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Abstract

The human-environment connection in the mostly rural drylands of Africa forms a complex, interlinked system
that provides ecosystem services. This system is susceptible to climatic variability that impacts the supply of
its products, and high population growth, which impacts the demand for these products. When plants remove
carbon dioxide from the atmosphere through the process of photosynthesis, they use some of this carbon to
maintain plant cellular structure. The rest is stored as plant tissue and forms plant biomass. The annual
accumulation of this plant biomass is called net primary production (NPP). On an annual basis, NPP supplies
the provision of crops, animal feed and pasture. The societal implications of reduced NPP can be severe,
possibly leading to crop failure and eventual food insecurity.

This paper focuses on a method of quantifying the human impact on ecosystems using satellite-derived
estimates of NPP and quantitative data on the demand for food, feed, and fuel. This work leans on three main
sources (see footnote) and streamlines key concepts introduced therein. The first section is an introduction to
the link between humans and the environment in the drylands of Africa. The second section describes the role
of climate and the concept of primary production, and the history of its estimation using data from Earth-
observing satellites. The third section presents the various consumable components necessary for human
survival and their statistical derivation. The fourth section details the conceptual framework that is based on
the supply and demand of NPP. The fifth section broadly discusses the framework’s advantages and limitations,
other studies that attempt to quantify human impact on ecosystems as well as knowledge gaps and future
research needs.

Keywords: Africa, Arid, CSDI, Carbon Supply and Demand Index, CHANS, Coupled Human and Natural Systems, Drylands, Earth
Observation, Food, Feed, Fuel, HANPP, Human Appropriation of NPP, Net Primary Production, Net Primary Productivity, NPP, Sahel,
Semi-arid, Vegetation.

! This paper harmonizes concepts and content from the author’s PhD dissertation [1] and three key peer-reviewed publications [2-4].
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1. Introduction

1.1. The human-environment connection in African drylands

More than half of the African continent can be classified as a dryland system that is characterized by low
rainfall and high evapotranspiration (Figure 1). Indeed, Africa contains some of the driest regions on Earth
that constitute some of the oldest continually inhabited environments [5]. Our understanding of these systems
has changed over time. The Scottish philosopher Adam Smith posited in his 1776 work, “The Wealth of
Nations”, that the natural progression of livelihoods was from hunter to pastoralist to farmer [6]. However, it
is now well-known that pastoralism evolved from agriculture as an alternative means of subsistence in arid
and semi-arid regions during periods of drought [7].

A considerable portion of the population of Africa lives in rural drylands that form complex landscapes (Figure
2) where agriculture, pastoralism and agro-pastoralism are the principal livelihoods [8]. Most of Africa has
one rainy season, except East Africa, which has two. Each rainy season lasts between one to three months and
is the principal growing season for vegetation, both natural and farmed. The end of the rainy season heralds
the start of the dry season when drought conditions take hold and both human and natural systems adopt
measures that ensure their survival. In the natural system, herbaceous vegetation senesces, seeds remain
dormant, and drought-deciduous trees shed leaves to minimize water loss [8]. Some trees with deep roots and
succulent shrubs with water storing mechanisms remain green during the dry season, and serve as forage for
livestock and wild game.

The people of African drylands have developed effective adaptation and mitigation strategies, rooted in local
knowledge, to cope with the high climatic variability. The dry season is the time for pastoralists and agro-
pastoralists to move their livestock herds to where there are pastures. Farmers, on the other hand, exploit
market opportunities during the dry season by engaging in activities such as seasonal economic migration,
trade in arts and crafts, and artisanal mining [9-11]. For example, during the dry season in central Sudan it is
common for the majority of young men from farming villages to undertake economic migration to the capital
Khartoum or to the gold mines in the north of the country?.

Droughts are common in Africa, and in the event of one the dry season can be prolonged causing extended
drought conditions. Between 1900 and 2013, 642 droughts were reported across the world [12]. Forty-five
percent (291) of these droughts were in Africa and affected 362 million people, including 847,143 mortalities
[12]. However, it is important to note that mortalities coincident with periods of intense drought are not only
a function of drought itself, but also the dominant political ecosystem [13]. For example, the devastating
drought of 1972-75 severely impacted the Horn of Africa and caused a minimum of 200,000 deaths® in Ethiopia
[15, 16]. In contrast, during the same drought neighboring Somalia experienced a distinctly lower casualty
level (~20,000 deaths) due to a relatively proactive intervention by the government [17, 18]. On the other hand,
the rainy season can be intense, i.e. large amounts of rain falling over a relatively short period of time, and can
cause widespread flooding as happened in 2007 when 45 heavy rainfall events displaced 2.5 million people
across several countries in Africa [19].

1.2. Motivation and objective

The human-environment connection in the drylands of Africa forms a complex, interlinked system that
provides ecosystem services. The majority of food consumed in the region comes from domestic sources [20],
making the natural system a crucial direct factor that acts both as a source of livelihood and nutrition. However,

2 According to group interviews conducted by the author in the village of Naseem (13.351°N, 30.499°E), North Kordofan, Sudan on
January, 251 2014,

3 This estimate has been challenged by several authors, see for example: [10] Caldwell, J.C., Demographic aspects of drought: An
examination of the African drought of 1970-74. African Environment Special Report, 1977. 6: p. 93-100.
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this system is susceptible to climatic variability that affects the supply of its products, and high population
growth and socioeconomics, which affect demand for these products. The objective of this paper is to
harmonize and expand upon a relatively straightforward and easily calculable metric that quantifies the human
footprint from the perspective of provision and extraction of plant-based products. This paper represents a first
step in the development of such a metric. The simple framework proposed here combines two sets of
guantitative data on: (1) land productivity derived from Earth observation satellites, and (2) consumption of
plant-based products derived from statistical databases. The key objective behind the framework is to capture
human impact on ecosystems through the demand for products of photosynthesis in relation to their supply in
the ecosystem.
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Figure 1: Dryland ecosystems included in this paper. The aridity index (Al) values in the parentheses were
computed as the ratio of precipitation to potential evapotranspiration as per Budyko [21]. Data on precipitation
from Funk, Peterson [22] and potential evapotranspiration from Mu, Zhao [23] averaged for the period 2000 —
2014 were used to produce this figure.
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2. The supply of vegetation productivity

