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1. Introduction

The socio-economic dimension of Biosphere-Atmosphere changes

Land use provides the basis of human sustenance, but changes in land cover and land use are also
pervasive drivers of global biosphere-atmosphere change (Millenium Ecosystem Assessment 2005;
Foley et al. 2005). Today, land use affects more than three quarters of the earth’s terrestrial ecosystems
(Erb et al. 2007; Ellis et al. 2013; Luyssaert et al. 2014) and has led to annual release of carbon from
biota and soils of 4.03 + 2.93 GtCO2/year (billion tons of CO2 per year) globally over the last four
centuries (Smith et al. 2014b).

Likewise, intensification of land use has widespread detrimental consequences such as eutrophication,
air pollution, greenhouse gas emissions, topsoil loss, or biodiversity loss (Matson and Vitousek 2006;
Foley et al. 2005; IAASTD 2009; Lindenmayer et al. 2012). These problems may be aggravated in the
future due to anticipated increases in the demand for food, fibre, shelter, bioenergy, and freshwater, and
the need to mitigate climate change, e.g. by limiting further conversions of forests to agriculture or the
provision of bioenergy (Smith et al. 2014b). Because fertile land is increasingly scarce and the
competition for it increases, decoupling production increases from the environmental impacts of land-
based production related to land expansion is therefore a central sustainability challenge of the twenty-
first century (Lambin and Meyfroidt 2011; Tilman et al. 2011; Garnett et al. 2013; Verburg et al. 2013).

However, many knowledge gaps relate to the impacts of land use on global change processes (Steffen
et al. 2015; Erb et al. 2013; Kuemmerle et al. 2013). A very basic and fundamental research challenge
is that both, socio-economic drivers, i.e. land use, as well as climatic drivers influence climatic and
ecosystem changes at various scales and it is difficult to disentangle the effects of both. This is also a
major challenge (and indeed the focus of WP6 and WP7) in the BACI-project, where appropriate
analytical tools are required to distinguish socio-economic from climatic drivers of biosphere-

atmosphere changes.

One intricacy in capturing effects of land use and land use intensity is the limited usability of remote
sensing techniques, particularly when it comes to capturing effects that are beyond changes in land
cover. This is related to the complex and multi-dimensional nature of land use intensity, which
encompasses not only one, but three different interrelated processes (Erb et al. 2013; Kuemmerle et al.
2013): (a) inputs into the land, such as labour, fertilizer, water, nutrients, mechanization), (b) their
respective outputs from the land, such as land-based products (biomass harvest), as well as (c) changes
at the system level related to land use, or unintended consequences respectively, such as ecosystem

degradation, carbon stock losses of biodiversity loss.



Deliverable 7.2: Rationale and research objectives

WP7 of the BACI project focuses on the socio-economic dimension of biosphere-atmosphere changes.
Deliverable 7.2 aims to analyse trajectories of land use and land use intensity at the global scale in a
long-term perspective. This report represents the results of deliverable 7.2., which is described as:
“Report on global demand and for land-based products, and inputs in the land system in decadal time
series at the global level.” (from the BACI project-proposal).

As an analytical framework, we apply the “Human Appropriation of Net Primary Production”
(HANPP)-framework that has gained momentum as a tool to assess the human domination of terrestrial
ecosystems caused by land use. Specifically, we aim at quantifying and analysing global HANPP flows
from 1910 to 2005 in a spatially explicit way. Our research goal is to trace the human impact on
ecological NPP flows and to scrutinize land-use changes, i.e. land cover and land-use intensity changes,
as a pressure indicator for BACI in a wall-to-wall representation (i.e. considering all occurring land use
types, or 100% of each grid cell respectively).

The long-term focus allows us to a) put recent developments that are directly relevant for other BACI-
working packages (i.e. the period from 2000 onwards), into perspective with historical changes of land-
use impacts, in order to grasp the magnitude of recent changes, b) analyse and disentangle effects of
archetypical processes, such as land use intensification versus land cover changes on NPP flows in order
to understand and contrast their relevance, and ¢) observe land use processes in a time period for which
no remote sensing data exists (before the 1970s), but which, due to past legacies, still influences todays
land-use patterns. Our results will be particularly relevant for BACI, because they introduce a level of
dimension that is not measurable by earth-observation/ remote sensing techniques: The level of land
management, such as amounts of biomass harvest, crop yield trends and land based inputs that are
largely dependent on human decision making, technological progress, economic and political

frameworks, as well as on the global biomass market and international trade relations.

HANPP as an analytical framework

The “‘human appropriation of net primary production’” or HANPP (Vitousek et al. 1997; Haberl et al.
2007) represents an indicator for anthropogenic land-use intensity and provides a framework for
analysing the pressure exerted on terrestrial ecosystems by land use (Haberl et al. 2014). It builds upon
assessments of the human interference with net primary production. Net primary production (NPP) is
the annual production of biomass by primary producers (mainly plants) available for heterotrophic
processes in ecosystems. HANPP measures the effects of land conversions and biomass harvest on NPP
and, by integrating metrics of output intensity and system-level changes (in this case, changes in NPPyq),
allows us to disentangle effects of changes in land cover and land-use intensity on ecosystem energetics
(Erb et al. 2009, 2013; Kuemmerle et al. 2013).



HANPP is particularly valuable in the BACI-context, because it allows neutralizing climatic factors and
highlighting the role of land use on terrestrial NPP flows (refer to chapter 3.1). NPP, or carbon flows
respectively, are used as the unit of measurement. Since NPP flows are directly related to many other
ecosystem parameters, such as biodiversity, the water cycle, or carbon stocks, the human alteration of
NPP flows allows for a proxy of changes in such parameters related to land use (Haberl et al. 2014).

