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Humanity's role in shaping patterns and processes in the terrestrial biosphere is large and growing. Most of the
earth's fertile land is used more or less intensively by humans for resource extraction, production, transport,
consumption and waste deposition or as living space. Biomass production on cropland, grazing areas and in
managed forests dominates area requirements, but other processes such as soil degradation, human-induced
fires and expansion of settlements and infrastructure play an increasingly important role as well. The growing
human domination of terrestrial ecosystems contributes to biodiversity loss as well as to a reduced capability of
ecosystems to deliver vital services such as buffering capacity, soil conservation or self-regulation. This special
section is devoted to the presentation of recent research into the patterns, determinants and implications of the
human appropriation of net primary production (HANPP), an integrated socio-ecological indicator of land use
intensity. By measuring the combined effect of land conversion and biomass harvest on the availability of
trophic energy (biomass) in ecosystems, HANPP explicitly links natural with socioeconomic processes and
allows for integrated analyses of land systems. This introductory article explains the rationale that links current
HANPP research to Ecological Economics and discusses issues of definition and methods shared by all articles
included in the special section. Finally, it gives an overview of the individual papers, provides some general
conclusions and presents an outlook for future research: a better understanding of long-term trajectories of
HANPP, of the significance of trade patterns as well as of the future role of bioenergy are highlighted as
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important issues to be addressed in the coming years.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Humanity's impact on patterns and processes in the biosphere,
such as biophysical properties (e.g. albedo, surface roughness, and
surface temperature), plant cover, primary production, biodiversity,
and biogeochemical cycles has become paramount (Vitousek et al.,
1997; Millennium Ecosystem Assessment, 2005; Steffen et al., 2007).
In some places, and for selected processes even on the global scale,
socioeconomic drivers are beginning to overwhelm the great forces of
nature, thereby inspiring researchers to introduce a new geological era,
the ‘anthropocene’ (Crutzen and Steffen, 2003; Steffen et al.,, 2007),
and to explicitly include human-nature interactions in ecological
studies (Ellis and Ramankutty, 2008). Up to 83% of the global terrestrial
biosphere except Greenland and Antarctica is considered to be under
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direct human influence (Sanderson et al., 2002). About 36% of the
Earth's bioproductive surface has been classified as “entirely domi-
nated by man” (Hannah et al, 1994). Changes in the terrestrial
ecosystems resulting from land use are acting as pervasive drivers of
global environmental change (Turner et al., 1990). It is increasingly
acknowledged that land use results in sustainability challenges that are
equally important and pressing as the potential threats resulting from
global atmospheric and climatic change (Andreae et al., 2004; Haberl
et al., 2004b; Foley et al., 2005). There is a growing recognition that
integrated socio-ecological approaches are required to adequately
grasp these sustainability challenges arising from global land system
change (GLP, 2005; Turner et al., 2007).

Land is used by human societies for at least three core functions or
services (Dunlap and Catton, 2002; Millennium Ecosystem Assessment,
2005): (1) Supply of vital material and energy resources such as fossil
fuels, minerals, water, biomass and others. One important distinction
that is useful here is that between “renewable” resources taken from
current biogeochemical cycles (biomass, water, hydro or wind power,
etc.) and “non-renewable” resources taken from geological deposits
(fossil fuels, minerals, etc.). The provision of both kinds of resources
requires land, but the area required per unit of mass or energy tends to


mailto:karlheinz.erb@uni-klu.ac.at
http://www.uni-klu.ac.at/sosec
http://dx.doi.org/10.1016/j.ecolecon.2009.07.001
http://www.sciencedirect.com/science/journal/09218009

K.-H. Erb et al. / Ecological Economics 69 (2009) 250-259 251

be much larger (by factors that are typically between 1:10% and 1:10%)
for biomass than for all other resources (Haberl and Schandl, 1999).
(2) Waste absorption, buffering and regulating capacity of ecosystems.
(3) Space required for hosting human infrastructures such as settle-
ments, production sites, gardening and recreation areas and transport
infrastructure. The provision of many ecosystem services, in particular
the functions (1) and (2) above, often directly depend on the biological
productivity of the land; that is, on its net primary production or NPP
(Daily et al., 1997; Millennium Ecosystem Assessment, 2005; Krausmann
et al., 2009). NPP is defined as the amount of biomass produced by green
plants through photosynthesis per unit of time (usually one year) and
space and is a decisive factor for a broad range of patterns and processes in
ecosystems, including biodiversity, stocks and flows of carbon and other
elements, food webs and water flows, as well as ecosystem resilience
(Holling, 1973).

Land use results in changes in biomass flows in ecosystems that
can be monitored using an indicator denoted as the human
appropriation of net primary production (HANPP). Two interlinked
processes are reflected by HANPP: (1) Land use changes that modify
the NPP of the vegetation compared to the (potential) undisturbed
vegetation. This first component of HANPP is denoted as ANPP;c
(change in NPP resulting from land conversion). ANPP ¢ is defined as
the difference between the NPP of potential vegetation (Tiixen, 1956),
denoted as NPPg, and the NPP of the currently prevailing vegetation,
denoted as NPP,. (2) The extraction or destruction of a fraction of the
NPP for human purposes, e.g. through biomass harvest or grazing of
livestock. This flow is denoted as NPP;,. HANPP is defined as the sum of
ANPP; ¢ and NPPy, and is an indicator for human-induced changes in
the yearly availability of trophic energy in the ecosystems (Haberl,
1997; Haberl et al,, 2007). Thus HANPP is an indicator of land use
intensity that explicitly links natural with socioeconomic processes,
generating an integrated picture of socio-ecological conditions in the
land system (Krausmann et al., 2009), a notion that expresses the
integrated, multifaceted interplay of terrestrial ecosystems and social
systems (GLP, 2005). This special issue is devoted to the discussion of
recent research into the patterns, determinants and implications of
global HANPP.

