in Sect. 3.1.
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For problems larger than a single stand, the complexities
increase due to need to include the more complex preference information into the decision problem. With multiobjective problems, there will be no single ’optimal’
solution, rather a set of Pareto optimal solutions. To find a
single solution, a human decision maker can provide their
preferences to further inform the decision making problem.
For the single stand case, the species limit y0 was used as
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preference information. For cases with J stands, a species
limit approach is not very appropriate as the conservation
decision d ¼ ðd1 ; . . .; dJ Þ is no longer binary (to conserve
or not), as we are evaluating the entire set of stands. Now,
the conservation decisions are to conserve a particular set
of stands, based on the information provided by the most
appropriate inventory scheme r ¼ ðr1 ; . . .; rJ Þ. The multiple stand optimization problem remains similar to the
single stand case. However, instead of a single value, the
preference information associated with this problem is
more complex due to interactions between multiple stands/
criteria. One way to realize this is to obtain an indifference
curve between costs and the sum of indicator species for
those stands conserved by asking questions from the
decision maker. With multiple stands, the multiobjective
formulation remains as maximization between two objective functions presented as
max hU1 ðr; dÞ; U2 ðr; dÞi
r;d
*
+
J
J
X
X
¼ max 
ðbj dj þ rj cj Þ;
dj Yj :
r;d

j¼1

ð9Þ

j¼1

Here the objective functions of the single stand problem (1)
are summed over the J stands under consideration. With
this multiobjective formulation we can explore the Pareto
front and find implementable decisions (consisting of
specific inventory and conservation decisions) by using
preference information from a decision maker. This can be
done through a variety of approaches, see e.g. Miettinen
(1999).
In order to realize this, we identify a procedure with the
following steps:
1. Find Pareto optimal conservation decisions based on
the prior information, i.e., when no new inventory
information is planned to be collected.
2. Let the decision maker identify the most preferred
conservation decision from the Pareto optimal decisions found in step 1.
3. Ask preference information from the decision maker
related to potential changes in the objective values to
obtain the indifference curve.
4. Simulate possible realizations of uncertain inventory
data for each inventory scheme.
5. Find Pareto optimal inventory schemes by maximizing
the objective in Eq. (10) and visualize them to the
decision maker.
6. Ask the decision maker to select the inventory
scheme to follow or change her preferences. If the
preferences are changed, continue from step 3.
7. Conduct the chosen inventory scheme and ask the
decision maker to make the conservation decision
based on the data collected in the inventory.

