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Abstract: Production possibility frontier (PPF) in economics denotes the set of all efficient combina-
tions of the amounts of two or more goods that can be produced from the given resources and within
the given technology. In the ecosystem services context, it corresponds to all efficient combinations
of the amounts of two or more ecosystem services that can be obtained from the given land area
within the given management framework. PPF thus captures the conflict, or trade-off, between the
production of different goods or services. However, there is a lack of an agreed understanding of
what precisely in a PPF expresses the degree of that conflict. This lack of clarity may greatly confound
the discussions on trade-offs. This paper tries to answer the two following questions: (1) what exactly
is trade-off in the PPF context? (2) how to effectively measure and compare trade-offs across PPFs? In
response to the second question, a quantitative generic measure of trade-off severity is proposed.
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1. Introduction

Increasing levels of consumption and increasing population put ever-greater pressure
on the planet’s ecosystems. Quantifying the limits of production of different values,
goods, and services, here denoted generically as ecosystem services (ES), has become an
increasingly important research task [1,2].

Production Possibility Frontier (PPF) is increasingly used by ES researchers as a
framework for ES assessments and for the discussion of the interwoven complexities of
trade-offs, multifunctionality and spatial scales [3-7]. In economics, PPF denotes the set of
all efficient combinations of the amounts of two or more goods that can be produced from
the given resources and within the given technology. Efficient implies that the production
of any of the goods cannot be increased without decreasing the provision of at least one of
the others. In the ES context, PPF thus represents the set of all efficient combinations of the
amounts of two or more ESs that can be obtained from the given land area within the given
ecosystem management framework.

Policies need to balance different societal goals, such as timber and food production
and biodiversity preservation, and resolve stakeholder conflicts. Thus, from the policy
point of view, the character of trade-off between management goals is important [8]. Trade-
off severity is generally conceived as the degree of conflict between the given management
goals [9,10]. As such, it is often seen as the basis for conflicts between stakeholders with
different ES preferences [11]. Trade-off alleviation (rather than change in stakeholder
preferences) is often sought as a remedy to stakeholder conflicts [12]. However, as will be
demonstrated further, the quest for trade-off alleviation and the discussion therearound
suffer from the vagueness of notions of trade-off and trade-off alleviation. It becomes
especially disturbing when it envelops the conceptually rigid and quantifiable PPFE. This
paper tries to alleviate the problem by answering the two following questions.

1.  What exactly is trade-off in the PPF context?

Sustainability 2023, 15, 16763. https:/ /doi.org/10.3390/su152416763

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su152416763
https://doi.org/10.3390/su152416763
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3810-3561
https://doi.org/10.3390/su152416763
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su152416763?type=check_update&version=1

Sustainability 2023, 15, 16763

2 0f 10

2. How to effectively measure and compare trade-offs across PPFs?

The questions are addressed analytically while also screening literature, mainly in the
fields of ES and sustainability, for instances of one or another view or approach. As an
answer to the second question, a generic measure of trade-off severity in the PPF context
is proposed.

2. What Exactly Is Trade-Off in the PPF Context?

Surprisingly, explicit definitions of trade-off are rather rare in the ecosystem service
and sustainability literature. Hopkins et al. [13] concur with this observation, noting that
“at best, synergies are defined as causal positive relationships and trade-offs as causal
negative relationship”. Cord et al. [14] also notice the rareness of explicit definitions of
trade-offs, defining them as “an antagonistic situation that involves losing one quality of
something in return for gaining another”. Deng et al. [15] reward us with the following
definition: “In the ecosystem services context, the definition of trade-offs is mainly derived
from the Millennium Ecosystem Assessment, which is defined as management choices that
intentionally change the services provided by ecosystems”.

Considering specifically the studies that employ the PPF framework, it appears that
most authors see no need for an explicit definition of trade-off, probably considering it an
integral part of the PPF logic. It happens, in fact, that PPF curves are straightforwardly
called “trade-off curves” [11]. However, both the commonplace understanding and the
explicit definitions that the author was able to find in the literature are compatible with
at least two interpretations in the PPF context—an ambiguity that can compromise any
discussion of trade-off alleviation. We will now turn to the two interpretations.

The first interpretation is as the slope of the PPF curve at the given point (dES1/dES2).
In economics, it is called the marginal rate of transformation (MRT). It corresponds to
the amount of one ES that has to be given up for a marginal increase in the second ES.
However, as MRT varies along the curve, so then must the trade-off severity (Figure 1). In
addition, swapping the ESs changes the value of MRT inversely and the direction in which
it increases. Consequently, according to this interpretation, the trade-off associated with a
certain ES provision combination can be alleviated simply by changing the ES provision
combination (i.e., moving from one to another point on the curve).

