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Abstract: This paper provides a brief overview of methods to incorporate ecosystem service values
into measures of agricultural total factor productivity (TFP), both in theory and in practice. This
includes a review of the academic literature, a summary of related economic index theory, and a
comparison of agency guidelines. We consider areas of consensus between the agencies and the
research literature, as well as open debates surrounding the implementation of a standardized
ecosystem accounting framework to integrate with existing TFP measures. This helps to bridge the
gap between theoretical approaches to measurement and valuation in the research literature and their
implementation in practice by national accounting agencies. Better connecting theory to practice
also serves to highlight common challenges in the field, including questions of definition, scope, and
scale for ecosystem services, as well as data collection and dissemination. We end with a summary of
recommendations for moving forward.
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1. Introduction

Perhaps more than any other economic sector, agriculture and the environment are
intimately linked. Natural resources, including soil and water, serve as key inputs into
agricultural production. In turn, agricultural production affects these vital resources,
both in terms of scarcity and quality, as well as the climate governing their function.
Globally, agricultural production remains a leading contributor to both soil and water
degradation and greenhouse gas emissions. At the same time, population growth and
economic development exert ever-increasing pressure to increase production in order to
meet global food demands. This highlights the need to better understand the role of the
environment in agricultural production, better assess the potential for growth, and better
account for both resource stock and quality on a global scale.

The United Nations (UN) Millennium Ecosystem Services Assessment (MA) defines
ecosystem services as the benefits people obtain from ecosystems. These include provisioning
services such as food and water; regulating services such as regulation of floods, drought, land degra-
dation, and disease; supporting services such as soil formation and nutrient cycling; and cultural
services such as recreational, spiritual, religious, and other nonmaterial benefits [1]. Agriculture
and ecosystem services are closely intertwined, giving rise to the term “agro-ecosystem”
to denote the complex relationships between agricultural production and surrounding
ecosystems. While agriculture often benefits from provisioning and regulating services,
production can also affect the quality and quantity of these services, in both sustaining and
degrading ways.

Total Factor Productivity (TFP) provides a general framework for modeling agricul-
tural production and constructing aggregate index measures to allow for the multilateral
assessment of agricultural productivity. Standard agricultural TFP measures the growth
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in total marketed agricultural output relative to the growth in total marketed input use,
constructed as a ratio, where TFP values greater than one indicate overall gains to pro-
ductivity. Standard TFP measures thus exclude any non-marketed natural resources and
environmental effects.

We examine recent efforts to adapt standard TFP measures to include ecosystem service
values, both in theory and in practice. This includes a review of the academic literature, as
well as a comparison of current national and international statistics agency guidelines. The
paper proceeds as follows. In the next section, we overview the theory underlying standard
TFP measures and its adaptation to incorporate environmental measures. We then review
recent advances in the literature, focusing on questions of measurement, aggregation,
and valuation. Next, we connect these advances to the current guidelines practiced by a
number of Organization for Economic Development and Cooperation (OECD) member
countries and the UN. This leads to a discussion of data requirements for the successful
implementation of both the theory and guidelines and extant data needs. We consider
areas of consensus, both between the literature and guidelines, and between the statistical
agencies, as well as open debates for future research. We conclude with a summary of
recommendations for moving forward.

2. Modeling Agricultural TFP
2.1. The TFP Concept

Total factor productivity (TFP), also termed multifactor productivity (MFP), relates
total output quantity to total input quantity to provide an aggregate measure of economic
performance. The TFP concept can be applied at different levels of economic production,
from individual producers at the micro level, to the industry/sectoral level, to the national
economy as a whole. Increasing TFP values result from output growth exceeding input
growth, indicating improved economic performance. Economic index theory provides a
theoretical framework for constructing TFP indices in practice, including key topics related
to measurement and aggregation. We overview these methods below, and then compare
their use in practice by leading agricultural research agencies.

2.2. Theoretical Framework for TFP

The OECD Productivity Manual [2] overviews the main types of productivity measures
used by the national statistics agencies, emphasizing that the choice of measure depends
on both the measurement purpose and data availability. In general, these productivity
measures can be constructed as the ratio of an output index to an input index, in either
gross or value-added terms. Specialized measures for capital and labor productivity
restrict inputs to these respective types, while TFP (or MFP, using the manual terminology)
combines capital and labor into a single input quantity index. TFP/MFP accounts that
integrate capital (K) and labor (L) inputs with intermediate inputs energy (E), materials
(M), and services (S) are often referred to as ”KLEMS" accounts. The OECD guidelines [2]
note that this integration makes KLEMS-type accounts the most appropriate measure for
assessing technical change (the World KLEMS Initiative hosts a platform for accessing
KLEMS-type data sets worldwide, including links to regional networks such as the EU
KLEMS and Asia KLEMS, and statistical KLEMS databases published by national statistical
institutes. See https://www.worldklems.net/wkhome (accessed on 22 January 2022)).

2.2.1. Economic Index Theory

Economic index theory connects index number formulae to the theoretical assumptions
made for economic production processes, often termed the production theoretic approach
to index numbers. A rich literature now exists in this area, pioneered by [3–7]. The
Laspeyres, Paasche, Fisher, and Törnquist indices emerge as the most widely implemented
indices under the production theoretic approach. Laspeyres and Paasche indices aggregate
quantities using base vs. current period values, respectively. The Fisher index takes the

https://www.worldklems.net/wkhome
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geometric average of the Laspeyres and Paasche indices, while the Törnquist index weights
this geometric average by the individual quantity component shares.