First, Pareto optimal conservation decisions based on
available data are identified in step 1. If the number of
stands considered is relatively small, all possible decisions
can be identified and finding the Pareto optimal ones is a
straightforward task. Otherwise, methods of multiobjective
optimization are needed to find the Pareto optimal decisions. In step 2, the Pareto optimal conservation decisions
found (or a subset of them if a large number is found) are
shown to the decision maker who is then asked to identify
the most preferred one. Since we here consider only two
objective functions (the sum of conservation and inventory
costs and the sum of species occurrence), the decisions are
easy to visualize just plotting them on a plane with the
objectives as coordinates (i.e., as a scatter plot). When
more objectives are added, advanced visualization techniques for high dimensional data are required [see e.g. Liu
et al. (2014)].
To find a single solution, the objective function presented in (9) requires preference information in steps 2 and
3, highlighting the intentions of the decision maker. An
option to elicit the preference information is through direct
elicitation. With a series of questions, an indifference curve
can be constructed using a method similar to the variable
certainty equivalent method (von Winterfeldt and Edwards
1986). The decision maker should be given specific information to allow for contextual orientation to the problem.
This can be done by presenting the set of Pareto optimal
conservation decisions for the case where no inventory
information is planned to be collected (step 1). The decision maker would first be asked to identify the most preferred Pareto optimal conservation decision in step 2. Then
in step 3, subsequent questions would aim to identify what
kind of conservation decisions would be as good for her as
the most preferred one (i.e., specifying preferable tradeoffs between objectives). In other words, the decision
maker should be able to identify decisions that are equally
preferable in terms of conservation benefits and monetary
costs. Once enough points are identified, a monotonic
spline can be fitted through the solutions to create a continuous curve. The indifference curve is specified by
function f that maps cost c to the number of species f(c).
The decision maker considers utility hc; f ðcÞi equally
preferable to the utility of her initial decision. For a more
detailed presentation on the methodology behind preference elicitation for multiple criteria decision making,
readers are directed to e.g. Belton and Stewart (2002) or
Greco et al. (2016).
After the preferences of the decision maker have been
identified, possible realizations of uncertain inventory data
are simulated for each inventory scheme in step 4. Then,
the Pareto optimal inventory schemes are identified and
visualized to the decision maker for further investigation.
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From the indifference curve, we can evaluate how the
costs of conducting inventories will impact the preferences
of the decision maker. Each inventory scheme has a
specific associated cost, and the inventory allows for the
ability to make a decision to conserve the stand based on
the potential realized conservation value. With each
inventory scheme, we can evaluate how the added information can change the conservation decisions. If an
inventory decision is made, this allows for the possibility to
adjust the conservation decision (in step 7) once the ’realized’ conservation benefit is revealed. The objective is
then to make decisions which maximizes the positive differences from the indifference curve for the entire distribution of potential outcomes.
To evaluate each of the potential inventory schemes, the
following model is used for a predefined inventory option
r :
!
J
J
X
X



max
ðdj yj rj þ dj EðYj Þð1  rj ÞÞ  f
ðdj bj þ rj cj Þ ;
d

j¼1

j¼1

ð10Þ
where f denotes the indifference curve. The objective
function in Eq. (10) maximizes the positive distance
between the conservation benefit from the actual decision
and the corresponding point in the indifference curve f for
the specific conservation and inventory cost (which can be
interpreted as the VoI). The function f describes the relationship between anticipated costs (conservation and
inventory costs) to the number of species conserved. For
the specific case when no inventories are conducted, no
changes will occur with the conservation decisions. Only
when inventories are conducted can the conservation
decision change. When all the inventory schemes are
evaluated by using (10), the Pareto optimal ones with
respect to change in expected costs and number of species
conserved are visualized to the decision maker in step 5.

3 Results
3.1 Single stand example
For a numerical illustration, assume the data is similar to
group 2 (where the age of the stands is between 81 and 95
years), using a fitted Poisson distribution, with the
parameter k ¼ 9:6, being the mean number of species in
the stand. We used a Poisson distribution due to the ease in
how the distribution is mathematically presented. The
conservation cost (b) is 66000¤, the inventory cost (c) is
5800¤, the threshold for the number of species conserved
(y0 ) is 12. As the expected conservation value is less than
12, the initial decision is not to conserve. We obtain
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Fð12jk ¼ 9:6Þ ¼ 0:82788
and
EðYjY  12; k ¼ 9:6Þ ¼ 13:6177. As k\y0 , the expected
VoI becomes
hð1  Fðy0 jkÞÞðb þ cÞ  Fðy0 jkÞc;
ð1  Fðy0 jkÞÞEðYjY  y0 ; kÞi
¼ hð1  0:82788Þ  ð66000 þ 5800Þ
 0:82788  5800; ð1  0:82788Þ  13:6177i