Following Haberl et al. 2007 we define HANPP as the sum of two processes: A) biomass harvest through
agriculture, forestry and livestock grazing (HANPP:av) and B) indirect NPP appropriation through land
cover change, such as it is the case when i.e. a natural forest is replaces by cropland or artificial pasture

land (HANPP,,c). Hence, HANPP can be expressed through the following formulas:

HANPP = HANPPan, + HANPP (Equation 1)
where
HANPPyc = NPPpot — NPPact (Equation 2)

NPPyo: represents the natural NPP level, i.e. the NPP that would occur in the ecosystem without human
land use and NPP. represents actual NPP, i.e. the currently prevailing NPP as the combined NPP of all

occurring land use classes (agriculture, forestry, infrastructure, livestock production).

Previous work

While global HANPP maps for one time step (Haberl et al. 2007), long-term trajectories of global
HANPP (Krausmann et al. 2013), as well as national and regional HANPP studies (Kastner 2009; Musel
2009; Krausmann et al. 2012; Niedertscheider et al. 2012; Niedertscheider and Erb 2014,
Niedertscheider et al. 2014; Gingrich et al. 2015; Plutzar et al. 2015) are increasingly becoming
available, assessments of HANPP time series at finer resolutions over large areas are lacking due to
missing fine-scale input data. Fine resolution HANPP datasets covering a greater time period, however,
would provide crucial information for in-depth analysis of place-specific ecological impacts of land use

(e.g. on biodiversity).

This study is methodologically based on two already existing studies on global HANPP flows: Haberl
et al. (2007) have calculated HANPP at a 5min resolution at the global level around the year 2000 using
spatially explicit land cover and land use information for the respective year, revealing a global level of
24% of NPP appropriation from potentially available NPP (NPPp). Krausmann et al. (2013) have
analysed global HANPP flows from 1910 to 2005 in a decadal time series at the national level and have
shown that HANPP has doubled in the 21% century.



2. Materials and methods

We calculate HANPP trajectories in a decadal time series from 1910 to 2005 on a global level at 5
minutes resolution. We combine a set of the currently best available, spatially explicit land cover/-use
data sets with historical (mostly census) data on biomass harvest, as well as with model outputs for
NPPp:. We follow a closed budget approach, i.e. considering 100% of each grid cell globally by
guantifying land cover/-use trends of all occurring land-use types, such as cropland, forest land, grazing
land and settlement areas. Unused and unproductive areas, such as permanent hot and cold deserts, are
not assumed to have any effect on HANPP and are thus excluded from our calculation. The following
subsections describe all data sets and methods used in more detail.

Land-use data set

As a basis of all following steps, we compiled a historic land-cover data set by evaluating available data
sets in terms of their quality and usability for our HANPP database. We applied different approaches
using a combination of different data sets for all considered land use-types. For croplands consistency
with national data given in Krausmann et al. (2013) was considered authoritative, as these data sets are
based on historical statistical records, as well as on FAOSTAT data after 1961 (FAO 2017). We used
the constant 2000 national borders for downscaling statistical data into the grid. Krausmann et al. (2013)
base their calculation at the level of eleven world regions, but, whenever available, also provide data at
the national level. Particularly before 1961 national data was often not available and we had to deal with
changing national territories. The following approach was used to model national data for such cases:
We subtracted the sum of available country-level data from the regional data in order to get the sum of
croplands to be redistributed to countries were data was lacking, or country borders had been changing.
We used the relative share of countries with no data to the sum of cropland areas for all countries with
lacking data in 1960 (refers to the year 1961), the first year with complete national cropland data. This

share was considered constant in the years 1910, 1930 and 1950.

Fallow land was calculated by subtracting cropped areas from arable land. Data on arable land was taken
from Krausmann et al. (2013). As mentioned, historical statistics were incomplete for the years 1910,
1930 and 1950. In case of lacking data on arable land we used the share of fallow land to cropped areas
of the next available time-step. For Germany (1910) and Italy (1910, 1930, 1950) we used data from
previous national studies (Niedertscheider et al. 2014; Niedertscheider and Erb 2014). For the former
Soviet Union (FSU) Krausmann et al. (2013) reported regional data for the entire time-period. Hence,
we used FAOSTAT data from 1992 in order to calculate the cropland share of each country belonging

to the former-FSU. We considered this share constant for the entire time-period.

For the spatial allocation of national cropland areas to the grid we followed the patterns of HYDE 3.2

(Klein Goldewijk 2016). In cases where Krausmann et al. (2013) data were higher than the national



aggregation of cropland pixels in HYDE 3.2, we increased the fractional covers of all cropland pixels

in order to reproduce the Krausmann et al. (2013) national sums.

Grazing land was also taken from HYDE 3.2., where grazing land is defined as the sum of pasture land
(potential forest land converted to grazing land) and rangeland (potential non-forest land converted to
grazing land). Settlement areas were also taken from HYDE 3.2, however, as this data does not consider
rural infrastructure areas, we considered that each cropland pixel contains a certain amount of rural
infrastructure (3% of cropland area in 1910 linearly increasing to 5% in 2005). Wilderness areas (i.e.
areas without land use) were also taken from the Hyde 3.2 dataset which also provides an “re-
classification of HYDE 3.2.000 according to the Ellis and Ramankutty (2008) scheme of
“Anthropogenic Biomes” or “Anthromes”. The remaining areas were defined as either as forests and
woodlands or other land maybe grazed. Forests and woodlands were considered in those pixels that
were classified as potential forests in a map of potential vegetation (Ramankutty and Foley 1999). All
other pixels are considered other land maybe grazed. Additionally, on pixels classified as village land
in the HYDE “Anthromes” data (Ellis and Ramankutty 2008) 90% of the hitherto unclassified land
were defined as other land maybe grazed, while 10% were considered forest land. This approach was
chosen in order to account for the proximity of more intensively used land classes, such as pasture land,

to villages and infrastructure areas.

HANPPharv: Biomass harvest

Biomass harvest on croplands, forest land and grazing land were taken from Krausmann et al. (2013).
We used the same approach as described above for the land use/-cover data set for modelling biomass
harvest in the case of changing country borders or lacking national data in the pre-1961 period, as well

as for the former FSU countries.