HANPP is directly related to important global sustainability issues
such as the endemic malnourishment of a large proportion of the world
population (FAO, 2005), the ongoing conversion of valuable ecosystems
(e.g., forests) to infrastructure, cropland or grazing land (FAO, 2004;
Millennium Ecosystem Assessment, 2005; Lambin and Geist, 2006),
with detrimental consequences for biodiversity (Heywood and Watson,
1995) and global, human-induced alterations of biogeochemical cycles
(Crutzen and Steffen, 2003; Steffen et al., 2004). HANPP is relevant in the
context of global water flows (Gerten et al., 2005), carbon flows (DeFries
et al., 1999; McGuire et al.,, 2001) and — as biomass contains nitrogen
(N), and N fertilizer is an important factor for agricultural productivity —
N flows. As changes in the processes underlying these flows are essential
for the ability of the ecosystems to provide goods and services to society
in the long run, HANPP is also important in socioeconomic terms.

NPP is a central parameter of ecosystem functioning (Lindeman,
1942; Whittaker and Likens, 1973) that determines the amount of
trophic energy available for transfer from plants to other levels in the
trophic webs in ecosystems. Many aspects of ecosystem functioning
such as nutrient cycling, build-up of organic material in soils or in the
aboveground compartment of ecosystems, vitally depend on this
energy flow. Thus, NPP is closely related to the resilience of
ecosystems and to their capacity to provide services to humans,
such as supplying biomass through agriculture and forestry, but also
the buffering capacity or the absorption capacity for wastes and
emissions (Daily et al., 1997; Millennium Ecosystem Assessment,
2005). Human alterations of the availability of NPP in ecosystems are
therefore ecologically relevant almost by definition (Wright, 1983;
Vitousek et al.,, 1986; Wright, 1990; Kay et al., 1999; Gaston, 2000).
Moroever, recent research suggests that HANPP may be a potent

indicator of human pressures on biodiversity, as empricial research in
Austria suggested(Haberl et al., 2004a; Haberl et al., 2005). Never-
theless, despite a broad acknowledgement of a strong interrelation
between NPP and biodiversity, the mathematical form of this
interrelation remains disputed (Waide et al.,, 1999; Haberl et al.,
2009), which renders more empirical research highly desirable.

As the earth's biologically productive land surface is limited,
bioproductive land has often been proposed to be one major factor
that might constrain the growth of human population numbers (Cohen,
1995) or the world economy (Meadows et al., 1972). Studies of global
HANPP have gained attention in the literature on sustainable develop-
ment because HANPP was often interpreted as an indicator for ecological
limits to growth (Meadows et al., 1992; Sagoff, 1995; Costanza et al.,
1998). This notion has meanwhile lost credit because (a) economic
growth may proceed even without growing biomass use and (b) long-
term studies of HANPP have shown that HANPP may decline even if
biomass harvest grows due to agricultural intensification (Davidson,
2000; Haberl et al., 2001; Krausmann, 2001; Krausmann et al., 2009).

Emphasizing a multitude of socioeconomic and ecological aspects
of HANPP, this special issue aims to elucidate the complex interaction
between factors and processes such as production and consumption,
technology, population density, land use policy, agrarian systems,
human-induced fires, soil degradation, energy and many more in
determining patterns and trajectories of global HANPP. This intro-
ductory article proceeds as follows: the next section discusses issues
of definition underlying all contributions assembled in this special
issue. Then we go on to describe fundamental aspects of methods and
data used to assess HANPP in the papers in this special issue. Finally,
we give a short overview of the individual articles and then present
conclusions and an outlook to future HANPP research.

2. Defining the human appropriation of net primary production

Concerns about the human use of NPP were first voiced in the early
1970s, when prominent ecologists performed first rough calculations
on the amount of biomass consumed by humans (Whittaker and
Likens, 1973). Their assessment included only the harvest of food and
wood for direct human consumption and suggested that humans were
just using a few percent of the biosphere's yearly global NPP, an
amount that hardly caused concerns. This changed with the
prominent study by Vitousek et al. (1986) that painted a completely
different picture, mainly because these authors also presented
calculations of HANPP based on a much more inclusive definition.
This study led to the famous result that humans actually used, co-
opted or diverted almost 40% of the terrestrial NPP in the early 1980s.
Since that time, a number of global HANPP results have been
published (Wright, 1990; Rojstaczer et al., 2001; Imhoff et al., 2004;
Haberl et al., 2007). These studies produced widely diverging results
and suggested that HANPP might be as low as 3% or even as high as
55% (Table 1) — thus nurturing the suspicion that HANPP was difficult
to measure and highly uncertain (Rojstaczer et al., 2001; Haberl et al.,
2002). However, differences in definitions underlying the various
studies were much more important for producing a wide variety of
results than data uncertainties (which exist as well, of course).! This
finding is corroborated by the fact that a recalculation of HANPP
according to the definitions by Vitousek et al. (1986) based on the
dataset of Haberl et al. (2007) yielded similar results, in particular for
the intermediate and high estimates and for HANPP expressed as
percent of NPPg (Table 1).

1 The study by Rojstaczer et al. (2001) that found an exceedingly large error margin
(10-55%) was based on the “intermediate” definition by Vitousek and others. However,
this study failed to use the full extent of the available data, thereby arriving at a
seriously exaggerated estimate of the uncertainty of HANPP calculations (see Field,
2001; Haberl et al., 2002; Haberl et al., 2007).
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Table 1

Estimates of global HANPP published by various authors using different definitions of HANPP.