In [8], the authors overview these indices for aggregate quantities, letting xt ∈ <M
+ ,

qt ∈ <N
+ , wt ∈ <M

+ , pt ∈ <N
+ denote aggregate inputs, outputs, and their respective prices

in time t. Corresponding aggregator functions, Xt and Qt, combine input and output
quantities into a single scalar value, so that aggregate productivity in time t, TFPt =

Qt
Xt

.
To measure TFP change from a given base period, time s, to time t, the corresponding TFP
index is TFPIst = TFPt

TFPs
= QIst

XIst
, where QIst = Qt

Qs
and XIst = Xt

Xs
. Additionally, let shmt

denote the cost share of the m-th input and shnt denote the income share of the n-th output.
Using this notation, the four indices above can be defined as:

i. Laspeyeres: TFPILA
st = p′sqt/p′sqs

w′
sxt/w′

sxs
=

QILA
st

XILA
st

;

ii. Paasche: TFPIPA
st =

p′tqt/p′tqs
w′

txt/w′
txs

=
QIPA

st
XIPA

st
;

iii. Fisher: TFPIFI
st =

(p′sqt p′tqt/p′sqs p′tqs)0.5

(w′
sxtw′

txt/w′
sxsw′

txs)0.5 =
(QILA

st QIPA
st )0.5

(XILA
st XIPA

st )0.5 ;

iv. Törnquist: TFPITO
st =

N
∏

n=1
q0.5(shns+shnt)

nt

M
∏

m=1
x0.5(shms+shmt)

mt

.

The input and output components of the Törnquist index are also commonly defined
in log form, giving rise to its alternative name, the translog index. In [9], the authors review
each of these indices, including key properties from index theory and their associated
decompositions into efficiency, revenue, and cost share changes, and provide an axiomatic
framework for choosing the appropriate index in practice. Note that each of the indices
incorporate price-based weights for aggregation. As [8] explains, “The intuition behind
the use of price-weighted aggregator functions is that we should use weights that reflect
the relative importance, or value, of each input or output to the firm”. Efforts to include
non-marketed ecosystem values draw on a similar intuition, using non-market valuation
methods to estimate their relative values for aggregation (see Section 3).

In [6], the authors call for the use of superlative index numbers, which can be directly
derived from or are exact to second-order approximations or flexible aggregators of twice
differentiable linear homogeneous functions, including utility and production functions
from economic theory. The family of superlative index numbers includes the Törnquist
index, which is exact for the translog functional form, and the Fisher ideal index, which is
exact for the quadratic functional form. The translog and quadratic forms are commonly
used to specify production, cost, revenue, and distance functions.

The Malmquist quantity index [4] is also widely applied to estimate TFP, stemming
in part from the seminal work of [10]. The Malmquist index employs Shephard distance
functions [11], which measure the feasible radial expansion of outputs for given inputs
and the feasible radial contraction of inputs for given outputs. Distance functions thus
serve as a measure of relative efficiency for individual production units and provide an
estimate of the underlying production technology. As the OECD manual [2] notes, the
Malmquist relaxes two strong assumptions made by the four indices above: (i) firms or
establishments are economically efficient, and (ii) technologies exhibit global constant returns to
scale. Real production processes, including agriculture, likely violate these assumptions to
varying degrees.

Distance functions themselves impose no functional form for the technology and do
not require price data for aggregation. This second property, in particular, lends well to
environmental applications in the absence of market prices for environmental quantities,
such as ecosystem services, and there is now a large literature on their use in this area (see
Section 3). The Malmquist index can also be related to the Fisher and Törnquist indices
in exact representation terms by specifying the composite distance functions in quadratic
form for the first case and translog form for the second case. The Malmquist index also
allows for a number of economically meaningful decompositions of TFP, most notably
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into separate measures of efficiency change and technology change [7,10,12], though [8]
critiques this decomposition due to the Malmquist’s lack of multiplicative complete-
ness (Ref. [8] defines multiplicative completeness: let TFPI(xt, qt, xs, qs) denote an index
number that compares TFP in period s with TFP in period t using period s as the base.
TFPI(xt, qt, xs, qs) is multiplicatively complete if and only if it can be expressed in the form
TFPI(xt, qt, xs, qs) = [Q(qt)/X(xt)]/[Q(qs)/X(xs)] where Q(.) and X(.) are non-negative
non-decreasing linearly-homogeneous scalar functions).

One additive indicator analogue, as [8] notes, to the Malmquist is the Luenberger
indicator [13], which employs non-radial directional distance functions. The Luenberger
does satisfy the completeness property (in differenced rather than ratio form), along with
several other desirable index properties [14].

2.2.2. Estimation

Empirical estimation of the indices above can follow one of three general approaches:
(i) the growth accounting/index number approach, (ii) production function-based approach,
and (iii) productivity and efficiency analysis. Within and across these general approaches,
estimation can employ both parametric and nonparametric methods.

The index number or growth accounting method takes a direct approach to estima-
tion, using an industry’s observed change in inputs and outputs, along with prices, to
compute TFP. This is the approach taken by OECD, KLEMS, and the U.S. Bureau of Labor
Statistics and Bureau of Economic Analysis (BLS-BEA) Integrated Industry-Level Produc-
tion Account. Separating inputs into capital (K), labor (L), energy (E), materials (M), and
services (S), aggregate output growth in time t is modeled as

∆lnQt = wK∆lnKt + wL∆Lt + wE∆Et + wM∆M + t + wS∆St + ∆TFP, (1)

where Q denotes aggregate output, w denotes the income factor share for each respective
input, and ∆TFP represents the share of aggregate output growth unexplained by aggregate
input growth. In essence, the growth accounting approach models TFP growth as a residual.
The input factor shares serve as weights for aggregation to approximate the production
elasticities for each of the input categories. Note, the index number method in (1) relies on
constant returns to scale for the production technology, meaning that proportional increases
in all inputs result in the same proportional increases in all outputs. OECD [2] notes three
additional simplifying assumptions made by the growth accounting approach, which if
met (approximately) allow for the construction of TFP indexes based solely on observed
price and quantity data. These simplifying assumptions are as follows:

• Production processes can be represented by production or transformation functions
at various levels of the economy. Production functions relate maximum producible
output to sets of available inputs;

• Producers behave efficiently—i.e., they minimize costs and/or maximize revenues;
• Markets are competitive, and market participants are price-takers who can only adjust

quantities but not individually act on market prices.