In our definition HANPPv does not only contain the merchantable part of a plant that is usually
reported in statistical records (i.e. timber, fuelwood, primary crop harvest), but also contains used and
unused residues, such as felling losses and crop by-products, i.e. straw. The detailed methods for
extrapolating primary harvest to HANPP. are described in the supplementary material of Krausmann
et al. (2013). Basically, harvest factors that account for by-products were based on literature recherché
in order to integrate industrialization and technological change as factors that have decreased the share
of by-products to the total plant. This was particularly relevant for cropland production in Europe, the
North America and Eastern Asia from the post-World War Il period onwards, when new agricultural
technologies of the so-called “Green Revolution” allowed for drastically increasing biomass yields
(Krausmann et al. 2013).

Cropland harvest was spatially downscaled to the HYDE 3.2 cropland patterns following an index
created through the combination of NPP,, patterns with patterns of irrigated land (HYDE 3.2. based on

Siebert et al. 2015). Hence, we assumed that cropland yields were higher in regions of high NPPpt,

6



where temperature and water availability are usually favourable for agricultural production, as well as
on irrigated land, where aridity is counterbalanced through external water inputs (Niedertscheider et al.
2016b; Smith et al. 2014c).

No data on spatially explicit forest harvest exists, which is why we assumed forestry harvest to follow
the patterns of forest NPPy. However, we excluded areas that were defined as “wilderness” in
Sandersen et al. (2009). Harvest on grazing land was calculated based on feed demand values, which
were calculated through livestock numbers using the methods for different animal species described in

Krausmann et al. 2013.

Harvest on grazing land was downscaled to the grid following the HYDE 3.2 patterns of grazing land.
Two basic considerations were important here:

1. The fraction of NPP. on grazing land that is available for grazers had to be defined. On grazing
land pixels that belong to pasture land in HYDE 3.2, the entire aboveground fraction (50% of total
NPP; Haberl et al. 2007) was considered accessible for grazers, while on rangeland and other land may
be grazed a certain fraction was assumed to be covered by woody vegetation and thus was excluded
from grazing, i.e. in the case of savannahs, or shrublands. Here, we used values provided by Fetzel et
al. (2017), who provide the following factors for aboveground NPP:

e natural grasslands: 100%

e other wooded land: 70%

These factors were spatially joined with three different biome maps (Ramankutty and Foley 1999;
Olson et al. 2001; Simons et al. 2001), where the mean factor between the maps was taken as a
multiplier for NPP in each pixel.

2. For the allocation of grazed biomass into the grid, we additionally followed a grazing-
intensity function assuming that regions of high NPP, are over-proportionally grazed compared to

regions of lower NPPg:.

Actual NPP (NPPact)

Actual cropland NPP was extrapolated from cropland HANPPa using country-specific pre-harvest loss
factors. These factors were taken from Krausmann et al. (2013) and are temporally dynamic in order to
account for a decrease of NPP losses in the course of industrialization. In line with common practice in
HANPP studies, NPP,.: on forest land was assumed to equal NPPp,: and NPP4: on infrastructure land
was considered to be one third of NPPyy assuming one third of the area carries highly productive
vegetation (Haberl et al. 2014). On grazing land located on potential forest land 20% of NPPp: were
deducted to arrive at NPP4. Additionally, to account for degradation on grazing land, deduction factors
derived from Zika and Erb (2009) were applied. In the present version, the low estimate was used to

arrive at conservative results.



Potential NPP (NPPyot) and HANPP

Potential NPP (NPP,q) trends were calculated by the Lund-Potsdam-Jena Global Dynamic Vegetation
Model. Several LPJ-runs exist, where we use the version in Krausmann et al (2013) in order to warrant
the highest possible level of consistency. HANPP was finally calculated as the sum of HANPPpa, and
HANPPy, (defined as the difference between NPPpo: and NPPq).

In order to assess the influence and potential uncertainty of our results due to the model-derived NPPpot,
we contrasted our results with an alternative HANPP calculation applying outputs of a different DGVM:
LPJ-GUESS (Smith et al. 2001, 2014a).

External drivers of HANPP: IPAT

In order to highlight the effects of external drivers on HANPP patterns, we calculated the correlation
between HANPP patterns and patterns of inputs of nitrogen (Lu and Tian 2017), irrigation (Klein
Goldewijk 2016; which uses data from Siebert et al. 2015), population (Klein Goldewijk 2016) and
GDP (Nordhaus 2005; Nordhaus and Chen 2016). This allows us to integrate the “input” dimension of
land use into our analysis, which is a priori not integrated in the HANPP framework. The external drivers
analysed here resemble the input variables of the IPAT-model (Ehrlich and Holdren 1971; Commoner
1972), which attributes a certain impact (1), in our case HANPP changes, to respective drivers, i.e.
population changes (P), affluence approximated by GDP changes (A) and technology, expressed by
changes in nitrogen and irrigation (T). We focus on IPAT changes between 2000 and 2005, as this is the
period most relevant for other BACI working packages. The IPAT approach allows us to highlight the
relevance of the mentioned input-parameters on changes in HANPP flows. This information is crucial
when interpreting past HANPP patterns, but it is also helpful for grasping possible future land-use
impacts of different socio-economic pathways in terms of demographic change, economic development

and technological change.



3. Hundred years of land use change

Overall HANPP trajectories in the past 100 years

In the course of the 20" century global NPP appropriation measured by the HANPP indicator
framework, has doubled from 6.5 billion tons carbon (bio t C) in 1910 to 12.9 bio tC in 2005 (Figure
1A; refer also to Krausmann et al. 2013). Expressed as a share of natural NPP (NPPy.) the HANPP
increase was less drastic, i.e. increasing from 13% to 22% in the observed period (Figure 1B). This is
related to potential NPP, which showed a steady rise from 51.8 bio tC to 59.1 bio tC between 1910 and
2005 (Figure 1A secondary axis), owing to climatic changes, increasing N-availability and rising CO>
levels in the atmosphere (Sitch et al. 2003a). Our HANPP results (Figure 1) are slightly lower than the
results in Krausmann et al. (2013), which owes to the spatially explicit calculation of HANPP and its
indicators that allows for the more fine-scale representation of land use impacts, taking into account also

local to regional ecosystem properties.