2.1. The role of climate

In the drylands of Africa both temperature and water availability control critical biogeochemical processes that
are important for vegetation growth. Water is particularly important as a limiting factor for vegetation growth
in drylands systems [24-31]. Merbold, Ardd [32] found that mean annual rainfall is strongly correlated with
maximum photosynthetic capacity and is the predominant factor driving the exchange of carbon dioxide (CO5)
between the land and the atmosphere over African ecosystems. Rainfall replenishes plant available water and
reduces land surface temperature through latent heat loss from surface soil moisture [33]. Rainfall also causes
higher humidity levels and allows leaf stomata to stay open for longer periods [8]. When plants transpire, the
mixture of air and water exiting the stomata is saturated at a relative humidity of ~100% [34]. The difference
between amount of water in the air and the maximum amount of water the air can hold when it is saturated at
higher temperature is called the vapor pressure deficit [35]. This deficit, along with plant available water, limits
photosynthesis (and thereby plant growth) by causing extended closure of the stomata and prohibiting the flow
of CO; into the leaf [4].

2.2. Gross and net primary production

Gross primary production (GPP) is the total amount of CO; plants extract from the atmosphere through the
process of photosynthesis. Some of this carbon goes to maintain plant cellular structure and is thus lost through
autotrophic respiration (Ra). The remaining carbon is stored as plant tissue, forming plant biomass
(phytomass). The annual accumulation of phytomass is referred to as net primary production (NPP = GPP —
Ra). On an annual basis, NPP supplies the provision of crops, animal feed and pasture. The societal
implications of reduced NPP can be severe, possibly leading to crop failure and eventual food insecurity [36].
The terms “primary production” and “primary productivity” are treated as synonymous in this paper*.

Field estimation of terrestrial GPP can be done using infrared gas chambers (e.g. Johnson and Kelley [37]) or
leaf #CO, assimilation studies (e.g. Szarek and Woodhouse [38]). These studies are not only time consuming,
but require repetitive field visits and are based on small samples of the landscape. A particular difficulty in the
measurement of GPP is that growth and maintenance respiration is a continuous process that consumes some
of the assimilated carbon. Micrometeorological techniques such as the eddy covariance (EC) method [39]
facilitated continuous measurements of CO- (and other) fluxes across larger areas. The EC method uses tower-
mounted instruments to measure net ecosystem exchange (NEE), i.e. the exchange of CO; between terrestrial
ecosystems and the atmosphere. This is done using the covariance between the oscillations in the vertical wind
velocity and the CO, mixing ratio in the air above a vegetation canopy [39].

Measuring NPP in the field involves harvesting the vegetation and calculating the annual growth of wood and
the mass of foliage at the peak of annual leaf display [40]. It also involves measuring the difference in the mass
of tissue harvested at the beginning and end of the growing season (Schlesinger, 1997). Since vegetation
productivity varies spatially due to environmental conditions and, because fieldwork is both labor and cost
intensive, it is expensive to conduct productivity measurements over large spatial extents. Thus, there is a need
to estimate NPP at large scales in a relatively efficient way. One of the earliest applied methods was the use of
empirical relationships. The first global estimates of primary production using this method was made by Lieth
[41], who related NPP with temperature and precipitation as limiting factors. This work was subsequently the
foundation for the first computer-generated map of NPP [42]. Some of the latest methods of estimating
observed primary production across large scales use Earth observation (EO) platforms.

4 “Production” refers to the combination of inputs to create, or produce, an output during a given period of time, while
“productivity” refers to the accretion of output in the production process.
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2.2.1. Observing primary production from space

Rouse, Haas [43] introduced the normalized difference vegetation index (NDVI) using data from the newly
launched ERTS-1 (later renamed Landsat-1) Multispectral Scanner System (MSS) satellite. The index is the
difference between the near-infrared (700 — 1100 nm) and red surface (600 — 700 nm) reflectance divided by
their sum, and is a measure of detecting live green vegetation using satellites. This early research was important
on two levels: (1) it identified a configurable and broadly applicable satellite-driven concept that directly
relates to biophysical properties of vegetation, and (2) it laid down the foundation for future research in NPP
using EO data. Around the same time as the first applications of EO data, parallel research was being conducted
on estimating terrestrial primary production using the intrinsic properties of photosynthesis, i.e. the role of
radiation [44-47]. Subsequently, Tucker, Holben [48] proposed the direct use of satellite data in order to “allow
large-area assessment of net primary production or total dry matter accumulation.” The advantages of using
EO include, but are not limited to, (1) large-scale coverage, (2) frequent revisit times, (3) variable spatial
resolutions, and (4) multispectral sensors that capture different segments of the electromagnetic spectrum.

The groundwork for production efficiency modeling using EO data was laid by Running [49] who refined the
methodology to estimate NPP based on the light-use-efficiency (LUE) concept of Monteith [50] and Monteith
[46]. The basis of this concept is that GPP is the product of absorbed photosynthetically active radiation
(APAR) (i.e. between 400 and 700 nm) and a factor that represents the efficiency (LUE) with which a plant
converts this radiation into phytomass. The availability of EO data and flux measurements from EC towers
paved the way for innovative methods that combine these two data sources. Running, Justice [51] outlined the
derivation of vegetation products from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor
onboard the Terra and Aqua satellites launched by the United States National Aeronautics and Space
Administration (NASA). These products were included a biogeochemical model to produce GPP and NPP on
a near-continuous basis, and validated at several EC flux tower sites representing different biomes [52-54].
The MOD217 production efficiency model [55] emerged out of these developments and provides near-real-time
estimates of terrestrial carbon uptake. MOD17 uses MODIS spectral data and climatic drivers in an LUE model
[56].

