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Abstract: This article aims to situate a national case study of the global periphery at the core
of the debate on the socio-ecological transition by drawing on new data of biomass flows in
twentieth-century Colombia. We draw up a century-long annual series converting a wide set
of indicators from Net Primary Production (NPP) into the final socioeconomic uses of biomass,
distinguishing around 200 different categories of crops, forests, and pastures. Our calculations draw
on FAOSTAT and several corpuses of national statistics. The results show a fall of 10% in total NPP
related to land-use changes involving forest conversion. Throughout the twentieth century, pasture
was the most relevant among domestic extraction. Allocations of cash crops to industrial processing
rose while the figure for staple crops for primary food consumption stagnated. The critical role of
cattle throughout all periods and the higher yields of the industrial cash crops are behind this profile.
This might also mean the start of a new trend of using pasture land for more profitable export crops,
which establishes a new inner frontier of land-use intensification. Lastly, the article points out the
phases of the socio-metabolic transition of biomass, explores the changes in biomass flows by looking
at the history of the main drivers, and identifies the socio-ecological impacts of deforestation and
industrial agribusiness.

Keywords: social metabolism; material flow accounting; biomass flows; net primary production;
land cover and land-use change; deforestation; land-grabbing; inequality; Colombian agrarian system

1. Introduction

Over the twentieth century, economic and population growth led to unprecedented levels in the
appropriation and use of energy and materials worldwide [1]. Although resources such as fossil fuels
and other minerals dominated this increase, the appropriation of biomass has continued to grow. This
is driven by increases in population along with incomes and dietary changes [2,3]. This process has
shaped the profile of fossil fuel-based agroecosystems [4–6] increasing the environmental pressures
on nature. The amount of nitrogenous fertilizers used in agriculture around the world has moved
from 11 million to 109 million in the last half-century, which is a ten-fold increase [7]. Global biomass
extraction increased by 60% between 1980 and 2013 [8], while the proportion of the world’s area being
harvested increased by 40% from 1990 to 2014 [7].

Pollution, soil erosion, the decline in biodiversity, and damage to human health and deforestation,
especially of tropical rainforests [9,10], are among the main consequences and challenges of industrial
agriculture [11]. However, despite the trilemma of challenges posed by the energy, environment,
and food [12], it is still possible to confront the environmental impacts of farming and the projected
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rise in the demand for food, feed, biofuel, and other biomass-based resources by increasing the
efficiency of nutrients and water use, reducing waste, and changing diets, policies, and agricultural
practices [3,13–15]. Biomass is essential to the economy [16], but it is also crucial to ecosystems and the
functioning of the landscape. The cycling of biomass flows within agroecosystems plays a valuable role
in promoting crop productivity, maintaining farm-associated biodiversity, and preserving underground
life forms by restoring eroded soils and improving their organic matter content, fertility, and structure.
Biomass is also a critical element in nutrient and carbon cycles [13,17,18]. Therefore, the careful
management of biomass flows is a key element along the path towards more sustainable forms of
agriculture. To that end, a better understanding of the historical roots of the changes in biomass
production, appropriation, and uses are essential to new agro-ecological forms of the management of
biomass chains.

The most used approach when it comes to analyzing biomass flows at national scales is human
appropriation of net primary production (HANPP) [19–21], defined “as the aggregate human-based
effect of land-use induced changes in productivity and biomass harvest on the energy availability
in ecosystems” [22] (p. 48). Although HANPP provides an assessment of human intervention
in the biosphere, even in the long run [23], it does not provide a detailed picture of Net Primary
Production (NPP) chain flows, and the works focus mostly on Europe [24]. In another way, material
flow accounting (MFA) has become a standardized methodology for the study of the extraction
and use of material flows, including biomass [25–27]. Although MFA does not always account for
biomass production in detail, ignores the belowground flows of biomass, and the biomass in circulation
(see Section 2.1 for details), it is a useful tool for the studies at the national scale. MFA has been directly
or indirectly used in several case studies such as in Spain [28], Finland [29,30], Czechoslovakia [31,32],
and even on a global scale [33,34]. All these cases have relied on the MFA approach, but they all also
provide additional indicators on production, use, or input consumption. However, none of these
papers focus on developing economies, and just three of them provide a historical perspective.

In this paper, we present, for the first time, a long-term estimation of the biomass flows in
a developing, tropical, American economy. There is new data on NPP, extraction and use of
biomass from crops, pastures, and forest between 1915 and 2015 in Colombia. Our main goal is
to provide a biophysical reading of agrarian change as well as to identify the timing and features
of the (un)sustainability of farming carried out in Colombia during the period. Using new, detailed
information, it analyzes changes in land use and biomass extraction to identify the critical points at
which the agricultural sector may have constituted a burden to the ecosystems, which places the global
periphery at the core of the debate over the agrarian socio-metabolic transition.

Colombia represents a fascinating case study within Latin America for the socio-metabolic study
of biomass flows for several reasons. The country is representative of a medium-sized economy in
the region. GDP (at current US$) in the country in 2016 was around 282 billion, which is very close
to Chile (247) and twice bigger than the GDP of Ecuador, Paraguay, Bolivia, and Uruguay, and half
of the GDP of Argentina. Concerning the population, after Mexico, the country is the second largest
with 48 million inhabitants. It is comparable to Argentina (43), Peru, and Venezuela (31) [35]. Lastly,
and more importantly, the country is the second largest biodiversity reservoir around the globe.
Following the data from Biodiversity Information System in Colombia (SiB) [36], the country occupies
the first place in birds and orchids, the second in plants, amphibians, butterflies, the third in reptiles
and palms, and the fourth in mammals. Biological variety is the result of the differences among its
ecosystems, including tropical forest in the Amazon and Chocó, mountain ecosystems in the Andes, or
grasslands and meadows in the East of the country [36], which is why biodiversity loss in Colombia is
a global issue. The study of the biomass flows during the twentieth century in Colombia places the
socio-metabolic transition of an exporter country and a developing economy from Latin America into
the framework of changes in western agriculture. The ecosystem variety and the differences between
the tropical and Andean agriculture inside the country could be a benchmark for future research in the
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region. In addition, this kind of approach can contribute to a better understanding of the long-lasting
violent political conflict in Colombia.

The remainder of the article is structured as follows. The second section explains the
methodological approach, sources, and treatment of data. In the third section, we present the main
series on land uses, NPP by types of land cover, the extraction and the uses of biomass, livestock
figures, and crop yields. We attach the series of the NPP, extraction, and uses in the supplementary
document. Lastly, we discuss the results in light of the main phases of the socio-metabolic transition
and offer an initial exploration of the main drivers and the socio-ecological impacts of the changes in
the composition of biomass flows.