Reference Definition (see text for details)

Terrestrial HANPP absolute
[10° t dry matter/yr]

Terrestrial HANPP relative
[%]

Whittaker and Likens, 1973
Vitousek et al., 1986

Human food and wood harvest
“Low”: food, fodder and wood

“Intermediate”: low plus NPP of human-dominated areas

“High”: intermediate plus ANPP;¢

Wright, 1990
Rojstaczer et al., 2001 Vitousek et al. intermediate
Imhoff et al.,, 2004
(excl. ANPPc)

Recalculation of the Vitousek et al., 1986 “Low”
definitions by Haberl et al., 2007 “Intermediate”

“High”

Haberl et al., 2007 Definition explained in this article

ANPP; ¢ plus some biomass harvest, excludes harvest in forests

Biomass consumption multiplied by factors reflecting “upstream” flows

32 3.0%

52 3.5%
406 271%
581 38.8%
35.0 231%

39 32%
(12-66) (10-55%)
231 20.3%
(16.0-29.6) (14.1-26.1%)
103 7.8%

359 27.4%
485 37.0%
31.2 23.8%

Original data were converted to tons of dry matter biomass assuming 50% carbon content and a gross calorific value of biomass of 18.5 MJ/kg. Relative HANPP data are expressed as
percent of NPPy except for the studies by Rojstaczer et al. and Imhoff et al. that do not include an NPP, value — in the latter cases the percentages reported here refer to NPP,.

More detailed discussions of the definitions are included in the text.

Whittaker and Likens (1973) included in their definition only food
consumed by humans and wood harvested for human consumption.
The “low” definition proposed by Vitousek et al. (1986) takes a similar
approach, but also includes the fodder consumed by livestock. Their
result is higher than that by Whittaker and Likens because of the
increase in consumption between the early 1970s and the 1980s and
because of the inclusion of fodder. Vitousek et al.'s “intermediate”
definition adds to their “low” definition the total NPP of human-
dominated ecosystems (e.g., croplands and forest plantations). Their
most inclusive “high” definition additionally considers the NPP lost
due to human-induced changes in the ecosystem productivity, e.g.
ecosystem degradation (in our terminology: ANPP,¢).

Vitousek's first and second definition could lead to problematic
results, however. As demonstrated for Austria, changes in agricultural
technology have raised aboveground productivity on agricultural land
by a factor of 2.6 from 1830 to 1995 (Krausmann, 2001). Consider, for
example, one average hectare of cropland in Austria: According to
Vitousek's intermediate definition, one would find an increase in
HANPP by a factor of about 2.6 due to the increase in harvest, although
the NPP remaining in the ecosystem (NPP,) stayed near zero, because
the increase in the agro-ecosystem's productivity (NPP..) was
compensated for by a similar increase in the harvest (NPPy).
Regarding all NPP of human-dominated ecosystems as appropriated,
as Vitousek et al.'s third definition does, is also problematic: in forest
plantations and grasslands a considerable fraction of the NPP remains
in the ecosystem and supports food chains not directly controlled by
humans. This argument has already been used to assume that the
HANPP approach would result in inflated numbers of human impacts
on the biosphere and to thereby question the HANPP concept
altogether (Davidson, 2000).

Wright (1990), who was primarily concerned with human impacts
on biodiversity, proposed to define HANPP as the difference in NPP
available in (hypothetical) undisturbed ecosystems and the amount of
NPP actually available to support heterotrophic food chains — in
principle the same approach as the one used here. This definition
succeeded in overcoming some of the problems associated with the
approach of Vitousek et al. However, Wright excluded activities such as
logging and biomass burning in forests on the grounds that harvest in
forests, while removing energy, would not result in a long-term
reduction of productivity of the land for wild species if forests were
allowed to regrow. Although this argument may be correct as long as
nutrient-rich parts (e.g., leaves) remain in the forest, it does not justify
the exclusion of wood harvests from the definition of HANPP, first,
because it represents an important socioeconomic biomass flow, and
second, because there is ample evidence that biomass withdrawals from
forest ecosystems result in significant ecological pressures (Harmon

et al, 1986, 1990; Wardle et al.,, 2004). The associated NPP}, should
therefore be included in any definition of HANPP.

Imhoff et al. (2004) calculated the global human consumption of
NPP — which is a considerably different approach from those taken in
all other papers included in Table 1 — but nevertheless denoted the
resulting figures also as “HANPP.” The definition used by Imhoff et al.
was between the first two definitions of Vitousek: it did not include
the total NPP of human-dominated ecosystems, but parts of plants not
actually harvested, such as roots were considered if they were
required for producing the harvested material. Neither Rojstaczer
et al. (2001) nor Imhoff et al. (2004) considered changes in NPP
caused by past or present land use (ANPP().

In our work, as well as all papers assembled in this special issue, we
defined HANPP as summarized in Fig. 1. This is related to Wright's
(1990) suggestion and defines HANPP as the difference between the
amount of NPP that would be available in an ecosystem in the absence
of human activities (NPPy) and the amount of NPP that actually
remains in the ecosystem, or in the ecosystem that replaced it under
current management practices (NPP;). NPP, can be calculated by
quantifying the NPP of the actual vegetation (NPP,.) and subtracting

A
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Fig. 1. Definition of HANPP used in the set of papers assembled in this special issue.
From a societal perspective, HANPP measures the combined effect of land use induced
changes in NPP (ANPP,¢) and biomass harvest (NPPy,). From an ecological perspective,
HANPP is defined as the difference in the amount of NPP that would be available in the
absence of human intervention (NPPy) and the fraction of NPP remaining in ecosystems
after human harvest under current conditions (NPP;). Note that NPP,. may be larger
than NPP, due to intensive land management, such as fertilization or irrigation; thus,
ANPP; ¢ or even HANPP can be negative. Sources: Redrawn after Haberl (1997), Haberl
et al. (2001), Krausmann et al. (2009).
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from that the amount of NPP harvested by humans (NPPy,). If defined
in that way, HANPP is a measure of human impacts on the yearly
availability of trophic energy in terrestrial ecosystems. Increases in
HANPP indicate an increased human domination of ecological energy
flows through land use and thus of the intensity of direct human
intervention into the terrestrial ecosystems.