The remaining estimation methods relax these assumptions to varying degrees. The
production function approach employs econometric techniques to estimate production
elasticities for inputs, without imposing income shares for aggregation, and not necessarily
imposing constant returns to scale. OECD [2] notes several drawbacks, however, for this
approach in practice by statistical agencies. These include i) difficulty in routine updating,
due to re-estimation of systems of equations; ii) difficulty communicating methodologies
to a broad audience; and iii) difficulty releasing timely results due to significant data
requirements. These difficulties make the production function approach more appropriate
for academic research and case studies. The production function approach is employed
by the EU Economic and Financial Affairs Council (ECOFIN) to estimate potential TFP
growth. Key references in the literature include [15–18]. In [19], the authors also provide a
comprehensive review focused on the production function approach to productivity.
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Productivity and efficiency analysis methods relax the efficiency assumption, allow-
ing for the estimation of both firm-level and aggregate inefficiency in production. This
approach employs distance functions to model the production technology at given points
in time and construct TFP indexes to decompose productivity into both efficiency change
and technology change, in addition to the standard decompositions under efficiency as-
sumptions. Estimation can either employ econometric methods, generally referred to as
Stochastic Frontier Analysis (SFA), or nonparametric linear programming methods, known
as Data Envelopment Analysis (DEA), though recent efforts to merge the two also exist
(Kuosmanen and Johnson, 2010; Parmeter and Zelenyuk, 2019). Both estimation approaches
allow for non-constant returns to scale. The literature is vast. For methodological overviews,
see Kumbahakar and Lovell (2000) for SFA and Coelli et al. (2005) for DEA. For a recent
comprehensive review of both approaches, including theory and application, see Sickles
and Zelenyuk (2019).

2.3. Existing Agricultural TFP Indexes

Given the role of agriculture in feeding populations, trade, and the global economy,
national statistics agencies and international bodies such as OECD and the UN devote
considerable resources to measuring agricultural TFP. More broadly, three international
agency manuals guide TFP index construction in practice [20]. The 2009 UN System of
National Accounts (SNA) provides a set of internationally accepted standard accounting
rules for tracking economic activity in any country, disaggregating the economy into
production units and household units, whose income represents their economic production.
The OECD Productivity Manual [2] provides a comprehensive theoretical framework for
measurement to facilitate international comparisons at different levels of aggregation. At
the sectoral level, the Eurostat (European Commission, 2000) manual for the Economic
Accounts for Agriculture and Forestry [21] applies the SNA classification guidelines to
the sectoral accounts. In addition to these, the United States Department of Agriculture
(USDA) Economic Research Service (ERS) Agricultural Productivity Accounts have served
as a leading model for measuring agricultural productivity [20].

Beginning with the output component to TFP, [22] overviews and compares the
leading agency guidelines for measuring gross output for agricultural product accounts,
focusing on the SNA [23] and OECD [2] guidelines, as well as the European Commission
(EC) Economic Accounts for Agriculture (EEA) [21], the ERS TFP program [20], and the
UN Food and Agriculture Organization (FAO) Global Strategy to improve Agricultural
and Rural Statistics manual [24]. Key insights for output quantity include the following:
first, only the FAO recommends using the value-added (as opposed to gross) approach to
measure production output. ERS addresses the two as complements at the industry level,
but states that gross measures are more appropriate because they do not impose the arbitrary
and generally unsupported assumption of weak separability of the underlying production function
between labor and capital provided by the sector and inputs provided by other sectors. The EEA
excludes production for intermediate consumption, but includes intermediate production.
The EEA also excludes on-farm losses, referring to the resulting measure as usable gross
output. Areas left unaddressed by all of the manuals include commodity specificity (i.e.,
level of detail and disaggregation of commodity outputs) and the need for supply–demand
balance (i.e., the adding up of output quantities produced vs. output quantities used).
The manuals largely conflict on the treatment of intrasectoral use, which serves as an
intermediate input, but must often be estimated from inventory data.

For output prices, there is a consensus regarding the use of basic unit prices, including
unit subsidies, to value gross output. Furthermore, purchaser prices may be used in the
absence of basic prices as a way to derive the basic unit price or, in the presence of basic
price data of unknown quality, as a way to validate basic unit prices. Related to this,
there is little consensus on which subsidy policies to include in basic prices; for instance,
product subsidies vs. practice subsidies. For intermediate inputs and intrasectoral use, data
availability and quality of inventory tracking pose a shared obstacle across agencies.
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Turning to the input component of TFP, one important aspect across existing indices
concerns distinguishing between the flow of services and the stock of input variables
(Fuglie et al., 2016). For example, services flowing from agricultural land and capital
should be reflected in their rental rates, which are often more readily available for land
than for capital. This distinction between service flows and stock values is also relevant for
ecosystem service accounting (see Section 3). In both cases, it is the flow of services in each
year that serves as the actual input into the production process.

Another aspect, relevant to both the input and output components, concerns qualita-
tive adjustments to index values [25]. For instance, while some of the accounting agencies
do include agricultural land area as a capital input for agricultural TFP, they do not account
for changing land quality over time (e.g., loss of fertility or increased erosion), with the
exception (at least to some extent) of ERS [26]. In [25], the authors suggest two approaches
to account for quality. The first is to disaggregate the input into qualitative classes; for
instance, separate land quality categories, and then track changes in the composition of the
input classes over time [27]. Alternatively, input prices should reflect qualitative attributes
in competitive markets, so that as the distribution of these characteristics change over time,
prices could be used to normalize the input to a constant quality unit [28]. Both approaches
are consistent with the OECD guidelines to measure production in constant quality units.
In [20], the authors also address quality adjustments, presenting a simple model of produc-
tion with quality change to illustrate the identification issues in disentangling changes to
output quality and changes to TFP. While changes to input quality simply move produc-
tion along a given output frontier, changes to output quality shift the frontier, along with
changes to TFP. Again, there are direct parallels for ecosystem service accounting, where
often the services contributing to agricultural production depend on ecosystem condition.
We consider this aspect more for ecosystem services in the next section.