HANPP dynamics were strikingly different in the eleven world regions analysed here (Figure 1). The
world regions correspond to the regions analysed in Krausmann et al. (2013). While Western Europe
has revealed continuously decreasing HANPP % NPP since the beginning of the observed time period,
Northern Africa and Western Asia, Eastern and South-Eastern Europe, Oceania and Australia, as well
as Central Asia and Russian Federation witnessed a turning point from increasing to decreasing HANPP
in the 1980s and 1990s (Figure 1B, also refer to the appendix figures A2 to A4). The most prominent
increase of HANPP has occurred in world regions that revealed low to moderate levels of HANPP
throughout the time period: In Latin America and the Carribbean, South-East Asia, Sub-Saharan Africa
and Eastern Asia, HANPP % NPPp: has been rising by 227%, 136%, 133% and 110% since 1910
(Figure 1B). The tabular trends presented in Figure 1 are supported by the respective global maps on
HANPP trajectories, which can be found in the Appendix (Figures A2 to A4) for the years 1910, 1950,
1980, 2000 and 2005.

Our findings resemble the archetypical HANPP patterns described in previous studies (Jepsen et al.
2015; Gingrich et al. 2015; Krausmann et al. 2012; Kastner 2009): HANPP starts at low levels and
usually increases owing to population growth and resulting land expansion under relatively low biomass
yields. In the course of industrialization followed by intensification of agriculture, HANPP stabilizes at
high levels, as biomass demands are not satisfied by expanding agricultural areas, but by increasing
outputs per area (also refer to the seminal study by Boserup 1965). In highly industrialized regions,
HANPP even declines, as forests grow back on abandoned, mostly marginal agricultural areas. This
process is termed “forest transition” in the literature and was observed for many Western European
countries, as well as in parts of the US and Southeast Asia (Mather 2001; Rudel et al. 2005; Meyfroidt
and Lambin 2011).



Hence, unsurprisingly, the trends towards increasing HANPP in some world regions is chiefly found in
the developing world, where land expansion is still the dominating land use trend, whereas input-output
intensification levels are commonly low (Niedertscheider et al. 2016b; Fetzel et al. 2016) . These
findings are also mirrored in terms of biomass harvest trends (HANPPha) and particularly in the trends
of HANPP efficiency (calculated as the share of HANPPha to HANPP), which show striking difference
between the world regions (Figure 1C D). Globally, total biomass harvest increased even more drastic
than HANPP, revealing an almost threefold increase from 3.1 bio tC in 1910 to around 9.0 bio tC in
2005 (Figure 1C). As a consequence, HANPP efficiency has improved greatly. While in 1910 only 48%
of HANPP consisted of HANPPar, this share grew to 70% in 2005 (Figure 1D).

HANPP efficiency reached levels above 100% in Southern Asia, Northern Africa and Western Asia
from 1990 onwards. This can be explained by land management that was responsible for actual NPP
(NPPxc) to surpass potential NPP (NPPy), resulting in negative HANPPy. In Eastern Asia HANPP
efficiency above 100% was even the case from 1970 onwards. These trends are directly related to output
intensification, along which levels of harvest per area increase and NPPq; rises at the cost of HANPP),
indicating that the NPP losses associated with land use are declining. Vice versa, low levels of HANPP
efficiency indicate low levels of output intensification. This was the case particularly in Sub-Saharan
Africa and Central Asia and Russian Federation, where only 40 and 48% of HANPP entered the socio-
economic system in the form of harvest, while the remaining part (HANPP).c) and the lion’s share was
lost in the course of land conversion. Other studies come to similar conclusions in terms of low levels
of land-use intensity that is related to a historical reliance on land expansion as a way to increase biomass
harvest in order to cope with population growth in many parts of Sub-Saharan Africa (Niedertscheider
et al. 2016a; Bartels 2013; Fetzel et al. 2016).

While the contribution to total HANPP in 2005 was dominated by Latin America and the Carribean,
Northern America and Sub-Saharan Africa, the contribution to total biomass harvest (HANPPa) was
dominated by Latin America and the Carribean, Eastern Asia, Southeast Asia and North America. Sub-
Saharan Africa contributed only 11% to global HANPP .
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Figure 1: HANPP trends from 1910 to 2005 broken down to eleven world regions. A) Regional totals in Billions tons Carbon
per year [bio tC/yr]; the secondary axis depicts the NPPpot trend. B) HANPP as percentage of NPPpot globally (dotted line)
and for the world regions. C) biomass harvest (HANPPhary) broken down to the world regions, with the HANPP-trend on the
secondary axis. D) share of HANPPnary per unit of HANPP as a proxy for HANPP efficiency. Colour codes of A, B, C and D
match.

HANPP patterns in 2005

Figure 2 reveals the global patterns of HANPP (A) and HANPPar (B) in 2005. HANPP was distributed
extremely uneven across the globe, where high levels (between 300 and 400 gC/m2/yr) are particularly
found in central and eastern Europe, the US, Southern Brazil, India, Nigeria and Eastern China (Figure
2A, B). Harvested NPP (HANPP.) resembles HANPP patterns relatively closely. However, here
Northern Europe and Eastern China, as well as parts of North-East India turn out as hotpots, whereas
South America, the US and Nigeria show lower levels compared to their HANPP patterns, supporting
the previous paragraphs, where HANPP efficiency had been described as low in many African parts and
high in Southeast Asia and Southern Asia. Eastern European and Sub-Saharan African countries reveal
very low levels of HANPPharv. HANPParv Was generally higher in regions dominated by croplands (refer

to the appendix Figures A2 and A3) that are usually more intensively managed, as are grazing lands in
11



many parts of the world. Population density is an additional factor that promotes high HANPP and
HANPPa levels. The US, for instance is a highly industrialized country, but, owing to the low
population pressure, reveals lower HANPP:, levels as compared to, for instance Europe, or Eastern
China. Naturally, climatic and topographic factors are pivotal drivers of the dominant land-use type in
a pixel, where the more arid regions follow a gradient towards higher specialization on grazing, which
is commonly managed less intensively as compared to croplands, corresponding in lower HANPP .