ð11Þ

 h17;159; 2:34i:
In other words, the expectation for this case is that if we
conduct an inventory, the expected cost of the certainty
equivalent is 17;159¤. This cost reflects the probability for
conserving a ’high conservation value’ stand. For this case,
obtaining additional information will be beneficial when
either the cost is low (negative but close to zero) and the
expected increase in biodiversity is high, or the financial
gain is large and the expected decrease in biodiversity is
small. This is value assigned to a risk neutral decision
maker where they are indifferent to take the gamble (in this
case conduct the inventory and spend money to conserve
the stand). On the other side, if we change decisions (from
not to conserve to conserve), the increase in the number of
species conserved would be greater than 2.
For an alternative numerical example, we can change y0
so that it falls below the expected value (k), for this case
y0 ¼ 7.
We
obtain
Fð7jk ¼ 9:6Þ ¼ 0:258
and
EðYjY\5; k ¼ 9:6Þ ¼ 5:11. As k [ y0 , the expected VoI
becomes
hð1  Fðy0 jkÞÞc þ Fðy0 jkÞðb  cÞ; Fðy0 jkÞEðYjY\y0 ; kÞi
¼ hð1  0:258Þ  5800 þ 0:258  ð66000  5800Þ; 0:258  5:11i
 h11;228; 1:32i:

ð12Þ
For this case, if we conduct an inventory, the expected
savings caused by not conserving the stand when the
conservation value is low is 11;228¤. This is value
assigned to a risk neutral decision maker where they are
indifferent to take the gamble (in this case conduct the
inventory and save money by not conserving the stand). On
the other side, if we change decisions (from conserve to not
to conserve), the decrement in the number of species
conserved would be greater than 1, due to lost conservation
value from ’low value’ conservation stands.
From the simple single stand example, the results can be
interpreted in a fairly straight forward manner. The decisions to be taken are to conduct an inventory on the stand,
and/or to conserve the stand. From the example portrayed
in Sect. 2.2, the specific species threshold limits (preference information for the single stand case) were y0 ¼ 12
and y0 ¼ 7. For the first case, if the decision is to conduct
no inventory, then the decision will be to not conserve the
stand. This decision is made as the expected species

Stochastic Environmental Research and Risk Assessment

richness conserved (k) is 9.6, which is less than the
threshold limit (y0 ) of 12. The multiple criteria VoI of
conducting an inventory is h17;159; 13:6i, as conducting
an inventory implies a probability of changing the decision
to from not conserve to conserve, the expected cost of the
information being 17;159¤. The cost represents the probabilistic change in the decision to conserve the stand when
the species richness of the stand exceeds the threshold limit
(y0 ). If the change of conservation is made, then the
expected number of additional species conserved is 2.34.
For the second case, if the specific threshold limit was
y0 ¼ 7 , then the initial decision is to conserve the stand.
For this case, the multiple criteria VoI of conducting an
inventory is h11;228; 1:32i as conducting an inventory
implies a probability of changing the decision from conserve to not conserve. The expected cost of the information
relates to the cost of the inventory plus the savings from not
conserving the stand, and the VoI represents a saving of
11;228¤. If the change of conservation is made (to not to
conserve the stand), then the decline in the expected
number of species conserved would be 1.32.

3.2 Four stand example
The multiple criteria VoI approach is applied to a four
stand conservation case study, where the costs of conducting a stand level inventory and the prior information on
the conservation benefits relate to the prior information of
the stand. As with the one stand example, we consider only
one conservation aspect (quantity of indicator polypore
species (wood-inhabiting fungi) at the stand) and the
monetary cost associated with conducting the inventory
and conserving the specific stand. For this case, we use the
negative binomial distribution to model all four stands in
this case.
Thus, to calculate the expected VoI, we need the
cumulative distribution function of the negative binomial
distribution:
Fðyja; bÞ ¼


y
X
Cða þ kÞ
k¼0

CðaÞk!