ES1

C

ES 2

Figure 1. Directionality and variability of MRT along a PPF curve. The value of MRT—the slope of
the curve—is different at points A, B and C. If expressed in terms of the change in ES1 for a change in
ES2 (dES1/dES2), the MRT is increasing from A to C. In the inverse case (dES2/dES1), it is increasing
from C to A.

A second possible interpretation of trade-off is the PPF curve as a whole. This interpre-
tation is cognitively more difficult as the curve represents a set of infinitely many trade-off
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situations with potentially different MRTs. Trade-off alleviation cannot, in this case, be
conceived as moving from one point on the curve to another, rather it must imply a change
in the whole curve. What curve represents a more severe trade-off and what a less severe is
a question that calls for a whole-curve trade-off severity measure. The following sections
will focus on the latter problem.

3. How to Measure Trade-Off Severity of a PPF?
3.1. Requirements on a Generic Whole-Curve Trade-Off Severity Measure

An effective generic whole-curve trade-off severity measure should fulfill the following
requirements.

e  The measure should be suited for comparing nested curves with coinciding or non-
coinciding intercepts (the scales of the curve axes need not be normalized).
The measure should be able to handle crossing curves.
The measure should account for the relative range of trade-off.
The measure should not be limited to curves generated by any particular mathemati-
cal function.

Nested curves with overlapping intercepts (Figure 2a,b) constitute the most facile
and intuitive case for comparison of trade-off severity. The more outward bent curve
represents an ecosystem management framework subject to less severe trade-offs than the
more inward bent curve. An example of comparisons made within such set of curves can
be found in Bakx et al. [16] who analyze trade-offs between carbon storage and the financial
value of forest harvests under different temporal and spatial constraints. Generally, the
convex curve, such as the dashed-line curve in Figure 2b, is the archetype of strong trade-off
and the concave curve, such as the curves in Figure 2a and the solid-line curve in Figure 2b,
is that of weaker trade-off.

Nested curves with non-coinciding intercepts refer to the cases when the represented
ecosystems or management frameworks differ in the maximum attainable levels of one
or both ESs. Figure 2c shows a concave and a convex curve, Figure 2d a pair of parallel
concave curves and Figure 2e a pair of non-parallel concave curves, all with non-coinciding
intercepts. In this case the curvature is either different or the same, and the absolute
amounts differ. A pair of parallel curves like in Figure 2d does not represent a change in
the degree of conflict and thus cannot be considered trade-off alleviation, even though it
constitutes a “win-win” (higher amounts of both services can be provided). A situation
like in Figure 2e is discussed in Haight [5] referring to the effects of improvements in
production technology on the decision maker’s chosen balance between production and
non-provisioning ESs concluding that the improvements in production technology will
further shift the balance towards production.

Crossing curves (Figure 2f) are challenging in that one of the curves is dominated by
the other over a part of the range and vice versa. Thus, even with coinciding intercepts,
it is difficult to judge which of them represents more severe trade-off. Crossing is more
likely to occur when at least one of the curves is S-shaped. For example, in Mora et al. [17],
S-shaped curves describe the plot level relationship between fodder and carbon stock and
between fodder and species richness in a tropical dry forest region.

Finally, it is important to consider the possibility of a trade-off relationship being
preceded by a positive (synergetic) relationship. This is a distinct feature of ES compared to
technical production systems. For example, when bare land or a degraded ecosystem is the
reference situation, increasing biomass stock will both deliver climate change mitigation
benefits and allow for regular biomass harvest. Moreover, it will likely bring some biodi-
versity benefits. Matthies et al. [18] demonstrate how an initially synergetic relationship
between climate mitigation benefits and biodiversity turns into trade-off in the later part
of the outcome range. Thus, when assessing trade-off severity, the relationship between
the outcome range with trade-off and the total outcome range need to be accounted for.
For example, while in Figure 2g, a trade-off relationship ranges from 0.7 to 1 of ES1 and
from 0.8 to 1 of ES2, in Figure 2h, it does so from 0 to 1 of ES1 and from 0.1 to 1 of ES2.



Sustainability 2023, 15, 16763

40f10

The obvious intuition is that the trade-off relationship is more prominent in Figure 2h
than in Figure 2f. It is likely that the failure to consider the full range of outcomes is one
of the reasons for contradictory or inconclusive results of meta-analyses such as Lee and
Lautenbach [19], concerning the nature (synergetic or trade-off) of the relationships within
different ES pairs.