2. Materials and Methods

2.1. Methodological Approach

MFA provides a broad set of indicators, including domestic extraction (DE), the physical trade
balance (PTB), and domestic material consumption (DMC), by identifying four major material
categories: biomass, construction minerals, fossil energy carriers, and ores. MFA is considered a good
proxy for environmental impacts [37–39], as it helps us understand the material basis of economic
development and has proven useful in the study of socio-ecologically unequal exchange [40–43].
The long-term analyses made so far cover the crucial change from solar-based to fossil-based systems
throughout the twentieth century in the United Kingdom [44], Austria [45], Japan, the United States of
America, Czechoslovakia [31], and Spain [46]. The “medium-term” approach is the most common in
the analysis of less developed countries (LDCs). Since 1960–1970, socio-metabolic studies have been
conducted for India [47], the Lao People’s Democratic Republic [48], Chile, Ecuador, Mexico, Peru [49],
Brazil, Venezuela, Bolivia [50], and Colombia [51,52].

These works offer a comparative view of the pressures associated with material extraction in the
world regions examined. They stress the role of LDCs as exporters of materials and energy carriers
from the 1970s onwards [53], income growth as the main driver of the per capita increase in global
material use, and the large gap in material living standards that exists between developed countries
and the rest of the world [54–56]. However, in the MFA framework, biomass is only an item in the
aggregated flows of national extraction from natural systems. Aggregated MFA indicators may be
dominated by just one material category like copper in Chile [57] or fossil fuels in Saudi Arabia [54].
In these cases, the analysis fails to shed light on the role of other groups of materials or economic
sectors and their environmental impacts.

In consequence, the estimation of biomass flows within MFA approaches tend to be very narrow
and simplified. Therefore, it does not capture the complexity of production, the extraction, and the
final use of biomass flows. We identify four items in which MFA accounting fails to provide a detailed
picture of the biomass flows in a given economy where the changes in production and use of biomass
may entail an environmental burden.

• The MFA approach focuses on extraction, not in production, so it is no possible to assess the actual
impact of extraction.

• MFA only considers aboveground flows and not the belowground ones despite its ecosystem
functions [1,58].

• MFA does not provide a homogenized system to measure the biomass flows. Only in the case of
pastures, the methodology suggests quantifying the flows in dry matter while the rest of biomass
flows are accounted in fresh matter [59].

• Lastly, the MFA approach does not consider the biomass flows that recirculate nor the final uses
of all the extracted biomass.

For the reasons above, we account for a set of biomass flows by drawing on recent
methodological proposals for the study of energy and material flows in both present-day and historical
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agro-ecosystems [58,60–62]. First, we estimate actual net primary production (NPPact), understood as
“the sum of harvested NPP, as reported in statistics, and other fractions not recorded in agricultural
statistics” [19] (p. 12946). The NPP of agro-ecosystems takes into account the share of NPP used for
humans (food, feed, fibers, and fuel), and the fraction of NPP remaining and used in the reproduction
of other species living in the agro-ecosystems [58]. NPP accounting is the addition of the main plant
product (P), usually labeled “gross agrarian production”, the associated by-products or residues
from crops (CR), i.e., the rest of the aboveground production of the plant, the NPP of weeds (W),
the belowground NPP or roots (R), and, lastly, the accumulated biomass in aerial trunks and branches
(A). It can be written as follows.

NPPtj = Ptj + CRtj + Rtj + Wtj + Atj (1)

In Equation (1), t refers to the specific year adopted as the time frame and j to the land use, namely
crops (C), pasture (P), and forest (F). The addition of the NPP of theses uses also corresponds to the
total NPP accounted here and can be written as follows.

NPPt = Cti + Pti + Fti (2)

The i in Equation (2) is the cover type of each land use e.g., maize, oil palm, or other crops, in the
case of crops, pasture and shrub land for pasture, and the types of forest detailed below.

2.2. Sources

The data were gathered from official and secondary sources for the first half of the century
and FAOSTAT for 1961 to 2015. The main categories covered were farming active population,
total population, crop production, livestock numbers, and land use. From the population data,
we used the decennial census and FAOSTAT [7] to arrive at the shares of agricultural and urban
population. However, for the total population, we used the corrections made by Flórez et al. [63].
Cropland, crop production, and livestock data were gathered from 1915, 1933, 1934, and 1937 Statistical
Yearbooks [64–67], supplemented by reports to the US government that provide data for 1925–1928 [68]
and 1948–1967 [69]. For 1925, there is information on production from Sánchez [70], Diot [71],
the Revista Nacional de Agricultura [72], and Bejarano [73]. Between 1934 and 1946, the primary
source is Varela [74]. The production series for twelve crops (1915–1950) and cattle (1915–1997) offered
by Kalmanovitz et al. [75] were also used with the latter being supplemented after 1997 by figures
from FAOSTAT [7].

Data on the land-cover forest were derived from Etter et al. [76] figures on deforestation and
land-cover figures regarding the forest in 1990, 2000, 2005, and 2010–2015 [77], the tropical dry forest
in 2010 [78], the Andean forest and the rainforest in 1996, and another forest cover. In 1996, the latter
included the fragmented basal forest, the riparian forest, the planted forest, mangroves, and other
minor covers [79] (p. 284). We gathered pastureland figures for 1915, 1950, 1960, and 1970 in the
Statistical Yearbook [64], Varela [74] and the agrarian census [80,81]. As of 1992 we used the addition
of grassland and shrub-covered categories from the annual land cover maps (1992–2015) produced by
the Université Catholique de Louvain (UCL)-Geomatics for the Climate Change Initiative (CCI) [7],
since the values for 2013 are very close to those for land covers obtained from the agrarian census for
2014. Series for the forest wood production are available in FAOSTAT “Forestry” from 1961 to 2017 [7],
and firewood series in the Unidad de Planeación Minero Energética of the Colombian Ministerio de
Minas y Energía from 1975 to 2016 [82]. For the period before 1961, we relied on data on wood exports
collected for 1916, 1922, 1923, 1938, 1945, and 1955 from the Statistical Trade Yearbooks [83–87].