Several studies have evaluated the models produced by MOD17. The algorithm has been found to
underestimate GPP (and by extension NPP) in African ecosystems, primarily due to an underestimation of the
biome-specific optimum LUE parameter and inadequate accounting of water stress conditions [30, 31, 57].
Recent studies have attempted to improve MODIS GPP estimates in African drylands. For example, Tagesson,
Ardo [58] was able to upscale improved GPP estimates at five sites using photosynthetic capacity and quantum
efficiency parametrized with MODIS-derived vegetation indices, and Abdi, Boke-Olén [4] found that a new
MODIS-based index called the Plant Phenology Index (PPI) improves GPP estimates in four sites.

2.3.  Computation of NPP supply

The MOD17 NPP product is currently the only satellite-driven estimate of NPP available for global

applications and forms the basis of the supply of NPP detailed in this paper. The MOD17 algorithm uses the

aforementioned LUE approach using a combination of spectral data from MODIS sensor and climatic data:
NPR, ., = (PAR*FPAR*s _ *VPD*T . )-Ra

Supply [1]

where NPPsyply is the NPP available in the ecosystem regardless of land use type in grams of carbon per
meter square per year (g C m2yr?); PAR is incoming photosynthetically active radiation in megajoules per
meter square per year (MJ m?2 yrt); FPAR is the fraction of incident PAR absorbed by the vegetation
canopy; emax represents maximum light use efficiency, in grams of carbon per megajoule of PAR (g C MJ?),
under hypothetical biome-specific ideal conditions; VPD and Tmi, are simple linear ramp functions of vapor
pressure deficit and minimum temperature, respectively, which constrain maximum light use efficiency; Ra
(autotrophic respiration) represents the amount of carbon respired, in g C m2yr?, during maintenance and
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growth respiration of leaves, fine roots and woody tissue. Further descriptions of the MOD17 algorithm are
detailed in [59] and Zhao, Running [60].
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Figure 2: Population per land cover type in African drylands for the year 2010. An overview of (a) the
population distribution per land cover type, (b) the population share of African drylands, (c) spatial distribution
of the different land cover classes within the dryland extent. These values are based on gridded data on
population from Linard, Gilbert [61] and land cover from Arino, Ramos Perez [62].
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3. The demand for food, feed, and fuel

3.1. Agricultural production

African agriculture is predominantly rain-fed (Figure 3) indicating that rural livelihoods are almost completely
dependent on prevailing climatic conditions. Domestic production of staple foods contributes approximately
90% of overall food consumption in Africa [20, 63]. Consumption statistics vary by country, but the underlying
pattern is that most of the national supplies of staple crops are used for either food or feed [64]. A recent study
of the calorie delivery fraction of various agricultural products found that 80% of the crop calories produced
in the region are used for food, 10% as feed, and 10% for other uses [65]. Although imported foods are
becoming popular, mainly in upper class urban households [66], they do not contribute to the national economy
as much as domestic foods do. For example, in West Africa, each US$ 1 spent on local produce boosts the
local economy by US$ 1.96 — 2.88 [67]. Additionally, most of the smallholder farms in Africa can be construed
as closed systems with inadequate transportation networks and the consumption of much of what is locally
produced [68]. Sustainable long-term food security depends on the development of the agricultural sector by
providing access to markets to increase the resilience of domestic production.

3.2. Livestock and pastoralism

Livestock is an asset in Africa, and is dependent upon on for their nutritional value and generation of economic
growth [3, 69]. Pastoralists and agro-pastoralists across African rangelands depend on grassland and savanna
productivity as forage for livestock production (Figure 4). The contribution of the livestock sector to the
national gross domestic product (GDP) varies considerably depending on the country. In countries where
livestock is an important commaodity (e.g. Sudan, Somalia) its contribution ranges between 30 — 40% of GDP
[70, 71]. The high climatic variability, demonstrated by the succession of dry and wet periods, is characteristic
for most of the continent. Pastoralists develop adaptations in response to climatic variability and persistent
drought, for example, switching to a livestock breed that can withstand drought [72] or has greater ability to
digest browse [73].

3.3.  Wood energy

In most parts of Africa household energy demand is met by woodfuels and is usually harvested in the form of
dry or dead wood (Figure 5) [74]. First, a note on the terminology: (1) “fuelwood” refers to unprocessed woody
biomass and is synonymous with “firewood”, (2) “woodfuel” refers to an energy source that is derived from
woody biomass, (3) “charcoal” is created by burning fuelwood in a low-0xygen environment, the resulting
substance, consisting primarily of carbon, produces more energy per kilogram than the fuelwood from which
it is derived. Woodfuels meet 55% of the energy needs in Senegal [75], 72% in Mali [76], 80% in Sudan [77]
and more than 90% in Chad [78]. However, these resources are under pressure due to rising demand. In East
Africa, the proportion of woody biomass harvested in excess of the mean annual growth exceeds 50% in 43
sub-national units where a quarter of the population lives [79]. In the southern parts of the Sahel, the average
tree canopy cover decreased from 14% during the pre-drought 1960s to around 7% in the late 1980s, primarily
due to the expansion of croplands [80].
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Figure 3: A fallow agricultural field in North Kordofan, Sudan, during the dry season (January 2014).
Photo: Abdulhakim M. Abdi

Figure 4: A pastoralist from the Shanabla tribe with his herd of camels in North Kordofan, Sudan
during the dry season (January 2014). Photo: Abdulhakim M. Abdi. Permission was granted from the
pastoralist for this photograph to be taken.