HANPP, according to our definition, can be interpreted from a
societal perspective as well as from an ecological perspective. From a
societal perspective, HANPP is the aggregate effect of changes in
productivity resulting from land conversion and use (ANPP¢) and
biomass harvest (NPP;). From an ecological perspective, HANPP
measures the human impact on the availability of energy in
ecosystems; that is, the difference between the NPP of potential
vegetation (NPPy) and the fraction of the NPP of the currently
prevailing vegetation (NPP,.) that remains in the ecosystem after
harvest (NPP;) and is available for all other heterotrophic organisms:

HANPP = ANPP,. + NPP, = NPP, — NPP,

In order to assess the HANPP in any particular region, one needs to
quantify NPPg, NPP,¢ and NPPy,. Subtracting NPP,, from NPP, yields
NPP, which then allows to calculate HANPP as the difference between
NPPy, and NPP; as indicated by the above formula. All papers
assembled in this special issue are based on this definition. Some of
the studies refer to total NPP (above- and belowground), some are
restricted to the aboveground compartment. In the latter case the
prefix “a” is used in order to make clear that the respective value only
refers to the aboveground compartment (e.g., aNPPy, aNPP,;, aNPP,
aHANPP, etc.). HANPP can be expressed in absolute numbers as
kilograms carbon per year (kg C/yr), as kilograms dry matter biomass
per year (kg DM/yr) or as energy flow (Joules per year, J/yr). As a
rough proxy one may assume that 1t DM is equivalent to 0.5 t C and
that the calorific value of dry matter biomass is around 18.5 Mega-
joules per kilogram (M]/kg, 1 M] = 10°]).

The definition used here has the following advantages: (1) It
strikes a good balance between being too restrictive and being too
inclusive. It is inclusive enough to grasp the most relevant land use
impacts such as agriculture, forestry and infrastructure. At the same
time it is conservative because it explicitly accounts for the fraction of
NPP remaining after harvest even in strongly human controlled
ecosystems such as artificial grasslands, managed forests, or crop-
lands. In such ecosystems, some of the NPP is used by wild-living
organisms not controlled or used by humans, thus supporting some, in
grasslands often even a very high, biodiversity. Thus, the definition of
HANPP does not exaggerate human impact, as it only includes the
amount of biomass actually harvested, on top of the NPP prevented by
human land use. (2) It is robust in time series calculations. Land use
sometimes reduces NPP, even prevents it altogether (as is the case
with soil sealing), but technologies such as irrigation, fertilization or
use of improved crop varieties may also raise NPP over its natural
potential. Such effects are significant and historically variable, and
should thus be included in comprehensive HANPP assessments.
Natural dynamics such as changes in NPPy resulting from climate

Table 2

change are to be included as well (see below). By monitoring HANPP
and its various components (NPP,., NPP;, and NPP;,), the impacts of
different land use practices on the ecosystem energetics as well as
their socioeconomic performance can be evaluated: land use may
increase or reduce productivity, it may leave more or less energy in the
ecosystem, it may yield rich or poor harvests, etc. We are thus also able
to observe a possible decoupling of biomass harvest and HANPP
(Krausmann, 2001).

3. Methodological issues in assessing HANPP

The consistent integration of a variety of databases is a prerequisite
for establishing robust HANPP assessments. Datasets range from the
ecological data, such as data on energy flows in natural and
anthropogenic ecosystems, and data on vegetation cover, to data on
the socioeconomic metabolism (Ayres and Simonis, 1994; Fischer-
Kowalski et al., 1997; Matthews et al., 2000); for example, data on
harvest and use of biomass products. Table 2 displays a systematic of
the data groups, presents typical methodologies underlying data
generation and gives some examples on data which have to be
consistently merged in the HANPP assessments.

Data on material and energy flows (measured in kg dry matter,
Joules, or kg carbon per year) have to be merged consistently with
data on the extent of land use and land cover (measured in m2, ha or
km2) in order to yield plausible information on environmental
pressures (in many cases measured in kg/m2/yr, e.g. agricultural
biomass harvest), and in order to correspond with aggregates at
higher spatial scales, that is, in order to match values recorded at the
national level. Data integration, however, is made complex by the
large discrepancy between the scales on which ecological processes
and on which socioeconomic processes occur. Ecological processes
depend on the interaction of a plethora of factors, e.g. of climate and
soil parameters, at very small scales (e.g. the plot level), and thus
require high-resolution spatially explicit data for their assessment.
This renders remote sensing techniques and gridded datasets
(rastered maps) suitable for their analysis. In contrast, many socio-
economic system interactions occur on a much higher spatial scale,
e.g. on the level of political entities, such as municipalities, nation
states or supranational formations, rendering the gridcell a very
imperfect unit of analysis (Liverman et al., 1998). Nevertheless, data
reconciliation for HANPP assessment requires the consistent integra-
tion of these different types of spatially explicit information. This is
intricate, as large discrepancies still exist between census statistics on
land use and data on land use/cover derived from remote sensing
(Rindfuss et al., 2004; Erb et al., 2007; Goldewijk et al., 2007;
Ramankutty et al., 2008).

Furthermore, data reconciliation is hampered by the fact that the
datasets contain related but still different variables and reference
units because they originate from different scientific disciplines and
were gathered for different purposes. For example, the socioeconomic
data on forestry usually document the mass (and value) of timber
removed from forests, but do not or only partly report on economically
less relevant biomass flows such as bark, branches or twigs. From an

Data groups, main underlying methodologies and examples of data required for assessing HANPP.

Spatially explicit data (rastered information)

Census data (administrative boundaries
defined by socioeconomic systems)

Land use and land cover information Remote sensing

(e.g. Joint Research Center, 2002; FAO, 1999; Friedl et al., 2002; Hansen et al., 2003)

Land use and land cover assessments

(e.g. Erb et al., 2007; Ramankutty and Foley, 1998; Sanderson et al., 2002)

Data on material and energy flows

(in socioeconomic and ecological systems) LPJ-DGVM, Sitch et al., 2003b)

Dynamic vegetation models (e.g. results of the

Census statistics/surveys

(e.g. FAO, 2004; Eurostat, 2002)
Cadastre surveys

Forest inventories

(e.g. FAO, 2001; UN, 2000)

Harvest statistics/surveys

(e.g. FAO, 2004; Krausmann et al., 2008)
Forest inventories (e.g. UN, 2000)