2.3. Data Processing

Between 1915 and 1960, the series covers 30 crops and one aggregate category for fruits other
than bananas and plantains. The entirety of production in our assessment for 1960 reaches 87% of
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the production of the FAOSTAT database for 1961. It is from 6.1 Mt dm in 1960 to 7.1 Mt dm in 1961.
After 1961, we rely on FAOSTAT “Crops Production” database [7]. Annual area and coproduction
missing values between 1915 and 1955 were obtained using linear interpolation, per-capita variables
or adjusts in the original data (see Supplementary Materials Table S1). The results were checked
with the available yields obtained from sources for the years either side of the one being considered
and with the yields of other Latin American countries during this period such as Argentina (1909,
1925–1926) [88,89], Costa Rica (1925, 1927) [90], Cuba (1945) [91], Ecuador (1938–1942) [92], Bolivia,
Brazil, Chile, Peru, and Venezuela (1949) [93] (see Supplementary Materials Section 2). Cropland is the
sum of the area being harvested and the land lying fallow.

Using the scientific literature, we calculated the by-products or residues and the biomass roots
of each crop, differentiating between traditional and conventional varieties when such information
was available. We also differentiated between the biomass of weeds associated with crops depending
on the type of farming management that prevailed throughout the century (traditional, low-input
and conventional). Lastly, all flows were reduced to dry matter content and expressed in tons.
The information on conversion factors was compiled from Guzmán et al. [58] and Montero [94],
which is being expanded to achieve the aims of the study by going into depth in the literature
review (see Supplementary Materials Table S2). Lastly, to match the two series (pre-FAOSTAT and
FAOSTAT) and, in order to simplify our analysis, the crops were aggregated into 27 categories and
then re-aggregated into 10 final categories: cereals, pulses, root & tubers, vegetables, fruits, oil crops,
fiber crops, stimulants, sugar and sweeteners, and other plant products (see Supplementary Materials
Table S3).

In the case of forest land, we break down the aggregation of “forest” data into the rainforest,
the tropical dry forest, the Andean forest, and another forest cover. The latter was calculated by
subtracting specific covers from the general forest. Given the lack of available data before 1961, forest
cover was estimated by using the rates of change in the historical series of forest clearing in Colombia
calculated by Etter et al. [76] (see Supplementary Materials Table S4). This back projection uses, as its
starting point, the series of forest covers made available from the 1990s onwards thanks to satellite
images. The NPP of each type of forest was calculated by applying productivity factors taken from
Scurlock and Olson [95] to the area by the type of forest. Domestic extraction figures are the result of
matching the series for wood production (removals) and firewood [7,82]. For the period before 1961,
we used the series resulting from the Statistical Trade Yearbooks of Colombia [83–87], which have
been matched with FAOSTAT. We have also adjusted this series for the period before 1975 with the
available data for per-capita firewood consumption in rural areas for that year, which was adjusted
by comparing the proportion of the rural population with the figure for the total population between
1915 and 1975.

In the pastureland, we identify two main categories: pasture, understood as the amount of
land allocated for grassing, and shrubland & others, which is known as a mixture of land for
grassing and secondary vegetation resulting from the changes in the forest use. For the first category,
we figured the cattle density for the years with available data from 1950, 1960, 1970, and 1992–2015
(see Supplementary Materials Table S5). We got the missing years using the steady ratios by periods
including 1915–1950, 1951–1960, 1961–1970, and 1971–1992. When figures for the areas of crops, fallow,
forests, pastures, infrastructures, other lands, and land area were available, the residue was labeling
“shrubland & others.” We positively validated our estimations by reviewing other available sources:
“permanent meadows and pastures” from FAOSTAT for 1961–2015, the values of the land-cover map
for 2010–2012 [96], and the agrarian census for 2014 [97] (see Supplementary Materials Section 4.2).

We obtained NPP for tropical and seeded (or improved) grasses using the NPP productivity
factors in the literature [95,98–102]. The extraction of grassland is equal to the total animal feed
requirements minus animal feed from crops, imported feeding, and a fixed percentage of crop residues
taken from literature [33]. To calculate animal feed intake, we employ nutritional requirements for
cattle, pigs, sheep, goats, horses, mules, and donkeys in respect of their weights [98,103–106]. Where
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possible, we adjusted these weights historically [68,83–87,107–110] (see Supplementary Materials
Tables S6 and S7). We test the results by performing a sensitive analysis of our series (see Supplementary
Materials Section 5.3). Seed, feed, and imported feeding were retrieved from FAOSTAT “commodity
balances” as of 1961. Since we do not have data on seeds and animal feeding before 1961, we assume
the same percentage as the one retrieved from FAOSTAT from 1961 to 1963.

Regarding the final uses, we distinguish five categories, namely: animal feeding, wood and
fuelwood, recycled biomass, cash, and staple crops. Animal feeding is the addition of residues use as
feed, the feed from crops, and the extraction from pasture. Wood and fuelwood include the removal
of wood, firewood, and charcoal. Recycled biomass is composed by the piece of crops allocated to
seeds and the crop residues not included in the animal feeding. Crop production is split in cash and
staple crops. The former includes fibers, oil crops, the piece of sugar cane allocated to the industry
to be processed, and the production of the stimulants category. The latter is the addition of cereals,
pulses, tubers, vegetables, fruits, and the piece of sugar cane used directly as food.

3. Results

3.1. Land Use Changes

Colombia’s land area is 110 Mha, the main cover being forests, with an average proportion
of 54% between 2005 and 2015 (60.1 Mha average). However, at the beginning of the twentieth
century, this figure was 68% (76.2 Mha), and it was consistently higher than 65% (72 Mha) until 1964
(see Figure 1). The area under the forest fell from 76 to 59 Mha during the twentieth century. This
average loss of 22% was more profound in the case of the Andean forest than in any other forest cover,
especially since the 1970s, due to the historically higher population densities in this region [76,111].
The share of the Andean forest over the total land area fell more than half, from 19% to 8%, during
that period. The tropical dry forest has represented a tiny part of the whole forest area and, although
its deforestation has slowed since the 1970s [76], it is at risk of disappearing entirely [78]. The rest of
forest covers have stayed almost constant at around 12 Mha.
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the sources given in the text.

The categories of pasture and shrub land & others combined represent the second largest type of
cover, which accounts, on average, for a third of the land area during the 1915 to 1984 period, but, by the
mid-1970s, this figure rose and presently represents more than 40% of the total land area. Pasture and
shrubland increased the area from 32.6 Mha in 1970 to 45 Mhas in 2015, but it is worth remembering
that, in our series, the shrubland & others land use is a residual category whose fluctuations reflect the
dynamics of the other types of land cover. However, it has some interesting features. Between 1915 and
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1980, it fell from 21% (24.5 Mha) to 12% (13.2 Mha) due to the expansion of cropland and pastureland.
After the 1980s, shrubland and others recovered and reached 19% (21 Mha) in 2014 while cropland
stagnated and the growth in grass pasture slowed. At the beginning of the period, the pastureland
represented only 8% (17.3 Mha) of total land area. It doubled during the 1970s and since the early
1990s covers more than 20% (24 Mha in 2015) of the total land area.