Figure 5: A donkey owned by a resident of the village of Luwaib in North Kordofan, Sudan laden with
harvested wood (January 2014). Photo: Abdulhakim M. Abdi.
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3.4. Computation of NPP demand

In this paper, “consumption” and “demand” are considered different, but interrelated, concepts.
“Consumption” is the actual amount of NPP extracted from the ecosystem as reported in the statistical database
of the Food and Agriculture Organization of the United Nations (FAOSTAT, faostat3.fao.org/). “Demand” is
the annual amount of NPP required to produce food, fuel and feed essential for the African dryland population
as well as NPP lost during and after harvest. The computation of NPP demand is visualized in Appendix Figure
1. Abdi, Seaquist [2] used the total primary crop production for each country, which was later modified in
Abdi, Vrieling [3] by using domestic supply quantities to account NPP supply for domestic utilization. Thus,
the derivation of NPP demand presented in this section is based on the computations of Abdi, Vrieling [3].

The first component of NPP demand is domestically consumed food (NPP1.0q). This category includes twenty-
seven types of regionally important primary crops, which represent 95% of all those that are domestically
consumed by most of the countries in the study area [81] (Appendix Table 1). Additionally, meats sourced
from six types of domestic animals (cattle, goats, sheep, pigs, camels, and poultry) and two non-meat animal
products (eggs and milk) were also included.

Crops Non-crop

7
Pioos = (ZP oy —Epy t Sp,y}< D,y xCpy +K2Ma,ij Kay XO'45:| [2]
a=1

where, P, | and E are produced, imported and exported quantities of crop type p, in year y; S is the
variation (positive or negative) in the stocks of crop type p, in year y; D and C are the crop-specific dry matter
and carbon conversion coefficients, respectively; M is the wet carcass weight (i.e. without internal organs) of
animal type a, in year y, and K is the dry matter intake required to produce that weight, in year y. Crop tonnage
was converted to carbon units using the conversion factors provided in Abdi, Seaquist [2]. The rationale behind
converting crop tonnage to carbon units is due to the generally strong and statistically significant relationship
between crop production and NPP in croplands (Appendix Figure 2).

Livestock are considered assets in Africa. Pastoralists and agro-pastoralists depend on livestock for nutritional
value and economic growth. NPPxeeq represents the total amount of animal feed required to sustain the livestock
population of the region.

N feed (ZTa yj X R X O 45 [3]

a=1

where, T is the Tropical Livestock Unit (TLU) for livestock type a, in year y; R is the annual dry matter
requirement as provided in Abdi, Seaquist [2]. A ratio of 0.45 was used to convert dry matter into carbon [2].

Crop residues (NPPresiques) refer to the parts of the crop that are left over in a field after harvest. Thus, they are
not part of the crop yield (i.e. edible seeds, roots, fruits, leaves, or stalks) and vary according to crop type.

23
I:)I:)residues = Z H Dy x0.45 [4]
=1

where, H is the residue factor (proportion of non-yield contributing crop phytomass) of crop type p, in
year y. See the Appendix for the residue factors that were used.

In most parts of the Africa household energy demand is met by woodfuels comprising fuel wood and wood
charcoal (NPPrel) extracted from the region’s dry woodlands. The demand for woodfuels across Africa is
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variable and ranges from 55% in Senegal [75] to over 91% in Malawi [82], but on average it is approximately
80% across the study area.

Non-coniferous Coniferous Charcoal

PPl = (ZWNW x 0-58><0-45J + (ZWCN,y x0.43x% o.45j + {ZWCHYY ><O.75J 5]

where, NC, CN and CH represent non-coniferous, coniferous and wood charcoal. Dry matter conversion
ratios of 0.58 and 0.43 were applied to the non-coniferous and coniferous fuel wood, respectively, and a ratio
of 0.45 to convert dry matter into carbon. Wood charcoal was directly converted to carbon content by applying
a ratio of 0.75.

Landscape fires, both natural and anthropogenic, play an important role in African dryland ecosystems. One
of the land use applications of burning in Africa is to expand cropland area [83]. Consequently, the amount of
NPP lost to support human demand for food is taken into account. NPPyymed represents domestic human-driven
land conversion and NPP loss resulting from burning of both forest and savanna resources.

NPR)urned = Z By x0.45 [6]

where, B is the total amount of dry matter burnt in year y. The data are presented as dry matter content,
therefore a ratio of 0.45 was used to convert dry matter into carbon.

A homogeneous per capita consumption within each country is not assumed due to variations in diet, lifestyle
and wealth between urban and rural populations in Africa. Rather, ratio factors for urban and rural consumption
were applied to national sums of each group of products based on statistics from peer-reviewed literature and
national household consumption surveys.

Urban
NPPdemand_urban = I\”:)Pfood + NPPfeed + NPPresidues+ NF)Pfuel + NPPburned [7]
Rg\ral
I\”:)l:)demand_rural = NPPfood + NPPfeed + NPPresidues+ NPPfueI + I\”:)Pburned [8]
I\IF)PDemand = NPRﬂemand_urban + NPR}Iemand_rural [9]

Per capita NPP consumption was computed by dividing rural and urban consumption values by each country’s
rural and urban population. Grids of urban and rural consumption were then merged to produce a single map
of total per capita consumption. The data produced by Boke-Olén, Abdi [84] provides annual population
estimates for Africa within 1-km grid cells for the 21 century (2000 — 2100). These estimates take into account
both Representative Concentration Pathways (RCPs) urban fractions and Socio-Economic Pathways (SSPs)
population projections stipulated in the fifth assessment of Intergovernmental Panel on Climate Change
(IPCC). Urban and rural areas are separable from one another by masking the urban extent in population grids
based on the “Urban Areas” category in the European Space Agency Climate Change Initiative (ESA CCI)
land cover dataset (https://www.esa-landcover-cci.org/). This product provides a consistent global land cover
classification at 300 m ground sampling distance from 1992 to 2018 using the FAO’s standardized Land Cover
Classification System.
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4. The balance between supply and demand of NPP
4.1.1. Demand-supply ratio of NPP (DSR)