3. Incorporating the Environment
3.1. Ecosystem Services
3.1.1. Classification and Accounting Methods

The MA [1] classification of ecosystem services into three types (provisioning, regulat-
ing, and cultural) provides a starting point for identifying the different types of services
related to agro-ecosystems. Ref. [29] develop a standardized approach to measurement,
drawing on gross domestic product (GDP) accounting methods to restrict analysis to final
ecosystem services. They define final ecosystem services as components of nature directly
enjoyed, consumed, or used to yield human well-being. They offer two alternative approaches to
measurement, constructing a “Green GDP" based on final welfare benefit and an ecosystem
service index (ESI) based on final contributions to both welfare and the ecosystem. Figure 1
illustrates these two approaches to measurement.

Figure 1. Green GDP vs. Ecosystem Service Index (ESI). Source: [29].
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Measurement under either approach requires first defining standardized units of
account and then specifying appropriate weights for aggregation, in the absence of market
prices. To standardize the unit of account, ref. [29] defines services in terms of final end
product components or characteristics rather than also including intermediate functions
and processes. They offer as an example the conventional GDP corollary for manufacturing,
where only the final manufactured good, and not the intermediate manufacturing process,
would be included. They further distinguish quantities in terms of total (stock) and changes
to the total (flows), which allows them to draw on duality relationships in production
theory to value individual ecosystem services in terms of their marginal product as inputs
into final marketed goods, such as agricultural products. When the ecosystem service
is itself the final consumed product or an input into another nonmarketed benefit (e.g.,
the recreation benefit from bird-watching), then willingness to pay estimates from the
non-market valuation literature could be used as value weights for aggregation.

A number of studies (900+ citations) build on the framework from [29]. Notably, [30]
maintains a similar focus on ecological components as quantity outputs, but argue that
classification should also depend on the decision context or motivation for which ecosystem
services are being considered. Relevant decision contexts include education, benefit–cost
analysis, landscape management, and public policy. They also argue that the supporting
structures and processes, considered intermediate inputs by [29], should themselves be
considered as services if (and only if) they benefit humans. Figure 2 conceptually links
ecosystem structure, processes, services, and benefits to humans.

Figure 2. Linking intermediate and final services to human benefits. Source: [30]. The conceptual
relationship between intermediate and final services, also showing how joint products (benefits) can
stem from individual services. Intermediate services can stem from complex interactions between
ecosystem structure and processes and lead to final services, which in combination with other forms
of capital provide human welfare benefits.

Related to the importance of the relevant decision context, ref. [31] argues for multiple
classification systems. In [32], the authors review the evolution of ecosystem service defini-
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tions, identifying four main approaches to classification: Natural Science [33–35], Ecology–
Economics Hybrid [36,37], Economics [29], and Generalized or Public Policy [1,38].

Moving from definition and classification to application, much of the literature per-
tains to specific types of ecosystem services. Examples with implications for agricul-
ture include hydrologic services [39,40], soils [41], estuarine and coastal services [42],
and pollination [43].

In practice, government agency guidelines also shape current ecosystem service ac-
counting. Examples include the Final Ecosystem Goods and Services Classification System
(FEGS) and National Ecosystem Services Classification System (NESCS) developed by the
US Environmental Protection Agency (EPA); The Economics of Ecosystems and Biodiversity
project (TEEB), developed by the European Commission; and The Common International
Classification of Ecosystem Services (CICES), developed by the European Environmental
Agency (EEA) and now contributing to the broader System of Environmental–Economic
Accounting for Agriculture, Forestry, and Fisheries (SEEA AFF) led by the United Nations
Statistical Division (UNSD).

3.1.2. Challenges

One basic challenge to accounting for ecosystem services lies in reconciling the differ-
ent definition and classification systems used in the literature and in practice. In [44], the
authors summarize and compare the main classification systems from both the literature
and agency guidelines, noting that they share more in common than in difference on key
points. This suggests some progress towards convergence to a common definition and
classification system that could be applied for global accounting.

Valuation poses another basic challenge to accounting. This includes the determination
of which values to include and which methods to use. Types of value include both economic
value to humans and non-economic values related to principles of fairness and equity, as
well as ecological value [45]. Restricting to economic values, arguably most relevant
to agricultural TFP, valuation methods include both consumption-oriented stated and
revealed preference approaches [46], as well as production-oriented shadow price [47] and
production-function approaches [48].

The SEEA AFF White Cover [49] lists a number of general accounting issues in practice.
These include defining product scope (e.g., livestock rearing vs. slaughter); treatment of
intra-unit flows (e.g., saving seed for future crops); treatment of own-account produc-
tion (e.g., subsistence farming/fishing, land improvements); treatment of joint products
(e.g., sugarcane for sugar and bio-energy); treatment of secondary production (e.g., agro-
tourism); treatment of natural and cultivated biological resources (e.g., distinguishing
products generated by natural processes from products generated by human activities);
treatment of inventories, losses and waste (e.g., discarded fisheries catch, food spoilage,
water and energy use inefficiency); and issues concerning measurement and aggregation
(e.g., use of monetary aggregates in place of physical quantities to represent agricultural
and biological processes).

Addressing the issues listed above requires the collection of detailed data at varying
spatial scales and points along the supply chain, which often may not be feasible. Thus, data
collection poses another important challenge to environmental accounting. Current guidelines
rely more on aggregate environmental indicators for environmental accounting. For SEEA
AFF, these include both descriptive statistics on resource use (e.g., total crop irrigation, share of
land in crops), environmental assets in either physical or monetary terms (e.g., size vs. value
of resource stock), and environmental ratio indicators that relate environmental resources
to some form of economic activity (e.g., crop yield per hectare of land). The environmental
ratio indicators can also be used to measure decoupling by relating undesirable emissions or
energy use to economic activity (e.g., the ratio of greenhouse gas emissions to GDP).