Lastly, although the area under cropping is only a small part of the total land area, its change is
even more significant than that of pasture. The cropland experienced a four-fold increase between
1915 and 2015, which moved up from 0.9 Mha (1% of land area) to 5 Mha (4%) and reached its highest
point in 1978, 6.9 Mha (6%). The process of cropland expansion was more intense during the first
half of the century (1915–1964), with an annual rate of growth of 3.6% than during the second half
(1965–2015), when the growth stagnated. The intensification of agrarian production under industrial
management and increases in imports of staple food items are the main factors behind the stagnation
of the agricultural frontier, which we will discuss below.

Regarding the area harvested by crops (Figure 2), we can divide the frontier expansion into three
sub-periods. In the first two periods, intensive ploughing is observed. From 1915 to 1944, the cropland
annual growth was 4.5% and, from 1945 to 1974, it was 1.5%. However, after 1975, the agricultural
frontier stagnated, with an average annual rate of growth of only 0.3% (Figure 2a).
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By looking at crop compositions, we observe that staples have traditionally been the largest crop
group. Their percentage over total cropland area has barely changed during the analyzed period,
which moved from 55% to 43%. However, if we focus on cereals, we observe a sharper drop (Figure 2b).
Between 1915 and 1954, cereal crops occupied more than 40% of the area harvested. Afterwards, their
share lost importance by up to 27%. From 1915 to 1960, the reduction in the proportion of arable land
devoted to cereals was offset by the increase in the production of stimulants, especially coffee, which
moved from 11% to 29%. However, the share of land under coffee plantations fell after that date and
reached 20% of the cropland area in 2015. Fruit crops (both traditional and new ones) and oilseed crops
have filled the gap left by the contraction in the cropland areas of coffee and cereals (see Figure 2b).
Among oilseeds, the oil-palm fruit stands out and has expanded since the late 1980s with a share of 8%
of the total area harvested at present.

3.2. The Long-Term Trend in NPP

During the analyzed period, the NPP experienced a 10% reduction from 2 Gt in 1915 to 1.8 Gt in
2015 (Figure 3). Between 1915 and 1994, the annual rate of change was, on average, −0.13%. However,
after that year, it fell to −0.04%. In other words, although we observe a long-term pattern of decline in
NPP, as of the 1990s it stagnated. Nevertheless, the volatility of the short-term variation of the NPP
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increased during the second half of the century. The standard deviation of the annual rates from 1915
to 1964 was 0.07%, but it more than doubled from 1965 to 2015 (Figure 3b).Sustainability 2018, 10, x FOR PEER REVIEW  8 of 28 
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The weight of the NPP in forest lands dominates the composition of the NPP. It comprised 80%
of the whole NPP until 1974, but from 1975 to 2015, its share fell from 78% to 71%. However, there
have been sharp disparities in the trend and composition of the different types of forest. The main
component of the whole NPP in forest lands is rainforest, which is the most productive and the
primary land cover in most of the country (see Figure 1). Although its area has been reduced, its NPP
contribution to the total has stayed almost constant at near 50% of total NPP. Conversely, the Andean
forest reduced its NPP share by half, from 21% to 11%, which fell in absolute numbers from 434 to 184
Mt throughout the period.

The NPP of pastureland and shrub land, where there is also secondary vegetation, fell from 19%
to 18% between 1915 and 1974. This slight reduction corresponds to the shrub land NPP falling from
22% to 13%, or from 487 to 298 Mt in absolute figures, and a rise in the pasture NPP from 3% to 7%.
After 1975, the NPP figures for pastures and shrub land recovered somewhat, increasing from 11%
to 15% of the total share. This increasing trend was opposite that for the forest, especially the 10%
reduction in the Andean forest NPP. The pasture and shrub land NPPs rose by 0.75% during this
period of growth. However, the major gains were achieved for shrub land. The increase in the pasture
NPP mainly took place during the first period at an average annual rate of 1.6% between 1915 and
1974, when the shrub land NPP was falling, and did not occur during the second period.

Similar to pastures, but to a lesser extent, the share of the NPP in cropland rose from 0.2% in 1915
to 2% in 2015. Despite it having only a tiny share of total NPP, the increases in the NPP for crops were
the most dynamic, even more than those for pasture, which means a nearly fifteen-fold increase from
3 to 44 Mt throughout the century. The average annual rate of growth in cropland NPP was 3% for the
whole period. By grouping this increase in 10-year periods, the annual growth rates fell from 3% to
0.1%, and there are three different sub-periods. The 1915–1944 period saw the most exceptional period
of growth at 4.5%. From 1945 to 1974, the growth rate experienced a slight reduction down to 3%, but
then recovered from 1955 to 1964 by 4%. Lastly, there was a period of lower growth of around 2%
between 1975 and 2015, which is followed by an apparent fall in the growth rate at the beginning of
the 21st century (Figure 4a).
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10-year average. (b) Crop production by groups in millions of tons of dry matter, 1915–2015. Source:
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By groups of crops, the most basic division into arable and permanent crop production initially
seems favorable to the second one. Staple food crops such as cereals, pulses, tubers, and vegetables
shared on average 30% of NPP production in cropland during the whole century while cash crops
like fruits, oilseed crops, fibers, stimulants, and sugar or sweeteners produced the other 70% (sd. 4.5).
The first feature that stands out is the importance of sugar and sweeteners, with an average share
of 50%. Although there are some variations during the period, the standard deviation is low (sd. 5).
The most significant change is observed in the decreasing trend in the share of basic grains of 22%
between 1915 and 1924, falling by up to 16% from 2005 to 2015, and a total drop during the analyzed
period of 7%. The stimulants group, headed by coffee, also reduced its share from 8% to 2% between
1925 and 1934. Conversely, oilseed crops, mainly palm oil, increased their share from mid-century
onwards and represent 7% from 1965 to 1974 and 17% from 2005 to 2015.

3.3. Final Uses of NPP Extraction

Domestic extraction (DE) of biomass increased nearly three-fold during the period. Meanwhile,
total NPP fell by 10%. Consequently, the DE share of total produced phytomass increased from 1% to
6%. Of this total, the grassland experienced the most significant degree of extraction with a share of
70% on average throughout the whole 1915–2015 period. However, the share of grassland fell from
80–70% before the 1960s to 60% in the 2010s (Figure 5a and Figure 7). The second largest extraction
was of crops, which is a third of total DE in the last several years. In the long run, the categories in
the second position of DE components experienced a switch. From 1915 to 1960, this position was
occupied by forest extraction, but from 1970 onwards, the increasing trend in crop extraction surpassed
the share of forestry. After this tipping point, forest extraction fell from 17% to 7% in 2015. This process
was driven by the reduction in fuelwood consumption due to the energy transition to “modern” energy
carriers, which are mainly fossil fuels [52].