A. HANPP B. HANPPharv

50 100 150 200 250 300 350 >400
[gC/m?2/yr]
Figure 2: HANPP flows in the year 2005. A HANPP and B HANPPharv in gC/m2/yr.

In 2005 human land use has decreased NPPyq by roughly 7% (i.e. HANPPyc = 7% of NPPya). In other
words, NPP: amounted to 93% of NPPp: in 2005 (Figure 3 A, B), of which approximately 13% were
extracted through harvest (Figure 2B). HANPP patterns described above do not strictly follow patterns
of NPP4: and NPPyo: (Figure 3 A, B) in most world regions. Particularly the tropical countries of Africa,
Southeast Asia and South America reveal the highest NPPy levels of above 1000 gC/m2/yr, while their
HANPP levels were rather low. Exceptions are those areas of the tropics, where agriculture has
developed as the predominant land use form over the past decades (refer to Figures A3), leading to a
high HANPP and NPPq lower than NPP,,. Examples are the soy-growing regions of Southern Brazil,
or the tropical parts of Western Africa, i.e. along the Gulf of Guinea, as well as parts of the Congo basin.
In these regions agriculture has replaced areas of high NPP,, leading to the highest HANPP,,. levels
globally (Niedertscheider et al. 2016b). NPPa¢ was also drastically lower than NPPyq in regions of the
former Soviet Union, where high shares of NPP,.: were lost, supporting previous research that has

revealed low output-intensity together with high system level impacts (Niedertscheider et al. 2016b).

In Western Europe, the Iberian Penisula stands out as a region where NPP,: was significantly lower
than NPPyq, while the remaining areas of this region show only moderate differences between NPPyq
and NPPa4. Spain is also prone to high HANPP combined with relatively low HANPPa in the regional
context. A few parts of the world reveal higher NPP. than NPP. These regions are mainly situated in

the agricultural dry-land regions, where particularly irrigation and intensive land management allows
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for NPPqc to surpass NPPp: (Siebert et al. 2015). Examples are the Indus region of North India and
Pakistan.

A. NPPact

I

100 200 300 400 500 600 700 800 900 =1000
[gC/m?2/yr]

Figure 3: NPP flows in the year 2005. A actual NPP and B potential NPP in gC/m?/yr.

Comparing periods of HANPP changes: Recent developments in perspective with long-

term trends

The spatially explicit HANPP results and its components are presented in the Appendix for the time-
steps 1910, 1950, 1980, 2000 and 2005. As changes of land use will be particularly important in the
BACI context (BACI is, by definition, a change indicator), we will focus on changes of HANPP and its
indicators for different sub-periods in the following sub-chapters. Figure 4 to Figure 14 represent the
changes of land cover, HANPP and its indicators between 1910 and 1960 (A), 1960 to 2005 (B), 1910-
2005 (C) and for 2000 to 2005 (D), which is also the period in which most BACI downstream products
will become available. Hence, for the BACI-context and the empirical parts of related WPs, panels D
might be most suitable for direct use, such as for validation of the BACI-index and the downstream
products (WP6). Panels A,B and C allow to put recent changes (D) into perspective with historical

changes in order to get an impression on their magnitude in the temporal context.

Land cover changes were drastic since 1910 and did not follow uniform patterns across the world (Figure
4- Figure 7). A striking gradient between industrialized Europe and the developing world appears in
terms of cropland trajectories. Globally, croplands increased from ca. 9 Bio km? in 1910 to more 15.4
Bio km? in 2005, which corresponds to a 70% increase. Western and Northern Europe experienced a
continuous cropland decrease over the entire time period (Figure 4C), while the lion’s share of cropland
expansion occurred in Sub-Saharan Africa and Southern Asia, where croplands increased from 1910 to
2005. Different phases of initial expansion between 1910 and 1960 (Figure 4A) and decline afterwards
(1960-2005, Figure 4B) are found in Eastern Europe and the former Soviet Union countries, but also in
the US corn-belt. In Eastern Europe and the former Soviet Union this is related to the collapse of
communism and the democratic transition in the 1990, which led to drastic institutional changes and to
13



a sudden brake-down of the agricultural system. Agricultural abandonment was high (Prishchepov et al.
2012; Kuemmerle et al. 2011; Hostert et al. 2011; Niedertscheider et al. 2014) and only in the most
recent period, croplands started to increase again in some parts (Figure 4D).

Grazing lands declined in central Europe too, which, together with the observed increase of woodland
areas supports the notion of a forest transition found in the literature (Figure 5, Figure 6) (Jepsen et al.
2015; Rudel et al. 2005; Mather 2001; Meyfroidt and Lambin 2011) that follows agricultural regime
shifts and a trend towards increasing biomass imports. Opposite trends of agricultural expansion at the
cost of woodlands are found in the remaining world regions, particularly in South America, Southeast
Asia and Sub-Saharan Africa. These global heterogeneities indicate a diversification between biomass
exporting and importing regions across the past century, but chiefly in the second period (panels B),
where global markets become more important and global biomass trade increased. Europe stands out a
region that heavily relies on biomass imports, particularly from South America (Kastner et al. 2015).
Hence, European biomass consumption has to some extent externalized related land-use impacts to
distant, often developing world regions (Kastner et al. 2011, 2015). Forests also regrew in parts of the
US (Figure 6 B).

Most shifts in land-cover occurred in the pre-2000 time period, while between 2000 and 2005 changes
were comparably modest. However, considering the short time-span of only five years, several
interesting shifts appear (Figure 4- Figure 7, panels D): Croplands revealed the greatest dynamics in this
period and show expansion hotspots in Southern Brazil, Western US and below the Sahel-belt, but
elsewhere witnessed declines. Argentina, Colombia, Southern Europe and Botswana appear as hotspots
of cropland decline between 2000 and 2005 (Figure 4 D). Woodlands show moderate shifts, except for
Eastern Europe and parts of South-Eastern China, where woodlands increased, in contrast to Eastern
China and parts of the central Asia, the Ukraine and Belarus, where deforestation hotspots prevailed
(Figure 6 D).