1
ð1 þ bÞ

k 

b
ð1 þ bÞ

k
;

y ¼ 0; 1; 2; . . .:

To comprehensively compare the set of inventory sampling
schemes, we evaluate all possible permutations of inventory and conservation decisions (16  16 ¼ 256). To aid in
comparison, we will focus on the Pareto optimal decisions
which relate to the decision maker’s specific preferences.
All calculations were performed using R, and the script can
be found at https://github.com/eyvindson/MultiVoi. The
basic premise of the script is the use of a Monte Carlo
simulation to evaluate a large number of potential conservation outcomes for the specific inventory methods, and

the conservation decisions then relate to the positive distance away from the indifference curve.
In this case, there are several variables and parameters in
use. The inventory decision: r ¼ ðr1 ; r2 ; r3 ; r4 Þ, and the
conservation decision d ¼ ðd1 ; d2 ; d3 ; d4 Þ on respectively
inventorying and conserving the stands j ¼ 1; 2; 3; 4. These
decisions are all binary meaning that either we conduct the
inventory and/or conserve the stand or not. The stand level
protection costs b ¼ ðb1 ; b2 ; b3 ; b4 Þ and the costs of
inventory c ¼ ðc1 ; c2 ; c3 ; c4 Þ are given in Table 1.
According to our prior information, Yj , the number of
species in the stand j follows a discrete distribution
obtained from previous inventory data collection. The
mean and dispersion depends on the forest stand characteristics. The value Yj will be known exactly if the inventory is made for stand j. To approximate the distribution of
the potential conservation benefits, we generate M observations of random variables Y ¼ ðY1 ; Y2 ; Y3 ; Y4 Þ. For each
generated set of observations, we calculate the Pareto front
of the combination of inventory and conservation decisions
ðr; dÞ.
Preference information was elicited from an expert
decision maker in the field of ecological management. The
decision maker was first shown the Pareto optimal conservation decisions when no inventory decisions were
taken (r ¼ ð0; 0; 0; 0Þ). The decision maker was then asked
to select the most preferred one. Then, follow-up questions
identifying potential indifference for costs at specific conservation benefits were asked. When first presented with
the task, the decision maker expressed some confusion
about how the information would be used. To ease these
concerns, we performed the task a second time to allow the
decision maker to be comfortable with her preferences.
Following the elicitation of the preferences through the
variable certainty equivalent method, a monotonic spline
was fitted to create a continuous curve.
The expected value results when no inventory decisions
were taken are displayed as the numbered points on Fig. 2.
The Pareto optimal decisions (those solutions which cannot
be improved upon with respect to one objective without a
decline in another objective) are shown in black while the
dominated ones (those solutions which can be improved
upon with respect to one objective without a decline in
another objective) are shown in grey. To interpret the
labeling of the conservation decisions (and inventory
schemes), Table 2 shows an interpretation of the numbered
points. The indifference curve is shown on Fig. 2 as
dashed, with the stated preference (i.e., preferred conservation decision) indicated by the bold numerical value (C6)
and stated indifference points highlighted as black dots
along the curve. With this indifference curve we can then
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Fig. 2 The outcomes of each of the 16 different conservation
decisions (where no stands are inventoried), and the indifference
curve provided by the decision maker (dashed line). Numbers in black
and grey denote Pareto optimal and dominated outcomes, respectively

explore how data collection (including inventory decisions)
can impact and change the conservation decisions.
From the multiple stand example, the preference information has been included as an indifference curve obtained
from the decision maker. The impacts of conducting each
specific inventory scheme were evaluated for all of the
conservation decisions. The impact of conducting the
specific inventory scheme were evaluated as the distance
from the indifference curve, and the conservation decision
with the maximal positive distance was selected as the best
option. To present the results we provide visualizations
Table 2 Explicit labeling of
both conservation decision and
inventory schemes (where
decisions to take conservation
or inventory actions or not is
respectively represented by 1 or
0)
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which highlight the interpretation of the decision process.
From the preference information portrayed on Fig. 2, calculations to determine the impact of how the inventory
schemes influence the decision were performed.
In Fig. 3, the deviations are calculated for each of the 16
inventory schemes highlighting the expected benefit for
each scheme. It can be seen that inventory scheme W4, i.e.,
conducting inventory in stand 4, provides the largest shift
in the indifference curve. For each of the inventory
schemes, the possibility exists that multiple conservation
decisions could be taken. This reflects the change in conservation decisions based on the information provided from
the conduct of the inventory. In a similar fashion as in the
single stand example, the multiple criteria VoI to conduct
this inventory scheme is h11; 987; 0:45i, respectively
referencing the increase in the expected costs and increase
in the number of species conserved. From Fig. 3, the
multiple criteria VoI can be evaluated for each of the
inventory schemes, through a comparison to the inventory
scheme which performs no additional inventories
(scheme V1). None of the inventory schemes cause an
increase in costs with a decrease in the number of species
(as simply measuring should not change the actual quantity
of species present). However by examining the improvement from the indifference curve, only a few inventory
schemes relate to a positive shift from the indifference
curve, while increasing expected costs. Thus, while positive interpretations can be made from each inventory
scheme, it is clear from decision maker’s preference perspective only a few inventory schemes dominate.
To examine the impact of utilizing the preferred
inventory scheme, a comparison of the individual simulated outcomes is presented in Fig. 4. This figure highlights