The measurement of quality vs. quantity poses a related challenge to environmental
accounting. For agriculture in particular, both the OECD and FAO Statistics (FAOSTAT)
agri-environmental indicators databases mainly include quantitative measures of natural
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assets for accounting purposes, with qualitative measures largely restricted to management
practices, such as tillage and fertilizer or pesticide use. In contrast to direct measures of
physical quantities for resource stocks and flows, accounting for quality often relies on
various environmental indicators to indirectly measure ecosystem function. The SEEA
Experimental Ecosystem Accounting (EEA) guidelines consider qualitative measures in
terms of condition, where ecosystem condition reflects the overall quality of an ecosystem asset in
terms of its characteristics [50].

Condition can be further delineated into measures of the intrinsic state or function
of the ecosystem and measures of capacity to generate ecosystem services. In either case,
key challenges include the selection of appropriate indicators, aggregation and weighting
relative importance, and determining reference or baseline conditions. While indicator
selection and reference conditions lie mainly within the purview of the natural sciences,
economic index theory addresses methods for aggregation and weighting which can be
applied to construct ecosystem condition indexes. Example applications in the literature
include water quality indexes [51,52] and soil quality indexes [53].

3.1.3. Opportunities

Recent advances in institutional coordination, policy design, and integrated modeling
offer a number of opportunities for ecosystem service accounting. In addition to the UN MA
and SEEA programs, other large scale and/or multinational institutional programs include
the UN TEEB program, which primarily focuses on biodiversity; the World Bank-led
Wealth Accounting and Valuation of Ecosystem Services (WAVES) program; The Natural
Capital Project (NatCap), which partners Stanford University, University of Minnesota,
The Nature Conservancy, and the World Wildlife Fund; and the UN Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES), created to support
environmental decision making for 126 member countries [44]. Efforts to improve data
collection, indicator selection, and standardize measurement and accounting systems for
international comparison and assessment cross-cut these large-scale collaborations.

Integrated modeling links natural science-based biophysical models of ecosystem
function to social science-based models of related human behavior for decision support.
Computational advances, including parallel computing and genetic algorithm solution
techniques, allow for more explicit modeling of complex interactions between ecosystems
and human activities. Integrated agri-environmental models are now widely use, both in
theory and in practice, for policy design and management [54]. Integrated frameworks
can be used to simulate both quantitative changes to resource use, as well as qualitative
changes in resource condition, resulting from human response to changing market prices
and policy incentives. Integrated frameworks can also be used to model tradeoffs between
ecosystems and economic activities, and estimate values for ecosystem effects. The NatCap
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model serves as one
large-scale example of this integrated framework in practice, with application specifically to
ecosystem services. In addition to simulating alternative likely economic and environmental
scenarios, integrated frameworks can also be re-calibrated to alternative locations, allowing
for analysis at larger geographic scale, and facilitating aggregation to country and cross-
country levels.

3.2. Biodiversity

Biodiversity plays a unique role in accounting for ecosystem services, both by serving
as an indicator of overall ecosystem condition, and supporting ecosystem service flows. The
SEEA EEA framework considers biodiversity at three levels: the diversity of ecosystems,
species, and genes. However, practical considerations limit the collection and use of genetic
biodiversity measures. The SEEA EEA criteria for ecosystem and species-level biodiversity
assessment include the following:

• Appropriate spatial resolution for mapping to individual ecosystem assets and types;
• Temporal relevance for assessing changes in stock or condition over the accounting period;
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• A common reference condition for comparison and aggregation purposes;
• The ability to aggregate separate indicators into a composite indicator for overall condition;
• Standardization to allow for comparison over space and time across ecosystem types.

These criteria mainly facilitate spatial/temporal matching and aggregation but speak
less to determining the individual metrics. For this aspect, SEEA EEA notes that biodiversity-
related policy priorities should guide metric selection. For instance, a policy goal to prevent
species loss might guide the inclusion of more threatened and endangered species metrics,
while maintaining ecosystem condition might guide the inclusion of more umbrella species
metrics. For similar reasons, the UN Environment Program World Conservation Moni-
toring Centre (UNEP-WCMC) proposes the organization of species metrics into separate
accounts for (i) conservation concern, (ii) ecosystem condition and/or functioning, and (iii)
ecosystem service delivery [55].

The matter of quantity vs. variation, or abundance vs. richness, also plays a role
in biodiversity metric selection, particularly for species-level measures. Again, policy
goals and the related ecosystem service of interest should guide this selection. A number
of studies in the economics literature develop optimization frameworks for weighing
this tradeoff, often termed the Noah’s Ark Problem [56–59]. SEEA EEA also notes the
importance of consulting with ecologists on this aspect of biodiversity metric selection for
accounting purposes.

Other challenges include a lack of global data at appropriate spatial/temporal res-
olution for national level accounting and linking biodiversity indicators to individual
ecosystem services for both accounting and valuation. These challenges also present oppor-
tunities for future research. Other areas for further research include developing accounts for
underlying drivers of biodiversity (e.g., habitat fragmentation patterns or invasive species),
better calibration of biophysical models for prorating biodiversity measures to appropriate
spatial/temporal scales, and the eventual use of biodiversity accounts for policy analysis.

3.3. Bad Outputs

Finally, undesirable environmental effects, often referred to as bad outputs, play an
important role in accounting for ecosystem services. Bad outputs generally take one of two
forms: those flowing from the ecosystem to humans, and those flowing from humans to
the ecosystem. SEEA EEA terms the first of these ecosystem disservices, listing pests and
diseases as examples. The second form, commonly termed negative externalities, includes
pollution, land degradation, and biodiversity loss. SEEA EEA notes that in contrast to
economics, accounting principles do not include welfare effects of use, but instead record
strictly positive flows between producers and consumers. Thus, bad outputs only enter
indirectly as changes in ecosystem condition and reduced flows of ecosystem services. The
main exception to this is flows of greenhouse gas emissions, which SEEA EEA records
directly in the carbon account, both as flows (sequestration and emissions) and changes in
the stock of carbon.