14



A. 1910 - 1960 B. 1960 - 2005

-200  -100 -50 -20 0 20 50 100 200 >200
[% change]

Figure 4: Changes of cropland extent in % absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-2005.
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Figure 5: Changes of grazing land extent in % absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-
2005.
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Figure 6: Changes of woodland extent in % absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-
2005.

Build-up areas contribute low shares to the global land cover, but nevertheless increased substantially
from 0.4 Bio km? in 1910 to 1.2 Bio km2 in 2005. Particularly the developing world of Sub-Saharan
Africa, South Asia, mostly India and parts of Latin America saw drastic expansion of infrastructure
areas, witnessing approximately 6-fold increases (Figure 7). Increases were lower in Europe and support
the lower levels of population increases (FAO 2017; Klein Goldewijk 2016).
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Figure 7: Changes of build-up areas in % absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-2005.

Again, a clear distinction between Europe and central Asia and the rest of the world can be witnessed in
terms of HANPP changes, both, calculated as HANPP per area (Figure 8) and as percentage of NPPp:
(Figure 9), where European HANPP decreased already between 1910 and 1960, but elsewhere HANPP
increased. Interestingly, European HANPPar per area increased simultaneously, which supports the
initial finding of high HANPP efficiency in the industrialized world. In contrast, Russia and the former
Soviet Union countries experienced declining HANPP in the 1960-2005 period, which was largely a
consequence of the fall of the iron curtain, which, as mentioned above, brought about a sudden collapse

of the agricultural production system in most former communist countries. This was specifically
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experienced in the livestock sector and as a consequence grazing HANPP., declined drastically (
A. 1910 - 1960 B. 1960 - 2005

-200 -100 -50 -20 0 20 50 100 200 >200
[% change]

Figure 10, Figure 9) (Kuemmerle et al. 2011; Prishchepov et al. 2012; Niedertscheider et al. 2014).

Between 2000 and 2005 HANPP changes were more dynamic when expressed as HANPP per unit area
(Figure 8D), compared to HANPP % NPPp: (Figure 9D). This is related to climatic factors that are
neutralized when HANPP is related to NPPpo, while land-use effects are highlighted. In several regions,
such as Southern Argentina, or Australia, this even resulted in a different direction of change, i.e.
HANPP per area declined, while HANPP % NPPy: increased, as a result of declining NPPq in the same

time span (refer to appendix Figure Al).

Hence, those regions that stand out as hot-or cold-spots of HANPP % of NPPy.: changes can be defined
as hotspots of land use change. From 2000 to 2005 particularly Mongolia showed rapid decreases of
HANPP % NPPy: due to declining livestock numbers that was followed by declining HANPPhav 0N
grazing lands (Figure 12 D), while the Indus region (N-India and Pakistan) experiences a drop in
HANPP % NPPy.: due to rising cropland productivity (NPP.; refer to appendix Figure 1A) and cropland
yields (Figure 11 D).
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Figure 8: Changes of HANPP [gC / m2/ yr] in percent absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and
D. 2000-2005.
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Figure 9: Changes of HANPP in % of NPPpot in percent absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and
D. 2000-2005.
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Harvested NPP per area (HANPP) increased in all world regions from 1910 to 2005, expect for
Scandinavia, and parts of Russia and central Asia (Figure 10 C), which experienced a drop of HANPPhary
particularly in the 1960 to 2005 period. Globally HANPPar almost doubled since 2005, and reached a
level of 12.9 Bio tons C in 2005. Latin America and Southeast Asia even saw a five-fold increase of
HANPP as the combined effect of yield increases and agricultural expansion.

B. 1960 - 2005

-200 -100 -50 -20 0 20 50 100 200 >200
[% change]

Figure 10: Changes in HANPPhar [gC/m2/yr] in percent absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and
D. 2000-2005.
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Figure 11: Changes in HANPPhar on croplands [gC/m2/yr] in percent absolute change from A 1910-1960, B 1960-2005, C.
1910-2005 and D. 2000-2005.
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Figure 12: Changes in HANPPhary 0n grazing land [gC/m2/yr] in percent absolute change from A 1910-1960, B 1960-2005,
C. 1910-2005 and D. 2000-2005.
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Figure 13: Changes in HANPPhary on forest land [gC/m2/yr] in percent absolute change from A 1910-1960, B 1960-2005, C.
1910-2005 and D. 2000-2005.

HANPP,, patterns indicate changes in the distance between actual and potential NPP. Declining levels
indicate rising actual NPP, often a result of improved land management. This was experienced in
Europe, East Asia, and parts of Latin America from 1910 to 2005 (Figure 14 C). In Sub-Saharan Africa,
Brazil, Southeast Asia and Northern America HANPP,¢ increased in the past 100 years, an indication
of the impacts of land conversion for agricultural production that has led to NPP losses, particularly in
those regions, where initial NPPpo: was high (Niedertscheider et al. 2016b; Smith et al. 2014c) (Figure
4, Figure 5, refer to Annex Figure Al, A2).

Hence, HANPPy,. patterns allow for a distinction of regions that have heavily relied on agricultural
expansion, from regions that relied on agricultural productivity increases in order to meet biomass
demands over the past decades. The US corn-belt, China and India shifted from a period of HANPPjy
increases (1910-1960, Figure 14 A) to a period of HANPP,,. decreases (1960-2005, Figure 14 B) in the

course of post WWII land-use intensification trends.
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Figure 14: HANPPc changes in percent absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-2005.
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IPAT: Impacts of HANPP changes related to changes of population,

affluence and technology

This chapter represents a first analysis of HANPP changes between 2000 and 2005 (Figure 16) together
with changes in the related input parameters as defined in the IPAT-equation. Note that Figure 16
resembles the same input data, but a different colour-scaling as Figure 9D. HANPP decreased by more
than 50% in parts of Algeria and Mongolia and Northern India. The decrease was more moderate in the
US-cornbelt, parts of central Asia and North Colombia. The most drastic increases of HANPP % NPPpot
occurred in Sub-Saharan Africa, Southern America, as well as on the Arabic peninsula. Elsewhere
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HANP changes were lower, i.e. between +/- 10 to 20%.