Conservation decision/inventory scheme

Stand 1

Stand 2

Stand 3

Stand 4

A1/V1

0

0

0

0

B1/W1
B2/W2

1
0

0
1

0
0

0
0

B3/W3

0

0

1

0
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0
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1

1

0

C4/X4
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0
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0
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0

0

1

1
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1

1

1

0
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1

1

0

1

D3/Y3

1

0

1

1
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0

1

1

1

E1/Z1

1

1

1

1
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expected conservation benefits at specific costs to the
decision maker. Depending on the context of the decision,
this method of elicitation may prejudice the decision
maker’s preferences.

0.5

W4
X4
W1

Change from indifference curve

0.0

X6

V1

W3 X2

4 Discussion

Y3

X5
−0.5

W2

X1
Y2
X3
−1.0

Y4
Y1

Z1
−15

−10

−5

0

Change in expected costs (thousands)

Fig. 3 The expected conservation and inventory costs, and the
associated improvement to the indifference curve for each of the 16
inventory decisions. The bold numerical values indicate Pareto
optimal inventory schemes. Only the inventory schemes are identified, the specific conservation decisions depend on what the inventory
information tells about the conservation value of the stands

the impact of the use of different inventory schemes will
have on the specific conservation decision. For the case
when no inventories were performed (V1) only a single
decision is made, to conserve two stands (C6). For the
cases when an inventory was performed (X4 and W4),
multiple conservation decisions are possible, as the
inventory information prompts changes in the conservation
decisions. The indifference curves are included to highlight
how the change caused by including inventory information
was calculated. For the case V1 (no inventories conducted),
the average of the outcomes falls directly on the indifference curve. For the cases X4 and W4, the median outcomes
for each conservation decisions fall above or below the
indifference curve. As the improvement from the indifference is small (0.45 species), the differences can be difficult to visualize.
Through an examination of the results we can
acknowledge the importance and potential to conduct
inventories on only a selected number of stands. For
instance, Table 3 highlights how the conservation decisions
change with the inventory scheme selected. Which stands
are inventoried (and resulting in which stands are then
conserved) depends on a variety of contextual information.
The key elements are the preference information, the costs
of the inventory, costs of conservation and the distribution
of the conservation benefits. For this case, the preference
information was acquired by presenting a baseline of