SEEA EEA defines ecosystem degradation as the decline in condition of an ecosystem
asset as a result of economic or other human activity, which is consistent with the SEEA
Central Framework approach to natural resource depletion and the SNA approach to the
depreciation of produced assets. Ecosystem degradation can be accounted for either as
the net present value (NPV) of the decrease in expected flows of ecosystem services or as
the change in the NPV of the ecosystem asset due to changes in capacity, in both cases
holding prices constant. In addition to accounting for degradation in monetary terms,
degradation can also be measured in physical terms through changes in the ecosystem
condition indicators.

Another important aspect to accounting for degradation as part of the SEEA EEA
framework, in either physical or monetary terms, concerns allocation to different economic
units. As opposed to produced assets, ecosystem assets are often not single user/owner,
meaning that the economic unit responsible for the degradation may be different from
the economic unit affected by the degradation. For instance, the harmful effects of water
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pollution from agricultural production may be borne by fisheries downstream. Ecosystem
complexity further complicates allocation for accounting purposes, as degradation can lead
to reductions for multiple ecosystem services, flowing to multiple users.

Current practices are also moving away from the use of estimated restoration costs to
value ecosystem degradation, as these values do not represent actual changes in the value
of associated ecosystem services or actual payments made in a revealed preferences context.
The restoration cost approach is also inconsistent with standard accounting methods for the
depreciation of produced assets, which do not consider returning the asset to its original
condition. SEEA EEA poses an alternative way to incorporate restoration costs, to instead
use the change in estimated restoration costs from beginning to end of the accounting period
as an indicator for the cost of a change in condition. Another alternative more consistent
with depreciation for produced assets would be to consider the cost of constructing the
ecosystem to its current condition.

The literature on accounting for bad outputs considers production at different levels
of aggregation, from firm-level to industry/sector-level, to national economy-wide. At
the firm and industry/sector-level, much of the focus lies in estimating the pollution-
generating technology (PGT) for environmentally adjusted efficiency and productivity
analysis. Important theoretical contributions include [14,60–66]. Recent reviews outlining
PGT estimation in practice include [67,68].

The green accounting literature addresses national economy-wide adjustments for
bad outputs. In [69], the authors compile early work sponsored by the U.S. BEA Panel on
Integrated Environmental Accounting, mainly to incorporate positive-valued environmen-
tal goods and resource assets into the national accounts. In [70], the authors use the term
externality disaggregation to refer to the reallocation of pollution damage costs and transfer
payments between the pollution-generating sector and other affected sectors. In [71], the
authors apply this disaggregation approach to U.S. air pollution, using an integrated as-
sessment model to estimate source-specific emissions and marginal damage costs, which
they then use to calculate gross annual damages (GAD). In [72], the authors build on this
integrated assessment approach to estimate gross damages at both the industry and sector
level, developing a framework to incorporate external damages into the national accounts.
In [73], the authors address dynamic pollution price effects for the national accounts by
computing a set of Paasche, Laspeyres, Fisher, and Törnquist price index numbers for air
pollutants. In [74], the authors provide a recent extension of the integrated assessment–
disaggregation framework using updated damage cost estimates. This framework has yet
to be implemented in practice for the U.S. national accounts.

4. Connecting Ecosystem Accounting to Agricultural TFP in Practice
4.1. SEEA EEA

The SEEA EEA provides the leading framework in current practice for incorporating
ecosystem accounting into aggregate measures of TFP. In [26], the authors overview the
framework, illustrated in Figure 3 below, emphasizing its importance: the SEEA EEA
represents a synthesis of approaches to the measurement of ecosystems designed to enable integration
with standard national accounting concepts and measurement boundaries.
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Figure 3. An overview of the SEEA EEA framework. Source: [75], also adapted by [26].

In this framework, ecosystems (considered assets) generate ecosystem services, which
along with human inputs (labor and produced assets) are used to produce benefits to
society. These benefits include the goods and services measured by SNA, as well as other
social benefits. In [26], the authors highlight the analogous role of ecosystem services
to produced capital: the conceptual basis for the extension lies in recognizing that the flows of
ecosystem services from agricultural land (in line with the flow of ecosystem services from ecosystem
assets in Figure 1) are directly analogous, in accounting terms, to the capital services that flow from
produced capital and which are already included in the standard growth accounting MFP measures.
Relevant analogues include the use of produced capital depreciation methods for natural
resource depletion in the SEEA EEA framework [76], theoretical connections to wealth
accounting [77], and the use of produced capital growth accounting methods for natural
capital [78].

Obst (2019) distills practical implementation of the SEEA EEA framework to five key
steps in order to incorporate ecosystem services into current SNA practices for constructing
environmentally adjusted agricultural TFP measures:

• Delineate spatial areas. For agriculture, a spatial area unit of analysis could be single
farm or a farming region with similar ecosystem characteristics;

• Measure condition of the ecosystem. The SEEA EEA asset accounts record condition
in biophysical indicator terms only;

• Measure the flow of ecosystem services. SEEA EEA guidelines are to maintain
a supply use account to record services used by economic units included in the
national accounts;

• Relate ecosystem services to standard measures of economic activity. Ecosystem
services used as inputs (e.g., water for crops), like other intermediate inputs, have
zero net effect on GDP. Ecosystem services considered final outputs (e.g., carbon
sequestration), should be added to GDP;
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• Use exchange values. Physical trade offs require only quantities, while measurement in
monetary terms requires price information. The use of valuation estimates is necessary
for many non-marketed ecosystem services.

In [79], the ecosystem accounting principles for capital are extended to agricultural
TFP, in three main stages.

• Direct use. The agricultural production unit uses the ecosystem as a production input
(e.g., water for irrigation, wild pollination of crops, soil nutrients for crop growth);

• Processing of residual flows. The agricultural production unit uses the ecosystem to
mitigate waste generated from production activities (e.g., vegetative filter of runoff,
soil absorption);

• Generation of positive externalities. Agriculture also produces some environmental
benefits (e.g., carbon sequestration, water regulation, cultural).