The uses of biomass extracted from Colombian agriculture also reveal the importance of the
biomass devoted to animal feed (Figures 5b and 6a), especially that from pastureland grazed by
cattle. Although the composition of the livestock intake included significant amounts of crop
production, residues, and even imports as contributions to the supply of animal feed, pasture
dominated the nutrition of herds by far, particularly cattle, the central element in livestock composition
(see Section 3.4). The pasture was nearly the only source of feed until 1970. After this date, its share fell
from 99% to 88% in 2015, since the increase in crop yields raised the space for feeding livestock. Feed
imported from abroad started to rise from the beginning of the 21st century, but it only represents 5%
of the animal feed extracted from domestic agro-ecosystems.
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Figure 6. (a) Final uses of biomass extraction in percentage from 1915 to 2015. (b) Index figures of the
biomass devoted to primary food and processing industries and others from 1915 to 2015. 1915=1.
Source: own calculations from the sources given in the text.

If we go more deeply into the uses of cropland extraction, the most relevant feature is that primary
foodstuffs like cereals, pulses, tubers, or vegetables represent a smaller component than the biomass
flows from the cash crops such as fibers, sugar cane, or oil-palm fruit (Figures 6a and 7). Only after the
food crisis at the end of the 1920s did the amount of primary food for human consumption exceed the
amounts of biomass produced in cash crops. At that time, biomass flows of both primary foodstuffs
and for market purposes were 3% to 4% of the whole DE. In 2015, the biomass flows extracted from
cash crops shared 13% of the total DE, while primary food remained at around 6%.

The primary staple food rose in absolute terms from 0.3 to 2.3 Mt until 1950–1960, when it
achieved a share of 4% of DE. Subsequently, this share remained almost flat, at 4–5% up to 2010, when
it experienced a slight increase. The biomass devoted to the processing industries through the markets
ran almost parallel to that used for primary food until 1970. Yet, with a slightly lower index, until 2015,
its share rose from 5% to 13% at a higher rate than staple food (Figure 6b).
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3.4. Livestock and Cropland Intensification

The two main long-term features in the fund-flow metabolic pattern of Colombian agriculture
have been the dominance of animal feeding extracted from grassland, especially for cattle, and the
dynamism of the cash crops through the industrial intensification of farming. Measured in live units
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(LU) of 500 kg, the national livestock herd rose two and a half times from 5 to 17.5 LU500 between
1915–2015 (Figure 8). This increase is due practically entirely to the growth in cattle numbers, which
accounted for more than 80% of total livestock fresh weight throughout the period. This increase from
4 to 14 LU500 shaped the general trend, except during the first decade of the 21st century, when it
experienced a slight reduction. The reasons for this reduction in the national herd are related to the
increasing prices of meat since 1991 that led to a fast de-accumulation of cattle stock to get fresh money,
in accordance with the speculative management of the livestock [7] as well as the increase of violence
that rose from the kidnapping of breeders and from cattle thefts [112]. The number of kidnappings
in Colombia increased from 442 to 3456 from 1995 to 2000 and remained at 1356 kidnappings a year
on average from 2004–2010 [113]. Lastly, the main long-term changes in livestock composition have
occurred with the fall in the number of mules and donkeys and the increase in pigs and poultry in
both absolute and relative terms.
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Regarding crop intensification, the indices of domestic crop extraction and area harvested show
a close relationship from 1915 to 1945/55 (Figure 9a), which means that land productivity remained
relatively stable. During this period, the increase in production was very land (and labor) dependent.
However, after 1955, and especially from 1970 onwards, production growth decoupled from the
land. Since then, increases in yield have driven the DE trend for crops since the 1990s when the area
harvested fell (Figure 9a). The average yield of the total biomass extracted per unit of cropland more
than doubled between 1915 and 2015 and rose from 1.4 to 5.5 tons of dry matter per hectare. Although
there had been some increases in these average yields during the 1930s, the actual change in the trend
in yields took place from about 1950 onwards and accelerated until 2000, after which the average yield
stagnated (Figure 9b).

Yield trends differed between staple crops and cash crops. The yields of cereals not only remained
under average, but they also grew less than cash crops such as sugar and sweeteners and oilseeds.
Yields of sugar crops have risen since the 1930s, moving from 3 to 26 tons of dry matter per hectare
between 1930 and 2015. The oilseed yield increased after 1950, moving from 0.6 to 11.6 tons of dry
matter per hectare between 1950 and 2015. However, the increase in cereal yields was suddenly
interrupted between 1975 (2 tons of dry matter per hectare) and 1995 (2.2) and again from 2003 to 2013
(2.8). Sugarcane became by far the most intensive crop. Nevertheless, this yield had already been
attained in 1979 and has remained at that ceiling ever since.
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4. Discussion

4.1. Phases of the Socio-Metabolic Transition of Biomass

Socio-ecological transitions are historical changes in the appropriation and use of natural resources
by societies including one that took place two hundred years ago and involved the massive use of fossil
fuels [114,115] However, there are differences in these transitions at the regional [116] and sectoral
levels [117]. In the case of the appropriation and use of biomass flows, we identified three main phases
during the industrial socio-ecologic transition.

Until about 1950, the profile of the production and appropriation of biomass is one of the
pre-industrial organic economies. The main characteristic of these economies is that production
was mainly dependent on land [114,116]. Most consumption goods came from biomass flows like
fuelwood for houses and industries, animal feed to provide power for transport and traction, and food
for humans. The severe energy restrictions on long terrestrial transport distances reinforced the
need for close spatial relationships between land use, livestock feeding, and human consumption.
Production and consumption were tightly linked geographically [118,119].

In Colombia, before about 1950, grains and roots dominated the production and appropriation
of biomass from crops. The area under these crops amounted to 1.2 Mha, which is more than half
the harvested area. During the first half of the twentieth century, there was a strong correlation
between the area harvested and agricultural production. While there was some room to improve
yields, the possibilities were scarce in the pre-industrial era. During that first phase, the constraints
in agriculture entailed a trade-off between staple crops and cash crops, especially coffee and cereals,
which caused a severe food crisis at the end of the 1920s and required the state to intervene actively
in agriculture in the 1930s. The basic grains and other staple crops continued to be an essential
agricultural element in both production and area. Cash crops like sugarcane and bananas had already
increased their yields due to earlier intensification, but the increases in production during this phase
were mainly achieved by taking more land into cultivation. This enlargement of the agricultural
frontier deeply affected the Andean forest [76,120], while cattle-ranching gained ground at lower
altitudes in order to supply the increasing demand from the cities [121].