Being able to understand the importance behind collecting
more information enables decision makers to make
informed decisions regarding the trade-off between collecting more information and making decisions with the
currently available information. Here we examined the
trade-off between costs and a single indicator for species of
importance to conservation issues. In real world cases, the
trade-off will likely involve multiple indicators for biodiversity, where the costs of conducting an inventory may not
be easy to compare and understand. For instance, rather
than simply examining a single criterion related to conservation, we could have examined multiple criteria of
conservation importance, each with its own separate
inventory cost (Juutinen and Mönkkönen 2004). For these
cases, techniques for visualizing multidimensional
improvements may be of more importance. Alternatively,
interactive multiobjective optimization methods may be
useful in identifying the most appropriate inventory
scheme for the specific decision maker (Miettinen et al.
2016).
For this example, we made an explicit assumption that
the information we receive after conducting an inventory
contains no errors. With this assumption, we are evaluating
the maximum potential gain collecting additional information can provide (Birge and Louveaux 2011). This
assumption can be relaxed, and we can model the uncertainty of the inventory method used to collect the updated
information. If there are multiple potential information
sources available at different costs, the assessment could be
made for each potential information source or each possible permutation of the information sources. With multiple
indicators of interest, multiple potential inventory methods
possible and multiple forest stands under consideration, the
decision problem can quickly explode, thus the application
of some simplifications can be justified for practical
reasons.
A key difference between this work and other VoI
analyses, is that we have incorporated the cost of acquiring
additional information when assessing the VoI (Eidsvik
et al. 2015; Kangas 2010). When the costs of acquiring
additional information are not included in the analysis, the
costs of the data acquisition can be compared to the value
provided by the updated information. We have opted to
include the inventory costs in the VoI analysis, as the
benefit of collecting updated information relates directly to
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Fig. 4 The conservation decisions for a selection of the inventory
schemes. The box plots indicate the range of outcomes for a specific
conservation decision. The width of a box plot denotes the probability
of the conservation decision to be selected. The schemes which

conduct an inventory on multiple stands will have more specific
conservation decisions. The dashed line is the indifference curve from
the decision maker

the decisions to conserve specific stands or not. Our analysis allows for the comparison between the various
inventory schemes, with the natural comparison being the
no-inventory case (V1).
Selecting the most appropriate solution for a decision
maker will require some form of preference information,
which can be elicited in a variety of fashions (Belton and
Stewart 2002; Greco et al. 2016). For this case, we connected the preferences of the decision maker to the tradeoffs through an indifference curve. In connecting the
preference information to the objective functions we made
an assumption that the increased costs would require an
increase in the required conservation benefit, shifting the
indifference curve based on the total inventory costs. We
felt this assumption was reasonable, however this
assumption may not hold true for all decision makers. For
some decision makers, the inventory costs may be subsidized by another party or considered part of a separate
budget, limiting the shift to the indifference curve. To

examine all potential cases, a parameter (i.e. a real value
between 0 and 1) could be included to Eq. (10) which
limits the impact of the inventory costs will have on the
solution.
For decision makers to place confidence in the data
acquisition strategy, the implications of decisions must be
understandable. The method that we propose, guides the
decision maker to make decisions according to their stated
preferences, and the current understanding of the uncertain
elements. For the multi-stand case that we presented, the
best choice for this particular decision maker is to conduct
inventory scheme ‘‘W4’’, which inventories stand 4 and
based on the information obtained will conserve stand 3
and in addition either stand 4 or stand 1. As the distribution
of potential conservation outcomes is larger for stand 4, if
the inventoried value is larger than the expected conservation value of stand 1, the choice will be to conserve stand
4. If a general decision was made to simply acquire
updated information, the decision maker would be worse
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Table 3 The probability of
implementing a specific
conservation decision by
inventory schemes