Importantly, this accounting framework characterizes ecosystem services in terms of
inputs and outputs, allowing for integration with standard agricultural TFP accounting
methods and a more informed analysis of tradeoffs between agricultural production and
the environment.

4.2. Challenges in Practice

With the exception of a few small pilot studies, the SEEA EEA framework has yet to
be implemented in practice, due in part to a lack of ecosystem data, as well as consensus in
defining and restricting the set of ecosystem services to include.

4.2.1. Data Requirements and Availability

In terms of data and measurement, [26] broadly divides ongoing issues into four categories:

• Spatial units. The level of ecosystem spatial detail must be compatible with production
spatial detail for integration and aggregation;

• Ecosystem condition. The condition data must correspond to the relevant biophysical
relationships for ecosystem services to agriculture;

• Ecosystem services. The services to agriculture must be defined and directly measured
in input–output form. ;

• Valuation and accounting. Values should reflect market price-based exchange values,
as opposed to welfare values, to be consistent with standard growth accounting
for TFP.

The [50] guidelines include a Section 5.6 on data sources. The guidelines suggest
the involvement of national statistical agencies, some of which already contribute to the
national product accounts. These include the following:

• National Statistical Offices: agricultural production (crops and livestock); health statis-
tics (incidence of environmentally-related diseases), population data, tourism data;

• Meteorological Agencies: rainfall, temperature, climate variables;
• Departments of Natural Resources: timber stock and harvest, biomass harvest for

energy, water supply and consumption, natural disaster statistics (floods, landslides,
storms), land cover (to estimate carbon stock and sequestration), remote sensing (to
estimate primary production);

• Water management and related agencies: water stocks and flows, abstraction rates,
data from hydrological modeling;

• Departments of Agriculture: crop production, use of inputs in agriculture, erosion
potential, biomass harvest;

• Departments of Forestry: forest stock and harvest, growth rates of forests, carbon
sequestration;

• Departments of Environment and Parks: iconic species habitats, visitors to natural
areas, biodiversity.
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Supplementary global data sets include the International Soil Reference and Infor-
mation Centre (ISRIC) Harmonized World Soil Database (HWSD) and the ISRIC World
Inventory of Soil Emissions (WISE) 3.1 soil profile database, global digital elevation mod-
els, forest cover from Global Forest Watch, biophysical indicators from the US National
Space and Aeronautics Agency (NASA) Moderate Resolution Imaging Spectroradiome-
ter (MODIS), and hydrology data from WaterWorld. Area research institutions may also
compile data from conducted studies. Valuation databases include Environmental Valu-
ation Reference Inventory (EVRI), at www.evri.ca (accessed on 22 January 2022) and the
Economics of Ecosystems and Biodiversity (TEEB) based Ecosystem Service Valuation
Database (ESVD) at http://www.fsd.nl/esp/80763/5/0/50 (accessed on 22 January 2022).

4.2.2. Definition and Classification of Ecosystem Services for Agriculture

The SEEA EEA guidelines highlight the importance of measurement scope and def-
inition for integration of ecosystem services with the SNA production boundaries. This
includes distinguishing final services from intermediate services, as with other areas of the
national accounts. Classification also requires determining final end users and benefits,
which is needed to construct the supply accounts attaching each service flow to a final user.
The guidelines provide some examples of linking ecosystem service types (provisioning,
regulating, cultural) to final benefits (e.g., harvested timber, crop biomass, climate regula-
tion, cleaner air and water), noting that in some instances benefits could be both final and
intermediate. The SEEA EEA approach to classification is largely consistent with the EU CI-
CES, while alternatives include the US EPA classification system for final ecosystem goods
and services (FEGS-CS) [80] and the associated National Ecosystem Service Classification
System (NESCS) [81]. The SEEA EEA guidelines note that these alternatives can be seen as
complements to one another, as both include hierarchical structures for ecosystem types,
uses, and benefits.

4.2.3. Recommendations

The SEEA EEA framework includes a detailed reporting of technical recommendations [79],
a number of which are directly relevant to agricultural TFP.

• Establish national spatial data infrastructure (NSDI). Central to these is the need for
each country to develop a national spatial data infrastructure (NSDI). The NSDI is
critical both for delineating ecosystem spatial areas, but also for connecting these
ecosystem areas to land use and other related agricultural production activities. In
many cases, much of the work to establish an NSDI has already been done by vari-
ous government agencies, as well as nongovernmental organizations (NGOs). This
highlights the need for cross-agency coordination, as well as public/private data
sharing agreements.

• Begin with ecosystem extent. A basic first step, before considering qualitative measures
of condition, is to account for total areas for each ecosystem type (e.g., wetlands,
grasslands, forest). Ecosystem extent, or land cover maps should be consistent in
level of spatial detail with data on land use, to account for ecosystem use. Ecosystem
accounting should use the NSDI to integrate ecosystem extent with land use, as well
as soil, hydrology, and protected area data.

• Measure ecosystem condition relative to standard reference condition. This facilitates
aggregation and comparison and is often more meaningful than raw condition indica-
tor values. The use of the standard reference condition approach also facilitates the
comparison of condition across ecosystem types.

• Measure condition by ecosystem type. This builds on the delineation of ecosystem
type for extent measures. The measure for each type should use a specified set of
indicators that can be replicated across locations. This calls for parsimony in selecting
the set of relevant indicators to capture the main aspects of condition, and should
draw on scientific expertise.

www.evri.ca
http://www.fsd.nl/esp/80763/5/0/50
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• Begin with a limited set of ecosystem services. Rather than attempting to capture
everything, start with the services which can be readily quantified and connected
to agricultural production. In many cases, beginning with soil and water ecosystem
services would be most relevant for agriculture, as well as readily measured. Incorpo-
rating additional services can then build on the same framework for incorporating
these initial services.