ES1 ES1
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Figure 2. Examples of PPF curves. (a) Two concave curves with shared intercepts but with different
outward bents. (b) A concave (solid line) and a convex (dashed line) curves with shared intercepts. (c) A
concave (solid line) and a convex (dashed line) curves with different intercepts. (d) Two parallel concave
curves. (e) Two concave curves meeting at one of two intercepts (f) Two crossing s-shaped curves.
(g/h) Two curves with different relative ranges of positive (synergetic) and trade-off relationships.
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3.2. Current Approaches

The literature appears to agree with the intuitive idea that more outwards bent PPF
curves constitute “weaker” [20], “mitigated” [21], “reduced” [17], or “alleviated” [22]
trade-off. The author has been able to identify two common approaches to quantitative
ES trade-off comparisons without clear origins and the formal trade-off severity measure
proposed by Hegwood et al. [23].

A common way to quantify trade-off alleviation is to quantify the surplus, usually in
relative terms, in one of the ESs somewhere along the range of the other (Figure 3). While
this approach works for nested curves with coinciding intercepts, crossed curves cannot
be meaningfully compared in this way. Furthermore, it may lead to a wrong conclusion
concerning trade-off alleviation in case of parallel curves like in Figure 2d.

P(ES2) ES2

Figure 3. Comparing two PPF curves by measuring the increase in ES1 at an arbitrary point of ES2

range. P(ES1) is the provision of ES1 according to the dashed curve and P*(ES1) is the provision level
of ES1 according to the solid curve, both at the provision P(ES2) of ES2.

In some studies, the trade-off relationship between the features in question is defined
by a specific function containing a parameter controlling the curve shape. The parameter is
then used to communicate trade-off severity. For example, Egas et al. [20] use the following
model to describe the relationship between the levels of a species’ specialization on two
types of habitats.

=

(en)® + (en)* =1 (1)

where ¢;; and e, are foraging efficiencies in habitat 1 and 2, respectively, and s is a curve
shape parameter interpreted as trade-off strength. The relationship is convex with s < 1
(“strong trade-off”) and concave with s > 1 (“weak trade-oft”); with s = 1, the relationship
is linear. The obvious shortcoming of this approach is that the measure only exists within a
particular model.

Hegwood et al. [23] present an original trade-off severity measure defined as the
largest fraction X(n) of the maximum possible value of each of the n objectives that can be
achieved simultaneously (Figure 4). For example, if X(2) = 0.8, the highest simultaneous
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attainment of two objective is 80% of their maxima. This measure is somewhat like the first
of those presented in this chapter in that it focuses on the position of a single point on the
curve rather than capturing the whole “outwards-bendedness” of the curve.

»

’
’/

-
-
——_———

X(2) X’'(2) ES2

Figure 4. The trade-off severity measure of Hegwood et al. [10]. With n = 2 dimensions, X(2) and

X'(2) is the maximum relative simultaneous provision of ES1 and ES2 for, respectively, the solid and
the dashed curves. X'(2) > X(2), thus, the trade-off severity of the former curve is less.

4. A Generic Whole-Curve Trade-Off Severity Measure

The author proposes to measure trade-off severity as the ratio between the area above
the PPF curve (within the smallest rectangular encompassing the curve) and the total area
of the smallest rectangular encompassing the curve (Figure 5). The area above the curve is
calculated as the difference between the area of the rectangular and the area under the curve
obtained by integration. For mathematical expression, let a PPF curve be defined by the
function ES1 = f(ES2), ES1,0x and ES2,x denote the extremes of ES1 and ES2, respectively.
The trade-off severity TOS is then defined by Equation (2).

ESTmax X ES2yay — [ f(ES2)dES2

TOS =
ES1lyax X ES2ax

2

In the case of normalized scales (i.e., ranging between 0 and 1), the product of the ESs
maxima is equal to one, and the expression takes the form of Equation (3).

TOS =1 — / F(ES2)dES2 3)

Thus, when the shape of PPF is rectangular, TOS = 0, and there exists no trade-off
between the ESs: ES1 stays at its maximum level regardless of the level of ES2 and vice-
versa. When TOS = 1, the trade-off is absolute: as soon as ES1 > 0, ES2 is zero, and
vice-versa. All the intermediate situations fall between TOS zero and one.
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ES1

ES2

Figure 5. The trade-off severity measure TOS. The area difference between the rectangular shape
encompassing the PPF curve and the area under the PPF curve (divided by the area of the rectangular)
quantifies the trade-off severity of the given PPF.

The multi-dimensional case, withn ESy wherex=1...nand ESy = f(ESy,...,ESy),is
handled according to Equations (4) and (5), which are generalizations of Equations (1) and (2),
correspondingly. Here ES'** denotes the extreme of ES,.