Conservation decision
A1

B1

B2

B3

B4

C1

C2

C3

C4

C5

C6

D3

0

Inventory scheme
V1

0

0

0

0

0

0

0

0

0

0

100

W1

0

0

0

0

0

0

46.4

0

0

0

53.6

0

W2

0

0

0

0

0

0

0

10.1

0

0

89.9

0

W3

0

0

0

0

0

0

0

0

42.8

0

57.2

0

W4

0

0

0

0

0

0

51.5

0

0

0

48.5

0

X1

0

0

0

0

0

1.1

32.3

5.0

0

0

61.6

0

X2

0

0

0

0

17.1

0

20.0

0

19.5

0

43.4

0

X3

0

0

0

0

0

0

0

3.1

28.4

4.9

63.6

0

X4

0

0

0

22.2

0

0

27.2

0

9.3

0

41.3

0

X5
X6

0
0

0
13.4

0
0

0
0

0
0

0
0

37.3
27.9

6.0
0

0
18.2

2.5
0

54.2
40.4

0
0

Y1

0

0

4.4

0

14.7

1.0

18.8

2.5

18.0

0

40.5

0

Y2

0

0

4.3

20.3

0

0.8

23.3

0

9.0

1.5

40.8

0

Y3

7.2

6.2

0

15.0

9.9

0

16.6

0

14.3

0

29.1

1.7

Y4

10.7

0

5.9

24.6

0

0

0

2.9

16.0

1.8

37.8

0

Z1

5.9

9.1

5.6

13.4

8.7

0.5

13.3

1.4

11.5

1.2

27.5

1.6

Proportions (%) of each conservation decisions in the simulations, e.g. on the second row 53.6% of the
simulation runs to lead to decision C6 when inventory scheme W1 was applied. For each inventory
scheme selected, the probability related to selecting a specific conservation decision changes. Those
conservation decisions that were never selected were omitted from the table

off. Figure 3 shows the improved conservation result for a
similar expected cost (compare scheme Z1, collecting
information from all stands, to scheme W4 information is
collected on only 2 stands).
While we used an exhaustive approach to elucidate all
possible inventory schemes, for real applications this
approach would not be suitable. Rather, the use of optimization methods would be necessary to link decision
maker preferences to the modeled problem. For this case,
we used the exhaustive method to highlight the interactions
between the possible inventory schemes and conservation
decisions, but have designed the problem to be solved
through optimization. Including additional stands will
increase the problem size, and can make the exhaustive
approach time consuming, and difficult to understand.
In this analysis we chose to evaluate the a static state,
ignoring the potential impact time will have on the conservation value of the different stands. An implicit
assumption in the analysis is that for stands can be
inventoried prior to conservation. This assumption may not
hold, and there is a risk that the stand may be destroyed
prior to being inventoried or after being inventoried but not
yet conserved. Although a delay to conduct an inventory
may not be too long, conservation actions are efficient if
directed towards threatened sites. For forest stands threatened with harvesting actions, any delay in conservation
could result in felling of the stand.

There are many additional future avenues of research
into the potential costs/benefits of improving data quality
for conservation needs. While we focused on forest management, any environmental conservation effort could be
enhanced by understanding the impacts and potential
improvements by collecting additional information. We
explored the relatively easy case of measuring the single
metric on biodiversity as the sum of the number of species
per stand. More informative metrics could be to evaluate
the species richness, where biodiversity is measured as the
number of different species conserved (Juutinen and
Mönkkönen 2004). As biodiversity involves multiple species and species groups, multiple metrics should be
simultaneously considered, to address the quantity and
diversity of various species or species groups. Ecological
information may be spatially correlated, and if estimates on
this correlation are available, it should be explicitly considered when evaluating the VoI (Bhattacharjya et al.
2010). Additionally, when considering the ecological value
of conservation, the spatial and temporal context of the
conservation efforts should also be considered (Fahrig
2017), in addition to the specific stand level conservation
value. How a particular forest stand will influence the
overall ecological value depends on the context the stand
provides. The stand could enlarge a current conservation
area, or act as a ’stepping stone’ linking habitat areas for
different species (Saura et al. 2014). To be applied to a VoI
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context, the ecological conservation value needs to be
stated explicitly. With an accurately defined objective
function, optimization tools can be used to evaluate the
most appropriate decisions for the specific preferences of a
decision maker.

5 Conclusions
Basing conservation decisions on previously acquired data,
or using secondary proxies to estimate the conservation
potential can be a useful alternative for decision makers.
By linking inventory plans to the process of conservation
planning, a more efficient use of monetary resources can be
expected. While we have shown results for a very small
case, the method can be applied to larger, and more realistic cases. Methodological use of the VoI can lead to an
improved use of currently available conservation data,
guiding the conduct of field work to provide the most value
to the decision makers.
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