During the second phase, from about 1950 to 1990, the expansion of the area under staple crops,
especially cereals, stagnated, while the area under cash crops continued to expand. From 1965 onwards,
increases in yield became widespread among other cash crops, like coffee and oilseeds. The biomass
extracted for industrial processing predominated over primary foodstuffs. Cereals achieved major
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increases in yield of all staple crops, as intended by the Rockefeller Foundation through the Green
Revolution [112]. There are no aggregated data on fertilizer consumption, but the spending of the
Instituto Colombiano Agropecuario (ICA) on agrarian research and to implement the Green Revolution
increased from 0.1% to 0.7% of agricultural GDP between 1965 and 1990 [112]. The result was the
decoupling of DE from the area harvested as well as the gains in yields that drove the increasing
production of biomass for the cash crops, which is clearly shown in our series. The pastureland
continued to expand, whereas shrub land and other secondary vegetation following deforestation
started to increase in some areas. This did not mean that the expansion of the agricultural frontier
came to an end since more land was devoted to export-led crops like sugarcane, oil palm, and tropical
fruits. Meanwhile, deforestation had already taken half of the NPP from the Andean forests and was
beginning to expand over the lowland rainforests.

A halt in advancing the colonization frontier characterized the last phase (1990–2015). When seen
at the aggregated national level, an overall reduction in cropland took place for the first time over the
century being analyzed. The area harvested was reduced from 4.8 to 4.2 Mha. Within them, significant
areas of land under basic grains have been abandoned even though the area under old and new cash
crops like coffee, bananas, other tropical fruits, flowers, and oil palm has been stabilized. Per capita
grain production rose from 0.04 to 0.11 tons of dry matter between the 1920s and the end of the 1970s.
From that moment, per capita grain production fell up to 0.07 tons in 2015.

This indicates the emergence of a new process of externalizing the supply of primary food in
Colombia. These trends suggest that the socio-metabolic patterns of production and use of biomass are
increasingly being affected by international trade, with profound relevance for food sovereignty
and security. This is a topic that needs to be addressed in future studies. From a preliminary
appraisal of biomass trade flows and apparent consumption, we calculate that, from 1990 to the present,
the contribution of net biomass imports has risen from 10% to 38% of Colombian consumption [7].

Many pieces of research indicate that gains in yields, and even some recent energy efficiency
improvements in the production and use of industrial inputs for farming [122], are leading to a new
trend in land use involving forest transition [123]. However, the Colombian case looks more complex.
There was a slight reduction in average yields during this phase, while the new cash crops like oil palm
and other tropical fruits continued to expand the cropland area—to which the illegal cultivation of coca
must be added. At the same time, other crops like sweeteners (mainly sugarcane) or stimulants (mainly
coffee) reached a ceiling in intensification and a reduction in the area harvested during this phase.
Together with the simultaneous reduction in the pressure of cattle requirements on grasslands, this
presented an opportunity to decrease or even halt deforestation rates from 2010 to 2015 [77]. These are
only the main national trends, and they differ strongly when the actual regional and local trajectories
are examined. Despite apparently being opposed, they all represent processes of specialization that are
closely linked to the same international trade relationships, which are being driven by an agro-food
system that is increasingly global.

4.2. Socioeconomic and Political Drivers of the Changing Metabolic Profile of Colombian Agriculture

Land availability, productivity, livestock, trade, population density and increases in incomes are
among the main drivers of the changing patterns of biomass use [33] and HANPP [23] that have been
identified both globally and nationally. Studies of land use and cover change (LUCC) carried out both
nationally and regionally in Colombia have identified similar socio-economic variables that explain
the expansion of the agricultural frontier and its impacts on deforestation. In older settlement areas,
these main drivers are related to high population densities and intensive forms of agriculture that have
transformed Andean ecosystems. Meanwhile, the growing occupation of large areas of pasture for
use by cattle-grazing appear to be associated with other extensive forms of land use, low population
densities, and impacts on tropical lowland forest, especially after the 1970s [111]. After clearing,
the introduction of pasture is the most common type of cover replacement in the lowlands [111,124],
and, in the long run, cattle has been responsible for the major transformations in land use country-wide.
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However, population growth, industrialization, and the illegal drugs economy are also included in the
LUCC analysis [76].

We describe the evolution of trade and agrarian policies, the role of cattle in land-grabbing,
the industrialization of agriculture, and other factors like economic growth, increases in living
standards, and changes in diet. We look at these subjects in history as a first scan of the main
factors behind changes in production, extraction, and uses of the biomass flows. These flows have been
dominated by the dynamism and prominence of producing cash crops for the processing industries
and the extension of pasture to satisfy livestock requirements.

4.2.1. Trade and Agrarian Policies

The origins of Colombia’s modern economic development are rooted in the establishment of the
coffee economy [73,125,126]. After years of civil war, the country embraced the last opportunity offered
by international trade. Export promotion and protection policies were introduced by the government
of Rafael Reyes (1904–1909). The collapse of the traditional large plantations in the east of the country
due to the Thousand Days’ War, the fall in global prices, and the emergence of agrarian conflicts [125]
left some room for small and medium-sized farms to develop in new areas of colonization in the
west-center of the country [127], where the area under coffee was expanded.

Agro-exports were the main stimulus increasing the agricultural production [128]. However,
the capacity to produce primary food, especially cereals, was not as successful as for cash crops. At the
end of the 1920s, the state had to deal with a significant food crisis [73,112] and increasing pressure
from coffee growers by reducing tariffs in 1927 and tackling the effects of the world economic crisis
during the 1930s. It did this by increasing public spending and giving the public policy a more active
role in the economy [129].

The main tools of economic policy were tariffs, currency devaluations, and trade controls on
imports of agricultural products, together with support for imports of farming inputs up until the
1950s [112,129]. State intervention evolved from merely expanding the transport infrastructure before
1930 and tackling the effects of the 1930s crisis to redirecting financial credit to strategic sectors,
intervening in coffee production and markets through quotas, and increasing social spending and
infrastructure investment. Public spending as a share of GDP grew from 9.7% to 17.6% from 1950 to
1970 [130]. New institutional support was implemented by founding sectoral banks, public agricultural
research, and experimental stations as well as promoting tobacco, cotton, barley, and cattle as
alternative agricultural products and backing private federations of farmers and cattle-ranchers [130].