NPP supplies the annual provision of crops, animal feed and pasture, and adds to annual increments of woody
biomass. The societal implications of reduced NPP can be severe and could lead to crop failure and eventual
food insecurity [36]. In this paper, the concepts of “supply” and “demand” are adopted to demonstrate the
linkage between ecosystem productivity, human livelihood, and inter-annual climatic variability in African
drylands. On the one hand, the population will continue to experiences increase in demand for NPP, as a
function of population growth and per capita consumption [85]. On the other hand, forecasts of reduced
productivity (up to -41%) of major crops due to increases in temperature have been consistent across different
studies [86-89].

As demand for food, feed and fuel drives land use change, the proportion of NPP required by humans relative
to climate-regulated supply (demand-supply ratio, DSR) (Figures 6 and 7) can serve as an integrated
benchmark of human dependence on ecosystems. This is particularly essential for long-term trends in order to
identify regions that are not vulnerable (e.g. Scenario 1 in Figure 6) and those that are vulnerable (e.g. Scenario
2 in Figure 6) to variations in NPP supply. A similar concept was used in North Kordofan, Sudan, by Olsson
[90] who found that the proximity to a population center influences the availability of biomass. This suggests
that there is a direct locally-constrained connection between the supply of NPP and demand for it (Figure 8 a).
Olsson [90] also found that overutilization of land is only evident during periods of drought, which means that
during periods of restricted resource availability demand surpasses supply in those areas. The future effects of
extreme climatic variability, and eventual shifts in the climate system, could have strong impacts on this
balance, and intensified by the need to keep pace with an increasing population [91].

100%—

0% -

Scenario 1 Scenario 2

A

Figure 6: A conceptual overview of NPP supply and two scenarios of NPP demand. Scenario 1 shows a
system where NPP demand is 60% of available supply. Scenario 2 shows a system where NPP demand has
increased to is 150% of available supply, which means that NPP supply has to enter this system from
elsewhere in order to satisfy demand.

4.1.2. The carbon supply and demand index (CSDI)

A dimensionless index, called the carbon supply and demand index (CSDI), based on equations 1 and 9 is used
to quantify the impact of human demand for NPP on the landscape.
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The index is restricted to values between +1 and -1, where positive values correspond to increasing
supply/decreasing demand, negative values to increasing demand/decreasing supply, and zero represents a
balance between supply and demand. CSDI can patially map, in relative terms, the dynamics of NPP across
space (Figure 8 b), allowing the identification of areas where the balance between supply and demand of NPP
is in flux. A key advantage of the CSDI is its ability to parsimoniously capture dynamics of NPP at a national
level (Figure 9) and represent information contained in two different datasets. This enables the facilitation of
the results in the straightforward manner using a single metric.

NPP Supply

A hypothetical vegetated landscape

with an annual NPP production of 360

MgC. The NPP supply of each grid cell

in this landscape is dictated by prevail-

ing climatic condition and land use a
management.

NPP Demand
Densely populated urban landscape.

Suburban transitioning into dense rural.

Densely populated rural landscape.

Villages and agropastoral communities. b

Sparsely populated pastoral landscape.

NPP Demand-Supply Ratio (%)
150% : Demand > Supply

100% : Demand = Supply

85% : Demand < Supply
60% : Demand < Supply

35% : Demand < Supply c

Figure 7: A spatial overview of the demand-supply balance of NPP. (a) The supply of NPP (MgC in this
example) is governed either by climatic and land use conditions, while (b) the demand for NPP (MgC in this
example) is a function of population density and dietary composition. (c) When these two concepts are
spatialized and compared, it results in the demand-supply balance of NPP (demand-supply ratio, DSR).
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Figure 8: Spatial pattern of mean DSR and CSDI for 2000 — 2010. (a) Values for DSR represent the percent
of available NPP that is consumed by the population with each grid cell. Since data on domestic production is
used here, the flows of NPP remain within each country. (b) Positive CSDI values indicate higher levels of
supply relative to demand while negative values indicate high demand relative to supply. Values around zero
indicate areas where the supply and demand are in a balance. The dotted region represents the Sahel.
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Figure 9: Mean DSR (a) and CSDI (b) in the Central African Republic for 2000 — 2010. In contrast to Figure
8, both metrics are visualized here using identical color scales.
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5. Discussion

This paper adds to a series of studies on large-scale vegetation dynamics with a focus on the relationship
between anthropogenic demand and ecosystem supply of NPP. Humans rely directly on the supply of NPP
through the consumption of crops and use of wood for fuel and construction, and indirectly through animal
products. This reliance creates demand that drives many of the ecological changes occurring in the drylands
of Africa. Africa accounts for roughly 20% of global NPP [99] and more than half of its land surface can be
classified as a dryland system, whose importance in the terrestrial carbon cycle has recently been identified
[92, 93]. The integrated analysis of the supply and demand of NPP allows the identification of areas at risk of
consuming more resources than are available, either presently or in future scenarios [94]. Evaluating socio-
ecological impacts through isolated disciplinary analysis provides monocular views of a complex system that
requires an integrated approach. However, such an approach needs to be reasonably accurate to represent
reality, and follow Occam’s razor by being simple enough to be easily understood and widely applicable. It is
a difficult balancing act. The method proposed here is only the first step in quantifying the effect of human
consumption on ecosystems using methods the integrate disparate methods.