 TI'_y ES!'™* — [ f(ES,,...,ESy)dES,, ..., dES,

TOS I EsT @)
x= x

TOS =1— /f(ESz,. ..,ES,)dES,,...,dES, (5)

To account for the relative range of trade-off, Equation (1) is modified by multiplication
with the ratio between the product of the trade-off ranges of each ES and the product of
their total ranges (Equation (6) and Figure 6). Since consideration of the relative trade-off
range in calculating TOS can result in widely different values than TOS calculated without
such consideration, a new notation—TOS,;,—is introduced for the range-adjusted trade-
off severity measure. Equation (6) defines TOS;, for the two-dimensional case with ES1

and ES2.

max _ ESlztnuin) x (ESZWmX — Eszltnuin

_
Tosru - ESTimax X ES2ax
"ES2
(ESlrtlax7E51£rtz)in) X (ESZmaxfEszgz)in)71};52&)”” (ESZ)dESZ

min
x (ES1,,,—ES1%. Yx(ES2,,,—ES2!° (6)

max min max mz'n)
(ES1,00—ES119;,) % (ES2,,00— ES210,, ) — [L270* (ES2)dES2
j— min

- ESmax X ES2pax

ES1
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Figure 6. Examples of different relative ranges of synergetic and trade-off relationships between ES.
(a) The synergetic relationship range is large compared to the trade-off range. (b) The synergetic
relationship range is small compared to the trade-off range. The rectangular area encompassing
the entire curve (0; ES14x) and (0; ES2;4x) is used to weigh TOS calculated within the range of the
trade-off relationship (shaded and patterned) (ESlfzm 5 ES1p4x) and (ESZ;‘;M ; ES2ax)-

ES1y.y and ES 1;2’1-” denote the maximum of the range and the lower limit of the trade-
off range for ES1, with corresponding notations for ES2. This is different from the initial
mode of calculation in Equations (2)—(5) where the trade-off relationship was assumed to
take place over the entire range (0; max) of the ES outcomes. Thus, Equations (2) and (3)
are special cases of Equation (6).

Equation (7) generalizes Equation (6) for multiple dimensions, with ESy wherex=1...n
is modified. All the previous equations are special cases of Equation (7).

n_(ESY™ — ESlominy — [ f(ES,, ...,ESy) dES,,...,dES,
TOSm = n Esmax
x=1 X

@)

Noteworthy, the trade-off severity measure presented here can also be used to mathe-
matically prove the statement that Hegwood et al. [10] prove using their severity measure:
that, with the number of ESs approaching infinity, the trade-off severity approaches its max-
imum regardless of the curvature of the trade-off surface. With ES™* = 1 and ESY ™" = (,
the calculation of volume under the PPF surface by multiple integration will involve raising
of some number between zero and one (exclusively) to the power of n, which, with n
approaching infinity, will result in zero. With other equation terms being equal to 1, TOS or
TOS,, will also be equal to 1. With ESY ™" > 0 and n approaching infinity, TOS,, does not
exist as it implies division by zero.

5. Example

Figure 7 presents TOS for a set of curves based on Equation (1) from Egas et al. [20]
withs =4, 1.5, 1, 0.6667, 0.25. Note that the innermost and the outermost curves, which
appear to be symmetric according to the values of s (4 and 0.25), are not so according to
TOS (0.95 and 0.12).
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ES1

Figure 7. A set of PPF curves with TOS values.

6. Conclusions

This paper discusses the concepts of trade-off, trade-off severity and trade-off allevi-
ation in the PPF context. It is suggested that the whole-curve interpretation of trade-off
is more robust than the local curve-slope interpretation. The scrutiny of the current ways
of measuring and communicating trade-off severity leads to the conclusion that they are
unable to support trade-off comparisons except in narrowly defined cases. Furthermore,
they, except the measure developed by Hegwood et al. [23], fail to draw distinction be-
tween trade-off alleviation proper and situations that imply a simultaneous increase in the
provision of two or more ESs (win-win) with unchanged trade-off severity. As a remedy,
a generic whole-curve quantitative measure of trade-off severity (TOS) is proposed. TOS
can be applied to curves of any shapes, crossing and non-crossing, as well as surfaces
in multidimensional spaces, in order to support comparisons of ES trade-offs under dif-
ferent ecosystem management frameworks or, indeed, applied in trade-off analyses in
any other field. In addition, a special variant of the measure (TOS;,) is proposed that
accounts for the often-dual nature of the relationship between ES: an initial synergy and
the ensuing trade-off.
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