From the mid-century onwards, these efforts were mainly focused on modernization and
productivity gains rather than achieving more equitable forms of land tenure and rural incomes,
diversifying the agro-export model, and opening up trade after the 1990s. During the 1960s, the model
based on coffee exports began to be amended in which the main aim was then to industrialize
Colombian agriculture using technical support and credit. This policy encouraged the growth of
the agri-business class and commercial agriculture but neglected smaller farmers. After the 1970s,
credit was increasingly extended to cattle-ranchers [112]. The end of the “golden age” of economic
growth (1967–1974) opened the door to export led-growth, which is a change from the years of state-led
growth [130,131]. New crops, which are different from coffee, such as flowers, sugar, or tropical fruits,
increased their share of exports, while the growing imports of cereals helped reduce the price of
food. However, the dimension of international trade seems to have accelerated un-precedently as of
the 1990s. This last period represents a turning point towards re-emphasizing primary production
in the insertion of the national economy in the global markets in a way that entails a loss of food
sovereignty [52].

4.2.2. Cattle Ranching as a Tool of Land Dispossession

Although the policies that were implemented to transfer public land were intended to promote
the expansion of the agricultural frontier, which offered an opportunity to increase small farmers’
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access to the land. In the long run, they mainly favored the concentration of landed property. During
the 1930s, large amounts of public land were allocated in the west-center, where coffee had taken
off. Subsequently, the average size of the public land delivered was reduced in this zone, but the
number of allocations was the highest until 1960 [132]. After a wave of peasant conflicts in the 1930s
the colons received some support in securing their property rights [125,133]. Law 200/1936 was
mainly aimed at increasing agricultural production, but it also placed limits on the under-utilization
of land and initially made some feeble attempts at land reform. However, between 1944 and 1959,
this policy of redistribution was reversed. The land policy clearly aimed at guaranteeing the rights
of the larger property-owners [132–135]. Although some attempts were again made to redistribute
land after the period of the Violence (1948–1958) under the political umbrella of President Kennedy’s
Alliance for Progress (1966–1970), this was opposed by the associations of large landowners and
cattle ranchers through the so-called Chicoral Pact agreed by the Colombian elites in 1972, which was
promulgated in Law 4a/1973 [136]. The smallholders’ protests and land invasions increased during
the 1970s [137], but new laws were approved such as Law 30/1988, which prohibited the legalization
of any occupied land.

A new opportunity for peasants escaping from violence in the Andean region came in the form of
the colonization of some marginal regions in the lowlands like Caquetá and Putumayo. In the first
case, the colonization, which was led by the state, did not provide enough support for the peasants to
keep the land under the plough, and, ultimately, it was larger properties and pastures that took over
the cleared forest [138]. In the second case, colonization by the small farmers was only maintained
because of the expansion of the illegal coca economy [139]. In any case, deforestation of the rainforest
was a common result.

An important outcome of these public policies, which fostered increasingly unequal land
distribution, has been the huge share of fertile land taken over for the pasture compared to that
devoted to crops, and the extraordinarily high proportion of the total biomass extracted represented
by cattle-ranching (Figures 5b, 6a and 7). This important feature is closely linked to a long-used
mechanism whereby Colombian elites have taken control of the territory. After an initial phase
extending the agricultural frontier through slash-and-burn carried out by peasant colonizers under
precarious forms of land entitlement, the big landowners kick these tenants out and seize the cleared
lands by putting their cattle out to graze on them [76,120,140].

The institutional arrangements developed throughout the twentieth century to avoid any attempt
to increase small farmers’ access to land ownership has given Colombian elites an easy way to grab
a large share of land from the advancement of the colonizing frontier, which mainly ends up in the
hands of the larger cattle-ranchers [141]. In 1960, 58% of all Colombian pasturelands were in the hands
of 16% of cattle-ranchers [142] (p. 84). The Gini index of land distribution in 1970 was 74% [143] (p. 5),
which was already very high. However, it rose to 84% in 1984 and 88% in 1996 [144] (p. 11). From 1984
to 2003, the share of the total agricultural area in the hands of landholdings of less than 20 ha, which
represented 85%–86% of all properties, decreased from 14.6% to 8.8%. Conversely, the share of large
estates of more than 500 ha. increased from 32.7% to 62.6% [145].

From 1980 to the present, four million peasants have suffered land-grab-induced displacements
violently perpetrated by paramilitaries with the consent and help of many Colombian politicians and
public institutions [141,146]. A strong correlation has been found between municipalities with higher
Gini index of land concentration and those that have witnessed an increase in the forced displacement
of dispossessed peasant communities. Far from emerging from a stateless situation, in Colombia,
land-grabbing has been carried out using military violence to uproot peasant families from the land in
order to force them to emigrate. As throughout the world, land-grabbing processes depend on the
active role of the state [147,148].

Besides creating a cheap workforce from a poor rural population that has been deprived of access
to the expanding colonization frontier [140,142], this long-term process of land-grabbing has turned the
land–livestock nexus into a financial asset largely benefiting from tax exemptions and public subsidies
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from the Colombian state [137,149]. The socio-economic and political rationale behind this land–cattle
nexus has gone far beyond the simple business of ranching [141]. All sectors of the Colombian elite,
as well as many foreign investors, have played a role with this nexus to develop either agri-business
growth and exportation of legal cash crops such as sugarcane, coffee, plantains, and palm oil [150] or
the illegal trafficking of drugs [151,152]. From the 1980s onwards, the low-tax land–cattle nexus, which
has benefited from the ease of legalizing new properties, became a way for coca-drug traffickers to
launder their quick profits. From 1985 and 1999, this new landed class aggressively acquired between
4.4 and 6 Mha of land, according to different estimates. Most of it is dedicated to cattle-ranching. At
the same time, it has been estimated that, in 1998, narco-traffickers between them possessed 6 Mha or
11% of all Colombian farmland [141] (pp. 60–61).

From the 1990s, these harsh events, which have been suffered by many rural dwellers in Colombia,
sometimes in very remote areas, have been closely linked with the markets of an increasingly globalized
economy driven by neoliberal economic policies fostering trade openness. As a result, Colombia’s
production of staple foodstuffs has fallen, which makes the country increasingly dependent on imports
and endangers its food security [141,153]. This already happened at the end of the First Globalization
period (1860s–1930s), when the rapid growth of cattle-ranching and cash crops in the 1920s led to
worrying food shortages in the 1930s that required a 73.5% increase in agricultural food imports
between 1938 and 1939 [135]—an episode clearly represented in our series (Figures 2 and 4).