5.1. Past and present perspectives

There is a long history of studies that attempted to quantify the impact of human consumption on ecosystems.
Human consumption of primary production was first investigated by Whittaker and Likens [95] as a way to
guantify human impact on the biosphere. They estimated that humans consumed, through the harvest of food
and wood, only about 8% of the global primary production. Vitousek, Ehrlich [96] in their more refined
calculations used a three-tiered estimation (low, intermediate, high) in calculating human appropriation of
NPP. Their low estimate (3.2%) represented the NPP humans consume directly; the intermediate estimate
(30.7%) included the terrestrial NPP dedicated for human use (e.g. croplands); the high estimate (38.8%)
includes terrestrial productive capacity lost as a result of anthropogenic land use and cover change. Each of
their higher level estimate included variables from the preceding lower level estimate.

Rojstaczer, Sterling [97] reanalyzed the intermediate estimate from Vitousek, Ehrlich [96] and came to a mean
estimate of 32%; though their large error margin of 10 to 55% results from authors not fully taking advantage
of publicly available data, and assuming that every published datum, regardless of methodology and date,
carries equal weight [98, 99]. Imhoff and Bounoua [100] estimated annual global demand by aggregating NPP
required to generate various products consumed by humans and biomass lost in harvest and processing. They
found that in 1995, the global human population had a total carbon demand of 11.5 PgC or around 20% of
global NPP supply of 56.8 PgC.

Work done by Haberl [101] shifted the discussion towards human impacts on undisturbed landscapes, i.e.
areas devoid of human activity. This method, termed Human Appropriation of Net Primary Production
(HANPP), involved modeling the NPP of potential natural vegetation using a dynamic global vegetation model
(DGVM), which gave a baseline NPP of landscapes driven purely by climate and unaltered by humans (NPPg).
Then, the NPP of actual vegetation (NPP.) is calculated using satellite derived estimates such as MOD17 and
subtracted from NPPo to yield HANPP resulting from land use and land conversion (HANPP). Finally,
HANPPy is combined with biomass that is harvested or destroyed during/after harvest (HANPPa) to yield
the final HANPP metric [102]. Using this approach, Haberl, Erb [103] and Krausmann, Erb [104] produced
estimates of 29% and 25%, respectively, of the global aboveground NPP that is impacted by humans through
harvest, land use and cover change, and soil degradation.

HANPP is posited to be directly related to land use patterns because it depends on both socioeconomic and
natural processes [105]. Land use patterns are linked to activities that result in the production of goods for
human consumption. For example, a forest is cleared to make way for agricultural land, thereby natural land
cover with high potential NPP is replaced with a low-NPP land use category that supplies products for human
consumption. The value of HANPP can be negative because it is calculated in relation to potential NPP. This
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is the case in areas with low (or no) natural NPP that are heavily irrigated using groundwater to create
agricultural land (e.g. in the Arabian Peninsula). HANPP thus provides information about how human
activities have altered pristine landscapes.

In contrast, the approach described in this paper indicates fraction of carbon in a landscape, regardless of
pristineness, that is in/directly appropriated by humans. However, an important limitation of the DSR/CSDI is
that it assumes NPP flows are constrained by the local population distribution and does not take into
consideration NPP flows connected to international trade. This constraint is indeed applicable to several, if not
most, rural communities in Africa, however, the paradigm is shifting and human-environment systems on the
continent are becoming increasingly telecoupled over large distances [106]. Another limitation of DSR/CSDI
is that it does not account for the drivers of demand or include a technology factor that factors in advancements
in agricultural productivity.

5.2. Methodological caveats and practicalities

The NPP-based framework presented here must not be construed as a famine early warning system. This is
because the dynamics of famines invariably depend upon institutional involvement (or lack thereof). Instead,
DSR/CSDI can be considered as a “long-term warning system” as it integrates processes that affect human
well-being across longer time scales. For example, one of the factors that could lead to a famine is the lack of
infrastructure which prevents food from flowing from areas of surplus to areas of deficit [107]. Thus, an
important utility of the demand-supply balance lies in helping identify areas where, in the long-term, demand
can surpass supply and which could require better investments, for instance, in infrastructure, transportation,
assistance in land rehabilitation, etc. A second practicality of the demand-supply balance is its linkage to
population-driven resource-use. An increasing human population is not necessarily something negative.
Indeed, for some countries, particularly those with developed economies, a certain rate of positive population
growth is essential for economic growth [108]. However, when this growth is assessed from the perspective
of resource-use and the demands exerted by humans on ecosystem supply, a different picture emerges that is
linked to, among other things, the rate of increase in demand.

Qualitative data, such as surveys at the household (or even individual) level, which provide valuable
information about fine-scale patterns of human-ecosystem interaction, are seldom integrated with biophysical
datasets. An important factor that influences the balance between supply and demand is caloric requirement.
In this sense, gridded population data, such as the one presented in this paper, will prove to be even more
useful. High resolution gridded population data that accounts for different radiative forcing and socioeconomic
scenarios will allow the linking the caloric requirement of a population with availability. Data on average
dietary energy requirement, e.g. 2,090 kcal per person per day in Southern Africa, could be further fine-tuned
to local levels using census and survey data. Then, applied to time series gridded population data to get a better
estimate of caloric demand across space and time.

There are signs that the scientific community maybe heading in the direction of estimating caloric value of a
landscape. For example, Cassidy, West [65] has shown that it is possible to spatialize the proportion of global
agricultural yield that is used for food or feed on a per calorie basis. This allows for a direct comparison of
how many people could be sustained in a particular area. Additionally, there is a need for spatially explicit
network analysis, such as the type used in geographic information systems, to map NPP flows from producing
areas to consuming areas through road networks. This is necessary to allow for flexible limits in the demand-
supply framework so that factors such as market access and rural-urban flows could be taken into account.