The references in brackets serve as examples and relate to the global assessment by Haberl et al. (2007).
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HANPP perspective, nevertheless, a quantification of these flows is
essential, as they have far-reaching ecological consequences (Nabuurs
et al.,, 1997; Foley and Ramankutty, 2004; Lal, 2004; Wardle et al.,
2004) and are therefore relevant as pressures on environmental
systems. Moreover, for some socioeconomic activities no or very
insufficient data exist. Grazing of domesticated livestock is one of the
most prominent issues in this respect: Land use statistics on grazing
land exist, but are known to be limited in scope and consistency
(Harris, 2000; White et al., 2000; Ramankutty et al., 2006; Erb et al.,
2007). Data on the amount of biomass grazed by livestock as well as
on the amount of biomass harvested from grassland are practically
non-existent in agricultural statistics. Thus, as for today, HANPP
assessments have to rely on modelling techniques which consistently
fill these and similar data gaps (Haberl et al., 2007; Krausmann et al.,
2008).

A conceptual intricacy in the context of the HANPP assessments is
related to wood harvest. Wood is accumulated in a forest over many
years, so humans actually harvest the NPP accumulated over a period
that is much longer than the current year. Subtracting such a harvest
from NPPy may result in negative NPP; values, even if averaged over
larger regions, if stock-depleting forest management practices prevail.
This is, although mathematically correct, counter-intuitive. In order to
still produce plausible results, the papers assembled in this special issue
allocate wood harvest not to the harvested plots alone, but to the entire
forest area of the region under consideration, excluding untouched and
wilderness areas. This procedure assumes that each plot of the entire
forestry is harvested once during a full rotation cycle and this harvest is
distributed equally across the whole forestry area under consideration.
Kastner (2009) and Lauk and Erb (2009-this issue) discuss in more
detail the intricacies resulting from this assumption. Another intricacy of
HANPP assessments relates to the question how to deal with the remains
of plants that are destroyed during harvest but not actually used by
humans. Such remainders include crop residues that are not recovered
as well as roots of crops or trees that are destroyed during harvest but
not used. We here chose to include this biomass in the aggregate HANPP
value, but explicitly report “unused extraction” or “backflows to nature”
where appropriate.

HANPP quantifies the fraction of ecological energy flows diverted
by humans. The basis of this assessment are estimates of the NPP of
the potential vegetation. The notion of potential vegetation refers to
the vegetation that would prevail in a defined area under current soil
and climate conditions in the absence of human intervention (Tiixen,
1956). Dynamic vegetation models, such as the LPJ]-DGVM (Lund-
Potsdam-Jena Dynamic Vegetation Model; Sitch et al., 2003a; Gerten
et al., 2005; Miiller et al., 2006; Bondeau et al., 2007), are capable of
modelling NPP flows in ecosystems on the basis of algorithms
describing plant growth as a function of plant competition and
climate variables such as temperature, water availability and CO,
content of the atmosphere in a spatially explicit way and with a high
level of agreement between different models (Cramer et al., 1999;
Cramer et al., 2001; Saugier et al, 2001). The definition of the
potential vegetation as a function of the currently prevailing soil and
climate conditions entails that — when applied in a time series
analysis — NPPy must not be regarded as a static parameter, but as a
dynamic variable: In particular, the rise of the atmospheric CO, during
the last centuries — e.g. as a consequence of the anthropogenic fossil
fuel combustion —is known to have resulted in an increase of NPP, also
denoted as the “CO,-fertilization effect” (Schimel, 1995), even though
there is discordance on the strength of this effect (Norby and Yiqi,
2004).

To take this and other climate change effects into account, a model
run by the LPJ]-DGVM in a time series was performed, providing
consistent information on the changes in the national NPP, over time
for all articles in this special issue that present time series analyses. For
this assessment, gridded historical monthly climate data between
1901 and 2003 were extrapolated backwards to 1700 based on results

from the Climber Model (New and Hulme, 2000; Osterle and
Gerstengarbe, 2003; Mitchell and Jones, 2005). NPPy was calculated
at 0.5° spatial resolution, using these climate data and a soil-type
classification at the same resolution as input data. LP] was then run for
the period 1700-2002 after a spin up of 900 years for the first
3 decades of the 18th century to reach an equilibrium. For the national
NPP, time series, the 30 yr average of the results was used in order to
eliminate data artefacts and small-scale fluctuations resulting from
the extrapolation procedure. It should be noted that the dynamic NPP,
results do not only refer to the potential vegetation, but are relevant
also for certain NPP, parameters. For example, in the absence of
better data, the NPP of pristine forests is assumed to be equal to forest
subjected to management (Haberl et al., 2007), and thus the NPP, of
forests in time series follows the trend of NPP,.

4. Drivers and processes: an overview on the articles that follow

The intricate interplay of the proximate and underlying factors
which influence temporal and spatial patterns of HANPP is best
analyzed through time series analyses at a reasonably small scale, e.g.
for a nation state (Krausmann and Haberl, 2002; Krausmann et al.,
2003; Krausmann, 2004; Krausmann and Haberl, 2007). Four of the
papers assembled in this special issue present such detailed analyses
at the country level.

In the first paper, Kastner (2009) investigates the development of
aboveground HANPP in the Philippines during a one hundred year
period since the beginning of the 20th century. While all other
existing HANPP case studies focus on industrialized European
countries, this paper presents a first assessment for a less developed
Asian country. During the observed period, the Philippines experi-
enced tremendous population growth and developed from a sparsely
populated country (28 cap/kmz2 in 1910) to one of the most densely
populated countries in the world (275 cap/km? in 2000). The
demographic development, enforced by the expansion of an export-
oriented agriculture and forestry sector, was accompanied by massive
deforestation, an expansion of agricultural land and changes in the
intensity of agriculture. As a result, a steep increase of HANPP from
about 30% in 1910 to about 60% in 1970 could be observed. From the
1960s onwards, the efforts of the Green Revolution lead to remarkable
gains in land use efficiency and buffered the effects of population
growth, and in the 1970s the industrialization of agriculture and the
increasing reliance on agricultural imports stabilized aHANPP at a
comparatively high level. The paper by Kastner not only impressively
shows the combined effect of population pressure, changes in land use
intensity and trade patterns on HANPP, it also addresses important
conceptual issues related to the representation of slash-and-burn
agriculture in the HANPP calculations.