HANPP % change 2000-2005

Figure 15: Changes of HANPP % NPPpot between 2000 and 2005 as percentage of change. The red colour gradient indicates
decreasing HANPP.

Figure 16 shows the IPAT relation, approximated by the relation between changes of HANPP and
changes in several input-parameters, in order to scrutinize the influence of socio-economic changes on
HANPP patterns. Here, HANPP changes between 2000 and 2005 (Figure 16) are used as a proxy for
environmental impacts (1), which we correlate with population changes (Population), GDP changes
(Affluence), and changes of nitrogen inputs as well as change in areas equipped with irrigation
infrastructure as proxies for technological change (Technology). We rescaled all input variables that
were available at 5min resolution to a 0.5° pixel size in order to match the resolution of the GDP and
nitrogen-input datasets. We calculated the Pearson correlation coefficient (r) for all gridcells covered by
a raster of 5° gridcell-bins. The correlation coefficient was “written” to the centre of the 5°-bin, after
which the bin-window was moved to the next gridcell. This approach was inspired Carvalhais et al.
(2014).

Results reveal strong correlations between changes of HANPP with population and GDP changes,
particularly in Sub-Saharan Africa, where apparently population growth and rising GDP was followed

by increased land-use impacts. Otherwise, nitrogen inputs revealed the most stringent correlation with
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HANPP changes. Here, North America and Central America appear as hotspots of nitrogen increases,
which coincided with decreasing HANPP- a sign of land use intensification that is characterized by
increasing input-intensity on agricultural lands, while land use pressure is reduced, i.e. through forest
regrowth and abandonment of marginal lands. In Sub-Saharan Africa and central Asia nitrogen inputs
increased together with HANPP % NPP,, a typical pattern of land-use intensification in its initial stages
(Krausmann et al. 2012; Gingrich et al. 2015).

A. HANPP vs. population change B. HANPP vs. GDP change

Figure 16: Correlation coefficient (r Pearson) of changes in HANPP % NPPpot with changes of four different input variables
between 2000 and 2005. A) population changes, B) GDP changes, C) changes of nitrogen inputs and D) changes of areas
equipped with irrigation infrastructure. We calculated the Pearson correlation coefficient between 0.5° gridcells separately
for bins of 5° gridcells. The correlation coefficient was “written” to the centre pixel of the 5°-bin, after which the bin-window

was moved forward in 0.5° steps to the next gridcells.
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4. Uncertainty of NPP ot

Data uncertainty is naturally a problem for a global, centennial study that integrates so many different
data sets, all of which have their own uncertainty issues. In general, we are confident that the robustness
of our results has increased over time, due to better availability of “real-world” statistical data and remote
sensing data in recent years, while the reliance on model-assumptions to fill data gaps increased back in
time. For the details, please refer to the original data sets used here (Krausmann et al. 2013; Klein
Goldewijk 2016; Sitch et al. 2003b).

A different type of uncertainty is, however, related to NPPy results, as these are model-derived and
unlike the other parameters used here, are prone to uncertainties inherited in the model architecture. In
order to assess the possible uncertainty range of our HANPP results attributed to NPPpo, we calculated
an alternative run of global HANPP, using NPP, outputs from LPJ-GUESS (Smith et al. 2001, 2014a),

which is hitherto termed NPPpo_ar.

Global HANPP % NPPy: ar trajectories (Figure 17 A) compare well and are almost identical to HANPP
% NPPpo: (Figure 1 B), however, major difference between both runs prevail in the eleven world regions
analysed here (Figure 17 A, B, C). Particularly Northern Africa and Western Asia, as well as Southern
Asia reveal much higher levels of NPPp: in the alternative run, which translated into lower HANPP
levels as well (Figure 17 B, C). Similar trends are found in Sub-Saharan Africa and Oceania and
Australia, though the differences between the HANPP % NPPyo: and HANPP % NPPpot air Were more

moderate.

HANPP % NPPpo: air compared well the HANPP % NPP: in Southeast Asia, Central Asia and Russian
Federation, and Western Europe, where the two NPPp,: models yielded similar results (Figure 17 B). In
the remaining world regions, HANPP % of NPPy: was lower in the alternative run (due to lower
NPPyo_alt; Figure 17 B).

26



A. HANPP % NPP;_alt B. Difference of NPPpo:_alt to NPPyt
70% , 100%
80% W
60% 0%
50% \/’\

40%

5
c
[T}
(7]
H
g
§: o \ § %O%
S 2% Cet———————
5 2
x 30% e £ 20%
a ©
S 20% — g -40%
/
£ W & -60%
0% — —— 3
-80%
0% -100%
1910 1930 1950 1960 1970 1980 1990 2000 2005 1910 1930 1950 1960 1970 1980 1990 2000 2005
C. Difference HANPP % NPPo:_alt to HANPP % NPP ot = Northern Africa and Western Asia

40% == Sub-Saharan Africa
—_— ()

/\ Central Asia and Russian Federatio
30% )
Eastern Asia

0,
20% Southern Asia

10% \——/" ——South-Eastern Asia

0% ——Northern America
-10% Latin America & the Carribean
-20% =Eastern & South-Eastern Europe

30% = \Western Europe

Oceania and Australia
-40%

HANPP difference between LPJ-runs [%

1910 1930 1950 1960 1970 1980 1990 2000 2005 ®=World

Figure 17: HANPP % of NPPpot calculated with an alternative NPPpo-model (LPJ-GUESS) broken down to eleven world
regions. A. trends of HANPP % NPPpot; B. Difference of HANPP % NPPpot between results using LPJ-GDVM (this study) and
the alternative NPPpot_alt ( LPJ-GUESS run).

The differences in terms of spatial patterns between the two HANPP versions reveal water-limited areas
to be most affected by NPPyo: uncertainties, as it is demonstrated by NPPpo: ar, Which was more than
twice as high in Australia, the Sahel-belt, Western US and parts of central Asia. In contrast, NPPpo: ait
was much lower in the temperature (and precipitation)-limited areas of the Northern hemisphere, as is
visible in Canada and parts of Siberia.