Overall, the DSR was 86% across the drylands of Africa during the first decade of the 21% century [3]. This
balance was high in some regions such as the Sahel, a climatically sensitive region with high anthropogenic
activity. DSR in the Sahel is around 95% in the rural areas and up to 150% in the urban areas (Figure 8 a).
CSDI was also highly variable across the region (Figure 8 b) with low values of around -0.5 and high of -0.98.
Annual increase in NPP demand in the Sahel was 2.2% between 2000 and 2011 [2]. This rapidly increasing

17 of 31



Abdi, A. M. A framework to quantify the human footprint in Africa using supply and demand of net primary production

demand for food, fuel and feed driven by population growth makes this region in particular vulnerable to
climatic variability that may alter the per capita availability of NPP. There is risk that ecosystems may not be
able to provide for the region’s humans and livestock without a corresponding increase in NPP supply. This
underscores the importance of accounting for the balance between supply and demand of NPP because neither
guantity provides a complete picture by itself.

5.3.  Advancement of satellite-derived G/NPP

Understanding the environmental constraints on primary production in drylands is an important step to improve
estimates of NPP supply and better assess the balance between supply and demand. The supply of primary
production in drylands is primarily controlled by water availability. This important factor is regulated by two
processes, plant available water and vapor pressure deficit, that work in unison (increase in one, decrease in
the other) during the greening and browning phases [31]. However, knowledge about their magnitude, spatial,
temporal variability and seasonal process (e.g. during dry season) is incomplete [109]. This is a crucial
knowledge gap, particularly in the wake of rising atmospheric CO; concentrations and recurrent droughts
[110].

As mentioned in section 2.2.1, the use of static values for maximum LUE (emax) t0 represent hypothetical
biome-specific ideal conditions introduces errors into the modeling of GPP, and by extension, NPP. A possible
remedy is the derivation of lies in deriving emax directly from the global network of eddy covariance flux towers
under prevailing climatic conditions [111]. This approach creates an inherently dynamic product representative
of reality where optimum LUE (eop) is variable between and within biomes instead of each biome being
assigned a single arbitrary emax. The improved GPP estimates using gopc Can be used to derived NPP using
gridded estimates of autotrophic respiration (R,) derived using Earth observation. Recently, Jagermeyr, Gerten
[112] found that MODIS land surface temperature (LST) and the enhanced vegetation index (EVI) were able
to explain 62% of the variability in ecosystem respiration (Re) across most global biomes. It has been
previously reported that the components of R., which are R, and Ry (heterotrophic respiration), may have a
constant correlation [113]. However, this hypothesis needs to be tested across multiple biomes on different
continents in order for a robust dataset of the R, — Ry relationship to be developed. In that sense, daily 1-km
LST from MODIS (MOD11A1/MYD11A1) holds considerable potential for the estimation of Re at global
scales.

Generally, the inclusion of LST allows for a GPP model to capture heat stress, however the direct effect of
LST (i.e. actual canopy temperature) on photosynthesis is rather unclear [114]. The mechanism through which
high canopy temperatures affect photosynthesis is not well understood. There is evidence that decrease in
photosynthesis at high canopy temperatures is caused by high leaf-to-air vapor pressure deficit (VPD) than by
direct negative effects of temperature on photosynthetic metabolism [115]. Indeed, the physiological response
of vegetation is strongly linked to the terrestrial surface energy balance [116, 117]. There is also some
indication that increasing LST over a vegetation canopy is linked to looming drought due to decrease in latent
heat flux (stomatal closure) and increase in sensible heat flux [118].

According to Fick’s first law of diffusion, plants lose water to the atmosphere with increasing VPD if the
stomata remain open [119]. Therefore, it is reasonable to assume that there will be a decrease in transpiration
with rising VPD because plants will opt to conserve water. This means that there will be a reduction in the
amount of energy leaving the canopy in the form of latent heat. Because energy fluxes must balance, there will
be a corresponding increase in sensible heat that raises leaf temperature. It is plausible that this increase in
sensible heat manifests as increase in LST. As leaf temperature increases, a weakening of the biochemical
processes that occur during photosynthesis and can further reduce GPP. Thus, plant physiological response to
increased VPD may trigger a process that is captured in the remotely-sensed LST signal.

The launch of new Earth observing satellites with open access data policies, the proliferation of advanced
machine learning algorithms, and the availability of cloud computing platforms have created opportunities for
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the improvement of land cover data in the complex landscapes of Africa’s drylands [120-123]. Indeed, one of
the problems associated with the MOD17 LUE approach is the poor quality of land cover data to which BPLUT
assigned emax Values [4, 60, 124]. With improved land cover data, better characterization of land cover data
should allow for a better understanding of the distribution of LUE values between and within biomes.

5.3.1. Importance of capacity building in improving G/NPP

It is widely recognized that there is a lack of field data on carbon fluxes in Africa to validate satellite-based
models because the continent has the least number of eddy covariance flux towers relative to its size [125].
One potential solution to this problem lies in capacity building, which produces three favorable outcomes.
First, it eliminates the need for scientists to only rely on data that was collected in the past as their sole sources
of validation. Second, it allows for a shared understanding of the principles and processes involved in
ecosystem ecology, and, in combination with local knowledge, sets the foundation for locally-led projects.
This is important because it provides agency for local scientists to enhance and apply their expertise, which in
turn disincentives reliance on external actors. Finally, it creates a mutually beneficial ecosystem based on an
exchange of ideas, and that fosters collaboration and innovation.