The paper by Musel (2009) presents aHANPP in the United
Kingdom, spanning the time period from 1800 to the year 2000. The
UK is indeed an important case as it is the global forerunner of
industrialization, and despite its enormous length, this time series
does not cover the whole agrarian-industrial transition that had in the
UK already started in the 17th century. Within these 200 years, the
population of the UK increased 3.8-fold, the aggregate GDP by a factor
of approximately 44 and per capita GDP by a factor of slightly below 12
(Maddison, 2001). Aboveground HANPP, by contrast, declined a bit
from 71% in 1800 to 68% in the year 2000 — despite an increase of
annual biomass harvest (aNPPy) per hectare of 69%. The paper by
Musel gives a fascinating account of how the UK managed to cope
with area limitations through agricultural intensification and
increased reliance on imports. Quite remarkably, aNPP,. even
surpasses aNPPy in the UK towards the end of the study period
(thereby resulting in negative AaNPP¢ values), due to heavy reliance
on fossil-fuel based inputs such as machinery and fertilizers. Such a
situation is globally exceptional even today (Haberl et al., 2007).
Musel's paper forcefully supports the notion that the agrarian-
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industrial transition results in stunning increases in area-efficiency of
land use systems at the price of an increased reliance on unsustainable
input factors directly or indirectly derived from fossil fuels.

This pattern is corroborated by Schwarzlmiiller (2009-this issue) for
a Mediterranean country, in this case through a study of the above-
ground HANPP of Spain from 1955 to 2003. He finds that aHANPP
declined in Spain from 67% of aNPPg in 1955 to 61% in 2003, despite an
8.4-fold increase in GDP and a 1.47-fold increase in population.
Schwarzlmiiller argues that most of the industrialization of Spain's
agriculture occurred within the studied time period and he gives
impressive figures of the increase in fossil fuel and electricity
consumption in Spanish agriculture associated with this transition. He
demonstrates that the land use related productivity loss was dramaticin
Spain in 1955 and was reduced quite considerably due to agricultural
intensification within the studied period thereafter. Nevertheless,
AaNPP, ¢ was still at a remarkably high level in Spain as compared to
other European countries — a fact that can well be explained by Spain's
climatic and geomorphologic conditions as well as the high intensity of
historic land use (Latorre et al., 2001) and consequent soil degradation
(see also Zika and Erb, 2009-this issue). Again, both the increase in forest
area and increased aNPP, on cropland contribute to the decline in
ANPP, . Spain succeeded in increasing biomass harvest (aNPPy,) by as
much as 56% in less than 50 years — an impressive example of the
efficiency increases associated with the industrialization of agriculture.

With their case study on Hungary, a country where intensively
used agricultural land covers more than two thirds of the territory,
Kohlheb and Krausmann (2009-this issue) present a first HANPP
study of a centrally planned economy. They reconstruct the develop-
ment of land use, biomass harvest and aHANPP since the early 1960s.
During this period, the country experienced radical political and
economic change. For five decades, Hungary was a centrally planned
economy until the communist regime collapsed in 1989, and Hungary
turned into a Western market economy, joining the European Union in
2004. The paper shows how during the centrally planned period rapid
collectivisation and capital investments drove the industrialization of
Hungarian agriculture, boosted yields and turned Hungary into a
biomass exporting country. Very much like the development that has
been observed in market economies such as the UK (Musel, 2009),
Austria (Krausmann, 2001) or Spain (Schwarzlmiiller, 2009-this
issue) during the second half of the 20th century, in Hungary a
surge in biomass output was associated with a drastic decline of the
initially very high HANPP, among others driven by the reforestation of
land of marginal agricultural productivity. The collapse of the
communist regime had a devastating effect on the economy and
agriculture. Between 1989 and 1993, GDP slumped by 21%, biomass
harvest by 39% and aHANPP temporarily even increased. It took
several years until after the massive structural changes the produc-
tivity of Hungarian agriculture began to increase again.

A second group of papers is dedicated to the analysis and
quantification of parameters contributing to global HANPP for which
currently no or only extremely limited data exist. In their contribution,
Lauk and Erb (2009-this issue) analyze the magnitude and geographic
pattern of human-induced vegetation fires in the year 2000.
Vegetation fires destroy a large amount of biomass and constitute
an important human interference in the energy flows of the terrestrial
ecosystems. They are thus highly relevant in the HANPP context.
Applying model assumptions on the area extent and rotation cycle of
slash-and-burn agriculture, the data gaps related to (small) vegetation
fires due to shifting cultivation could be closed and brought into an
estimate of the loss of biomass caused globally by large vegetation
fires, the latter based on published data. 85% of all vegetation fires are
caused by human activities, in particular by slash-and-burn activities
which amount to 1-1.4 billion tons of dry matter biomass burned each
year. An additional 0.45 billion tons per year are most likely to be
destroyed by burning of cropland residues in the field (Yevich and
Logan, 2003; this figure, however, refers to the year 1985 and is thus of

indicative value only). In total, 4.4 billion tons of dry matter biomass
are consumed each year in human-induced fires; a flow equivalent to
14% to the global HANPP of in the year 2000 as estimated by Haberl
et al. (2007). These results illustrate the importance of this aspect of
society—-nature interaction. Human-induced vegetation fires are
particularly important in developing countries, such as Sub-Saharan
Africa, Latin America and South-Eastern Asia, whereas in industrial
countries vegetation fires play a less significant role in terms of
HANPP. Lauk and Erb show that the current spatial patterns of biomass
burning can largely be explained by a nation's degree of industrializa-
tion and population density. This is due to the fact that vegetation fires
are used as an effective land use tool, whose importance declines in
case of land scarcity or the availability of other means to prevent soil
degradation by artificial input into the land system, such as fertilizer
and mechanical power.