As these areas are, by definition, prone to very low NPPyq, the striking differences between the two
NPPyo: Versions do not translate into relevant differences of absolute NPPp: levels globally (Figure 17
B). However, as the BACI-index focuses on changes in essential biosphere-atmosphere variables, such
“small-number problems” are in fact important. Hence, in the BACI-context uncertainties of model-
derived parameters for such regions should be given special attention. Furthermore, as dry-land areas
are dominated by grazing lands (refer to the appendix, Figure A4 B), the uncertainties related to NPP
flows uncovered here, directly add to the uncertainties of grazing land use and particularly to the
allocation of grazed NPP in the world’s dryland regions (Fetzel et al. 2017; Erb et al. 2016).
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Figure 18: Spatial differences of HANPP and NPPpot between results calculated with LPJ-GDVM and LPJ-GUESS. A.
Differences in HANPP % NPPyot, B. differences in NPPpot. The differences are expressed in %, where positive values (blue

color gradient) indicate that NPPpot was lower than NPPpot_ait and negative values (red color gradient) indicate the opposite.
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5. Link to BACI downstream indicators

This report represents an in-depth, spatially explicit analysis of global land-use and related biomass-
flows at a five minutes (ca. 10x10 km? at the equator) resolution between 1910 and 2005. We have found
significant shifts of land use patterns over the past 100 years, both in terms of the intensity and spatial
allocation of land use. Our results and data sets are directly usable in the BACI-context, particularly in
WP6 and WP7 which focus on the validation of hotspots detected by BACI and its downstream products
based on independent socio-economic and climatic (refer to WP6) data sets.

The data sets compiled here represent a central data source for integrating the socio-economic dimension
of biosphere atmosphere changes into BACI and particularly for scrutinizing drivers of biosphere-
atmosphere changes related to land use. Using the HANPP framework as an analytical tool is extremely
beneficial in this regard, because by implementing NPPy.: as a reference system for current land use
impacts, HANPP allows highlighting the socio-economic dimension of land use, while climatic and bio-
geographic factors are neutralized, because they are subsumed in the NPP,y signal. For instance,
considering changes of actual NPP only, it is intricate, if not impossible, to distinguish climatic from
socio-economic drivers of NPP changes. A decrease of cropland NPP, for instance, could be an effect
either of drought, or of decreasing cropland use intensity. However, when cropland NPP is related to its
natural counterpart NPPyo: (which would decrease in the case of a drought), decreasing NPPact % NPPpot
would clearly indicates a shift in land use. Contrary, constant NPPac: % NPPpo:, would hint to effects of
climatic changes on cropland NPP. This is, for instance, visible in the comparison of Figure 8D and
Figure 9D, where the HANPP levels per area (in gC/m?/yr) reveal a more dynamic pattern of hot-and
coldpots (Figure 8D) than HANPP expressed as % of NPPy.: (Figure 9D).

NPP flows, which are used as a quantitative unit in the HANPP framework, are directly related to a set
of essential ecosystem variables as planned outputs of the BACI project, in particular to GPP, biomass,
FaPAR, or water use efficiency. Hence, the ability of the HANPP assessment to distinguish natural from
“human” induced drivers of NPP changes, will indirectly facilitate a better interpretation of changes in
the mentioned BACI downstream products. The centennial data presented here even allow for analysing
the relevance of climatic versus socio-economic drivers of NPP changes in a long-term perspective.
Hence, shifts within the BACI period (2000 onwards) can be checked for their relevance by putting them

in the long-term perspective of shifts within more than 100 years.

Furthermore our findings on HANPP and its components HANPPh. and HANPP reveal that land
conversion (approximated by HANPP,,c changes) dominated recent land use trends (2000-2005 period)
in some world region (predominantly the developing countries of Sub-Saharan Africa), while harvest
and particularly land-use intensification play a dominant role in the industrialized world and in the
biomass-exporting countries. This is relevant for the BACI-context, as such changes in land-use

intensification are not easily, if at all, detectable by remote sensing techniques. Hence, the data set
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presented here allows unravelling components of biosphere-atmosphere change that are beyond changes
of spectral signals, but that occur at the heart of societal change, such as economic and technological
change and population dynamics. This is also supported by the strong correlations of HANPP increases
with technological inputs and population growth between 2000 and 2005, particularly in Sub-Saharan
Africa (Figure 16).

Our results on NPPpo uncertainties revealed the world’s water limited areas as hotspots of uncertainties.
Particularly model-derived metrics must treat such areas with care, as it is apparently intricate to capture
the high dynamics of these areas related to changes in water availability on an annual and sub-annual
basis. Particular attention must hence be given to these areas when it comes to scrutinizing hot-and
coldspots of biosphere-atmosphere change and when relating them to socio-economic and natural

drivers.
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Appendix

A. 1910 - 1960 B. 1960 - 2005 A. 1910 - 1960 B. 1960 - 2005

C. 1910 - 2005
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Figure Al. Changes of NPPact [gC/m2/yr] (A) and NPPyot (B) in percent absolute change from A 1910-1960, B 1960-2005, C. 1910-2005 and D. 2000-2005.
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Figure A2: Time cuts for the years 1910, 1950, 1980, 2000 and 2005 of A. HANPP per area, B. HANPP % NPPpot, C. NPPpot per area and D. NPPact per area
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A. HANPPar, cropland

Figure A3: Time cuts for the years 1910, 1950, 1980, 2000 and 2005 of A. HANPPnar 0n croplands per area, B. HANPPhar 0N grazing lands per area, C. HANPPhary 0n woodlands per area and D.
HANPP efficiency, calculated as the share of HANPPhar to total HANPP.
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A. Cropland extent

0
[% per gridecell]

Figure A4: Time cuts for the years 1910, 1950, 1980, 2000 and 2005 of A. cropland extent, B. grazing land extent, C. woodland extent and D. build-up area extent.

39