5.4. The way forward

The DSR/CSDI is somewhat similar to the internal flows in intraregional connectedness described in
Dorninger, Abson [126]. In some measure, this represents non-industrialized, self-sufficient rural systems and
moderately industrialized urban systems. Nonetheless, there is currently no metric that accounts for biomass
flows linked to human consumption and their impact on ecosystems in a spatially explicit (i.e. gridded) and
temporally consistent (i.e. annual time series) manner. Most of the existing methods, including the one
described here, suffer from one or more of the following: (1) they aggregate flows at national or subnational
levels, (2) they represent a single time period or a series or irregular time slices, (3) the impact of certain human
activities (such as livestock) on ecosystems is not included, (4) they do not account for the role of
teleconnections such as imports/exports and land grabs. Indeed, a comprehensive, integrated approach is
essential to further assess the factors driving this complex balance, particularly in the wake of climate change.
Only through innovative transdisciplinary analysis (e.g. Johansson and Abdi [127]) involving enhanced
synthesis of biophysical, social, ecological and economic data can we develop improved assessments of the
impacts of humans on ecosystems.
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Appendix Figure 2. Correlation between log-transformed dry cropland NPP and FAOSTAT annual crop
production for 2000 — 2013. Each data point represents a country listed in Appendix Table 2 and the crop data
is an aggregate of the 27 crop types listed in Appendix Table 1.
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Appendix Table 1. Annual dry cropland NPP and FAOSTAT crop production for 2000 — 2013 ordered by
descending cropland area. Annual NPP was extracted from croplands within arid, semi-arid and dry subhumid
zones.

Country Dry Cropland NPP, | Crop Production, | Dry Cropland area,
(TgC) (Mt) (km?)
Congo, DRC 250 49 305,755
Tanzania 210 58 288,980
Sudan 44 45 286,990
Nigeria 28 340 190,815
Ethiopia 116 76 185,481
Zambia 115 14 161,100
South Africa 100 117 158,365
Mali 18 21 146,057
Niger 8 21 128,857
Chad 18 11 124,077
Mozambique 82 29 115,060
Burkina Faso 16 19 111,952
Zimbabwe 57 12 111,441
Botswana 39 0 105,597
Angola 64 31 90,359
Uganda 96 55 87,863
Kenya 63 39 85,870
Malawi 36 30 57,776
Somalia 11 3 56,633
Senegal 9 10 42,616
Namibia 16 1 39,378
Cameroon 7 36 37,942
Ghana 10 57 32,735
Ivory Coast 10 34 21,263
Burundi 18 10 19,580
Rwanda 17 17 17,312
Eritrea 1 1 16,559
Guinea 4 17 16,473
Central African Republic 7 4 14,818
Benin 3 19 14,685
Lesotho 3 1 7,037
Gambia 1 1 5,385
Togo 1 8 5,031
Swaziland 5 6 4,727
Guinea Bissau 1 2 4 506
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Appendix Table 2. Conversion rates of products derived from food-producing animals.

Dry Matter
Type Intake Reference
(Kg)

Beef 6.5 Bradford [128]

Eltahir, Mohamed
Camel 12 [129]
Eggs 4 Haberl, Erb [103]
Milk, whole 15 Hutjens [130]
Mutton/Goat 6.3 Karim, Santra [131]
Pigmeat 8.5 Wirsenius [132]
Poultry 55 "
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Appendix Table 3. Dry matter and carbon content of the 27 types of crops selected for inclusion into the
consumption module.

Dry Matter Carbon

Crop Content Content Reference
(%) (%)
Bananas 35 45 IHASA/FAO [133]
Pradhan, K. B. Liideke
Barley 88 47 [134]
Beans, dry 90 47 «“
Cassava 38 44 «“
Cereals, other 85 47 «“
Dates 15 45 «“
Fruits 15 45 Goudriaan, Groot [135]
Pradhan, K. B. Ludeke
Grapes 15 45 [134]
Groundnuts 95 60 IHASA/FAO [133]
Maize 85 49 Goudriaan, Groot [135]
Millet 88 48 «“
Pradhan, K. B. Liideke
Onions, dry 15 45 [134]
Oranges 15 45 “
Plantains 35 45 “
Potatoes 25 44 Goudriaan, Groot [135]
Pulses 90 47 «“
Rice 88 48 «“
Pradhan, K. B. Liideke
Roots/tubers 30 44 [134]
Sorghum 88 48 Goudriaan, Groot [135]
Soybeans 92 52 «“
Sugar beet 21 44 «“
Sugar cane 27 48 “
Sweet potatoes 30 44 IHASA/FAO [133]
Pradhan, K. B. Ludeke
Tomatoes 15 45 [134]
Vegetables 13 46 Goudriaan, Groot [135]
Wheat 87 47 IIASA/FAO [133]
Pradhan, K. B. Lideke
Yams 35 44 [134]
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Appendix Table 4. Conversion factors derived from Houerou and Hoste [136], Jahnke [137], FAOSTAT [138].
For each livestock type to its equivalent tropical livestock unit and the annual amount of dry matter feed each

type requires for maintenance.

Annual Dry Matter

Livestock Tropical Livestock .
Type Unit Equivalent Requirement
(Kg)
Camels 1.00 2372
Cattle 0.70 1660
Chickens 0.01 23.72
Goats 0.10 237
Pigs 0.20 474
Sheep 0.10 237
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Appendix Table 5. Residue factors for selected crops derived using data from Haberl, Erb [103], Wirsenius
[132]. Residue factors are the proportion of total crop phytomass that does not contribute to the crop yield. The
inverse of the residue factor is the harvest index.

Crop Residue Factor
Bananas 0.45
Barley 0.65
Cassava 0.80
Cereals, other 0.60
Dates 0.85
Fruits 0.85
Grapes 0.85
Groundnuts 0.60
Maize 0.78
Millet 0.80
Oranges 0.85
Plantains 0.45
Potatoes 0.50
Pulses 0.40
Rice 0.60
Roots and tubers 0.50
Sorghum 0.78
Soybeans 0.60
Sugar beet 0.70
Sugar cane 0.40
Sweet potatoes 0.50
Wheat 0.70
Yams 0.50
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