Another land use aspect of global scope is presented by Zika and
Erb (2009-this issue). They study in detail the productivity losses
(ANPP\() resulting from degradation in drylands, also denoted as
‘desertification’. Dryland degradation, i.e. the temporary or permanent
reduction in the productive capacity of land situated in dry climates
meets with a lack of global data and homogeneous definitions, despite
its acknowledged role as an environmental and development issue of
global importance. By combining the best available data on the extent
of dryland degradation and its degree in a geographic information
system, the authors produce two independent estimates of the
productivity losses caused by dryland degradation, one based on
simple assumptions of NPP losses per degradation degree, the second
one making use of gridded data on agricultural productivity. NPP
losses were found to range between 799 and 1936 TgC/yr, or 4% to 10%
of the potential NPP in drylands; this amounts to 20-40% of the
potential NPP on degraded agricultural areas. In some regions, the
effect of dryland degradation on HANPP is found to be of similar
magnitude as the overall annual socioeconomic biomass harvest,
which once more highlights the need to take productivity losses
(ANPPc) in HANPP assessments explicitly into account. As a large
share of the global human population is affected by dryland
degradation, the restoration of degraded land is highly desirable, in
particular in the light of the forecasted population growth rates in
these regions.

The paper by O'Neill and Abson (2009) adds another facet by
demonstrating that HANPP can be used to analyze important spatial
patterns of global human activities. They test, at the global scale,
the hypothesis that settlements are predominantly located in highly
productive areas whereas protected areas (parks and other conserva-
tion areas) are predominantly located in areas with lower biological
productivity. They combine spatially explicit datasets of settlement
areas and parks (in the IUCN categories I-VI) with the global HANPP
dataset of Haberl et al. (2007). Their analysis unequivocally confirms
the first hypothesis: Humans do indeed prefer to inhabit areas with a
considerably higher-than-average productivity. The second hypoth-
esis is not supported at the global scale (parks are found to
have roughly average productivity) but is supported in some world
regions, especially in North America. O'Neill and Abson also find that
HANPP in parks increases as management category according to IUCN
rules becomes less restrictive. They demonstrate that HANPP and
its components may provide valuable additional information for
evaluating the extent and effectiveness of global conservation
networks.

Erb and colleagues (2009-this issue) present an assessment of the
global spatial disconnect between biomass production and one of its
most important drivers, biomass consumption, based on an extension
of the HANPP accounting framework. Due to trade, products derived
from using the land are seldom used where they are produced,
resulting in a growing separation between the production and
consumption of biomass. As a consequence, pressures on ecosystems
visible in some areas can stem from the consumption of products in far
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distant locations. By comparing global maps of HANPP and embodied
HANPP, i.e. the mass of upstream NPP flows associated with the
consumption of biomass goods, they show the magnitude and spatial
pattern of this disconnect in a cross-scale analysis. According to their
study, international net transfers of embodied HANPP amount to
1.7 PgC/yr, a significant flow when compared e.g. to global carbon
emissions from industrial processes (c.7.6 PgC/yr) or the current total
annual global net emissions of carbon stemming from land use change
(mostly deforestation) of 1.5 PgC/yr (Canadell et al, 2007). The
location and the extent of producing and consuming areas indicate
that the flow of embodied HANPP bridges considerable distances.
Embodied HANPP predominantly flows from sparsely populated to
densely populated regions. Large regions are still not participating in
this global exchange. The paper stresses the importance of a better
understanding of these “teleconnections”, as globalization and
urbanization are processing fast, and result in a high degree of
cross-regional interdependence, with unknown consequences for the
resilience of socio-ecological systems. Lastly, the paper underlines the
need to sustainably manage supply and demand of products of the
ecosystems on a global level.

5. Conclusion and outlook

NPP is a key resource of the coupled socio-ecological systems. Itis a
vital parameter of the ecosystem functioning, and, at the same time,
the basis of the provision of the biomass products to society, which
constitutes an essential fraction of the socioeconomic metabolism that
is by and large not substitutable by man-made capital (Ayres, 2007).
The articles assembled in this special issue illustrate the ability of the
HANPP concept to link natural and socioeconomic processes and to
generate an integrated picture of socio-ecological conditions, a major
goal of sustainability science (Kates et al., 2001; Kates and Parris,
2003).

The amount of NPP diverted and altered by human activities is the
outcome of the interplay of natural and socioeconomic factors. How
these factors determine spatial patterns and temporal dynamics of
HANPP is at present only poorly understood. Whereas it is possible to
identify, quantify and even map certain “proximate causes” (Lambin
and Geist, 2006) of HANPP, such as cropland agriculture, livestock
rearing, land-take by infrastructure and urbanization, or forestry, it is
much more difficult to depict the relation of these factors to
underlying processes such as economic growth, increasing trade
volumes, energy supply patterns, population growth and changes in
agricultural technology (Krausmann et al., 2009). The results of the
time series analyses by Kastner, Musel, Schwarzlmueller, and Kohlheb
and Krausmann highlight the intricate interplay of the demand for
biomass products, land use and land use intensity. The studies
underline that no single factor is able to explain patterns, dynamics
and magnitude of national HANPP. Population (density) and the
demand for biomass certainly play a strong role. Nevertheless, these
factors are influenced by climatic conditions, development status and
the degree of the integration in world markets, and superimposed by
technological developments and capacity. Dietary patterns and
characteristics of the livestock system (e.g., livestock density or feed
conversion efficiency) certainly also play a decisive role. All these
interdependencies result in a complex interplay of causes and effects,
and factor bundles that amplify, counteract or superimpose each other
in shaping the trajectory of HANPP and its components in a region.