• Make use of biophysical models for data. Biophysical process models are well devel-
oped and widely used to combine collected observed data and to estimate remaining
data for measures of condition and extent. These models are generally spatially ex-
plicit, which also allows for integration with land use and agricultural practices. It
is important to make transparent the model methods and results in any reporting of
accounts using model data.

• Valuation estimates should be exchange values. Values should reflect the monetary
value of the contribution of the ecosystem service to economic production and con-
sumption values. The value used for accounting purposes should not be considered a
comprehensive or total value of the ecosystem.

• No single valuation method always applies. The valuation approach employed should
depend on whether the ecosystem service contributes to a marketed good already
included in the national accounts, such as agricultural production, or non-marketed
public benefit such as cultural or aesthetic values. Allowing for a variety of valuation
methods expands the potential for different types of ecosystem services to be included.
It is important to make transparent the given valuation method assumptions and
limitations, employing the state of the art from the valuation literature.

• Begin with land and water accounts. Much of the data and methods are generally
in place for both land and water accounts. Land accounts also then would serve
as an input or foundation for spatial delineation of ecosystems and for integrating
ecosystem services with related land use and other agricultural production activ-
ities. Water resource accounts should integrate information on groundwater and
atmospheric water.

• Measure carbon stocks and flows at national level. All countries should develop
national carbon accounts, which can also be disaggregated to sectoral accounts of
stocks and flows for carbon.

• Begin with aggregate biodiversity stock. More testing is required to account for
causal relationships for species-level changes to biodiversity. This first requires time
series data for opening and closing biodiversity levels. Causal drivers of biodiversity
should be measured in a supplementary account, once more fully tested. Changes to
biodiversity condition should be accounted for separately in the condition accounts.

5. Conclusions

Improving standardized environmental/ecosystem accounting frameworks and in-
sights into interactions between the economy and the environment is crucial. Otherwise,
any attempt to develop a comprehensive measure of agricultural TFP to include ecosystem
services runs the risk of becoming unusable in practice, particularly for meaningful eco-
nomic comparisons and aggregation across production units, sectors, regions, and nations.
Broadly speaking, both the literature and agencies are progressing towards a more unified
framework with this objective in mind. We conclude by considering areas of consensus
and open debates moving forward.

One fundamental point of consensus is that environmentally-adjusted measures
of TFP should be consistent with current SNA guidelines, so that ecosystem accounts
can be integrated with the existing product accounts. Early works in the literature,
including [29,70,71], draw on standard accounting methods for GDP to incorporate fi-
nal environmental outputs, both good and bad. The SEEA EEA framework represents the
most fully developed agency-led effort to integrate ecosystem services into the existing
product accounts. The national statistical agencies have largely followed suit, including
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Australia, Canada, the US, the UK, and many EU member states (see [26] for a complete
list of countries with activities in support of implementing the SEEA EEA).

Related to this, both the agencies and the literature call for the use of economic
valuation methods to estimate monetary values for ecosystem services, for integrating final
ecosystem service outputs into the product accounts in the absence of market prices. The
distinction between ecosystem stocks and flows, and its analog to produced capital, is also
widely shared, as is the recommended use of ecosystem indicators to measure composite
condition and to track changes in ecosystem condition from one accounting period to the
next, similar to accounting for depreciation or improvements to the capital stock over time.

Beyond these broad areas of consensus, many of the open debates and unresolved
research issues surround the underlying details for practical implementation. In [26], these
ongoing research issues are separated according to the four components of ecosystem
accounting: spatial units, ecosystem condition, ecosystem services, and valuation and
accounting. Defining the appropriate spatial scale for analysis and aggregation depends on
a number of factors, including ecosystem and production type, as well as region, making
the choice of spatial unit less transferable for standard guidelines. While direct service
flows, such as water for irrigation, are more readily amenable to integration, measures of
ecosystem condition, as well as the biophysical relationships connecting condition to flows,
remain less defined. Classification and definition issues for ecosystem services also persist,
both in the literature and amongst the agencies. Related to this is the selection of which
services to include, particularly for the case of intermediate benefits. The use of economic
valuation for accounting purposes by the agencies diverges from the more common use
of valuation for estimating welfare effects in the literature. Reconciling this disconnect
will likely require the greater use of production-oriented approaches to valuation, to more
directly estimate exchange rates between production and the environment. Furthermore,
there is some debate on whether to incorporate bad factors, such as pollution, as undesir-
able outputs or inputs. The productivity analysis literature offers some guidance on this
final point.

These unresolved research issues present immediate opportunities for research moving
forward, including more formal mathematical modeling of the SEEA EEA framework,
biophysical modeling to better measure ecosystem capacity and connect condition to flows,
production-oriented approaches to valuation, ecosystem indicator selection, and data
collection. Pilot studies may be particularly useful for testing alternative approaches to
some of these details on a smaller scale before wider implementation. Advances in remote
sensing and computational methods for integrating biophysical–economic modeling, many
of which have been developed specifically for agricultural production and associated
environmental processes (e.g., soil and hydrology), will aid in many of these efforts, as will
the longstanding academic and agency research ties between agriculture, productivity, and
environmental and natural resource economics.

A few common themes emerge from the technical recommendations. First, this work
should be approached incrementally. Constructing the accounts will require first laying
groundwork for spatial analysis, then identifying key initial services, rather than attempt-
ing a complete account of all services. Following an incremental approach, each stage of
accounting should build and be integrable with the next to allow for the expansion of the
accounts to be more detailed and comprehensive over time. Second, the methodology
should be transparent and standardized to allow for replication, validation, and compar-
ison both within and across countries, as well as integration into the existing national
accounts. However, the framework should also allow some flexibility to accommodate
different ecosystem types and different ecosystem uses. Lastly, countries and agencies
should work to develop data sharing agreements. Increased data sharing would further
standardization and transparency goals, as well as facilitate broader implementation of the
accounting framework.
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