It is obvious that the socioeconomic demand for biomass products
is a major driver of the human appropriation of NPP. However, no
simple relation of biomass demand and HANPP can be put forward at
present. The interrelation between biomass demand and HANPP
is determined by a number of “conversion” or “efficiency” factors
(Fig. 2): First, the production of one unit of biomass products for final
consumption requires a varying amount of primary biomass input into
the socioeconomic system (used extraction), depending on the
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Fig. 2. The interrelation between final biomass demand and HANPP, and related
“conversion losses”. The presented values refer to the global biomass flows in t dry
matter per capita in the year 2000, as assessed in Haberl et al. (2007), Krausmann et al.
(2008) and Krausmann et al. (2009).

conversion losses of the livestock sector or the food-producing
industry. Thus, the mix of socioeconomic biomass demand, in
particular the proportion between consumption of animal-based
and vegetable-based biomass is decisive, because in general animal-
based products are associated with much smaller conversion
efficiencies. Second, the amount of biomass extracted and used in
the socioeconomic system is associated with a varying amount of
harvest losses (unused extraction), which mainly depends on factors
such as the land use technology and the type of biomass. Used and
unused extraction sum up to NPP,. And third, the amount of HANPP
resulting from NPP;, is again highly variable, depending on factors
such as land use technology, the type of ecosystem under use, the
ability to avoid land degradation, i.e. to keep agricultural yields high
despite massive losses of soil nutrients. This last “conversion” rate
encloses productivity losses due to land conversion (ANPP¢).

Consequently, the amount for biomass products and its associated
national HANPP depends on a number of interrelated factors: a) the
composition of national biomass demand (e.g animal vs. vegetable
biomass); b) technology and the prevailing agricultural and forestry
productions system(s) in a country and, c) the integration into the
global economy and international trade with agricultural products,
where biomass demand can be covered from resources outside the
national territory (Erb et al., 2009-this issue).

Nevertheless, the empirical results presented in this special issue
suggest that, despite the differences in population, population density,
economic and technological status, land use systems and historical
developments, common patterns in the development of HANPP
through time exist: Agricultural intensification, via increases of the
efficiency of biomass appropriation per unit area (i.e. reduction of the
amount of HANPP per NPP},), is capable to compensate for surges in
biomass demand and increases in the share of animal protein in
human diets. This implies that the growth of HANPP is mostly far
lower than the growth of biomass demand — HANPP may even decline
while biomass harvest grows. In the European case studies, the effect
of agricultural intensification, mainly input-driven, is often more than
strong enough to counterbalance the effect of surging biomass
harvests. In the Philippines (Kastner, 2009), by contrast, HANPP
almost doubled during the observed period. Nevertheless, the strong
increase of human pressure on the nation's ecosystems was by far
smaller than the 10-fold increase in population.

The efficiency gains that result from intensification and indus-
trialization of agricultural practices — enabling for increased harvests
at more or less stabilized HANPP — seems to be a common feature in
different historical settings. This entails that the concept of “carrying
capacity” in the human-environment context cannot be assessed on
the basis of simple quantitative land use parameters, such as the area
of land under use. Instead, the sustainability question is strongly
related to the amount of land as well as the intensity with which the
land is used, and the ability of the natural systems to cope with this
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land use intensity. HANPP allows moving beyond oversimplified
“footprint” approaches by relating socioeconomic activities and
metabolism to the intensity of land use and ecosystem functioning,
thereby contributing to a more differentiated perspective.

The articles assembled in this special issue underline the need to
advance our understanding of the coupled Earth System and its
multiple facets, as well as the urgent need to improve and extend the
databases on vital, but currently neglected, society-nature interac-
tions. By applying the HANPP concept for analyses of the extent,
pattern and magnitude of dryland degradation and human-induced
fires, these studies demonstrate the analytical potential of HANPP, and
at the same time illustrate how limited our current understanding of
the essential aspects of the coupled Earth System is. The high potential
of HANPP studies as a tool to inform land use management is
illustrated by the contribution of O'Neill and Abson, which tests the
suitability of the HANPP indicator for nature conservation planning.
The papers also illustrate that national economies cause HANPP not
only within their own territory but also beyond their boundaries,
through biomass imports (see Erb et al., 2009-this issue). At the same
time, the production of exported goods contributes to HANPP on their
own territory (see also Kastner, 2009). The currently accelerating
integration of global markets superimposes the relation between
patterns of national biomass demand and HANPP and creates a further
sustainability challenge by increasing the spatial disconnect of
biomass consumption and land use (Chisholm, 1990; Turner et al.,
2007; Erb et al.,, 2009-this issue).

The research presented here confirms the value of HANPP as an
indicator of strong sustainability, emphasizing the non-substitutability
of natural capital by human-made capital (Meadows et al., 1992; Sagoff,
1995; Martinez-Alier, 1998; Martinez-Alier, 1999; Costanza et al., 1998).
NPP, although partially replaceable by e.g. fossil fuel derived products, is
practically not substitutable as it is the only source of food to humans
and closely connected to the provision of the essential ecosystem
services such as buffering and purifying services (Daily et al.,, 1997;
Millennium Ecosystem Assessment, 2005; Ayres, 2007). Moreover, the
contributions assembled in this special issue suggest that the indicator
HANPP can help to analyze the complex interrelations between the
socioeconomic systems and their natural environment in a truly
interdisciplinary manner, linking approaches from economics, ecology
and other social and natural sciences.

New, innovative tools that are capable of capturing the within-
scalar and cross-scalar spatio-temporal dynamics of land use need to
be developed. Extensions of the HANPP concept, which quantify the
HANPP embodied in biomass products, could provide valuable
information on sustainability aspects of socio-ecological systems,
linking drivers and impacts of land use. This would be relevant for
assessments of the provision of biomass for food, feed and fibres, and
energy, and analyses of the trade-offs between different uses of
biomass. Recent policies in many industrialized countries aimed at
fostering the use of biofuels (Goldemberg, 2000; Fischer et al., 2009)
render such research particularly relevant. It is common knowledge
today that bioenergy provision could come at high environmental
costs (Field et al., 2008; Fargione et al., 2008), mainly depending on
the selected technological path and type of biomass used. Accounts of
HANPP embodied in bioenergy products could provide further,
complementary information of the sustainability aspects related to
such strategies.
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