4.2.3. Agrarian Modernization toward Industrial Farming

The process of frontier expansion and colonization and the increase in agricultural production were
the main driving forces of agrarian change in the country. Many authors have emphasized the importance
of coffee in this modernization process in Colombia by changing labor relations [73,112,130]. Despite
the state promotion of experimental stations and schools of agriculture and agronomy, the technical
developments actively promoted during the first half of the twentieth century were, at first, only
adopted in some regions and for some cash crops, like banana plantations in Magdalena [154–156],
sugarcane in the Cauca Valley [157], and cotton in Tolima [130].

Widespread adoption of this modernization package only took place in the period from 1950
to 1970 because of a favorable combination of the availability of labor, under-used arable land,
the availability of the new technologies of the Green Revolution, the interests of the agribusiness
class, the growth and integration of the domestic market, and the protectionist policies [130]. However,
there was a clear difference between the adoption of this Green Revolution by commercial agriculture
or cash crops mainly being exported and the subsistence-oriented cultivation of staple crops by peasant
smallholders. The first grabbed most of the flatlands and placed them in the hands of medium and large
specialized production units to produce biomass flows marketed to processing industries and exports.
Conversely, the peasant sector used hill land in small units devoted to mixed farming, which remained
crucial for the domestic food supply and family survival. This “traditional” sector was affected by a
shortage of suitable land as well as a lack of the business capacities and capital to “modernize” their
crop production [130] (p. 269). Despite these differences, research and technological advice also helped
increase yields in primary crops like cereals and potatoes. Even cattle-raising improved its yields and
responded to external demand. New African grasses were introduced in lowland areas after 1970, and,
in the 1980s, new breeds of cattle were adopted with the aim of producing milk and meat. There were
also some improvements in infrastructure [112]. However, the most substantial changes came from
poultry and pig-breeding in feed-lots.

4.2.4. Economic Growth and Structural Changes

The annual rate of per capita growth of the economy was 2.2% between 1929 and 1974. This led
to structural changes in both the economy and the population as well as in urbanization and labor
markets [130]. The economic value-added of agriculture decreased as a share of GDP compared to the
industrial and service sectors [130]. However, after 1974, the “golden age” of economic growth ended,
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and Colombian per capita GDP growth fell to 1.8% between 1974 and 1996 [158]. This behavior led
some changes in production and extraction of the biomass.

The boom in coffee production after the 1920s boosted new activities related to processing
and trading coffee in urban areas [159], but the rest of the economy also took advantage of this
favorable situation. After 1930, the positive trend in international prices for coffee was reversed
(see Supplementary Materials Figure S3b). Although the “coffee war” did not affect Colombia
substantially [129], the fall in the terms of trade generated perverse incentives to increase the
coffee-growing area and coffee production in physical terms. In a context of protectionist trade
policies and the state promotion of coffee exports, as well as incipient structural change through
industrial import substitution, agricultural production had to be increased to earn foreign exchange,
provide inputs to food industries, raw materials to textile industries, and primary staple food to the
growing population in the cities. The increment of production was possible because of some increases
in yields as well as the six-fold increase in the road network and market integration during the first
half of the century.

In the long run, the living standards of the population improved. Infant mortality was reduced
and life expectancy increased. Biological indicators such as the average height of the population by year
of birth also confirm these trends throughout the twentieth century [160]. However, this improvement
has not been linear, and biological indicators vary in parallel to food availability. The average height of
the population suffered a period of stagnation (1921–1935) during the food crisis that followed the
rise of coffee growing at the end of the First Globalization period. It increased vigorously again after
the 1960s, when cereal yields experienced a significant increase, but experienced slowing growth after
the 1980s, when the agrarian system externalized the food supply and began specializing in cash crop
production during the Second Globalization period.

The increases in living standards can also be related to the change in diet, especially the increased
intake of animal protein [112]. However, these gains are not due to a greater supply of bovine meat,
which would be expected in a country with plentiful pastures and meadows. The bovine meat supply
in grams per capita fell from 1961 to 2013. The actual growth in the animal protein intake came from
the increasing supply of poultry, eggs, milk, and, lastly, pigs [7]. Colombia’s current consumption of
animal protein is below the average for the Latin America and Caribbean region, which is very far
from that in developed countries, and close to the world mean [7].

4.3. Socioecological Impacts: Deforestation and Industrial Agribusiness

The different socio-ecological impacts of the fund-flow metabolic changes generated through
biomass extraction by Colombian agriculture can be summarized in two main groups.

1. The impact of monocultures of industrial cash crops (i.e., the degradation of soils, water bodies
and landscapes, with the consequent loss of farm-associated biodiversity and ecosystem services).

2. The impact of deforestation and the resulting biodiversity loss [161].

The export-led growth of industrial crops through monocultures such as sugarcane or palm
oil has been spread increasingly in Colombia by large-scale agribusinesses in the absence of either
environmental regulations or their actual enforcement. It has caused substantial degradation of natural
resources and agricultural landscapes. The impact on bodies of water has been forceful in some regions,
such as the Cauca Valley, where actual “water grabbing” activities have deprived many communities of
this vital resource [162]. The landscape degradation caused by the spread of the industrial cropping of
sugarcane in the flatlands of the Cauca Valley has also undermined the ecosystem protection formerly
provided by the traditional organic mixed farming carried out by small peasants from indigenous
and African-descended communities, which are endowed with a bio-cultural heritage in danger of
extinction, who are trying to resist these developments in the piedmont areas beyond the cash-crop
frontier [163].
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Although oil-palm expansion and projections supported by government policies are concentrated
in pastureland, the oil-palm expansion threatens local food prices and food security and indirectly
contributes to changes to land cover in natural areas by adding to the pressure on the land from
farmers and ranchers [164]. Biofuels made with oil palm have created even more competition for water
and land [165], with negative effects in species diversity, especially communities of mammalians [166].
The oil-palm expansion is also associated with violence as well as the concentration of land and
wealth [167–169].

Colombian deforestation has followed different paths and drivers through time and space,
which start with Andean settlement patterns, where population and economic growth have been
concentrated since colonial times. From a long-term perspective country-wide, dry tropical forests and
Andean forests were the first to experience a steady trend toward fragmentation and decline, while
sub-humid tropical forests have only suffered a sharp decline since the second half of the twentieth
century. Conversely, the humid lowland tropical forests have remained relatively well preserved until
recently [76,120].

Under this general picture, regional and local trends have differed spatially, and their main
driving forces have also changed over time. In the highlands, deforestation has been linked to later
phases in extending the agricultural frontier and higher levels of economic development. In the
lowlands, conversely, it has been linked to the drivers that continue to extend the colonization frontier
today. In the older highland areas, the presence of small farmers is negatively correlated with the
increase in deforestation from 1985 to 2005 [170]. Other studies indicate that, in these areas, the capacity
for ecological restoration through successional trajectories of the remaining dry-forest fragments is
currently linked to the heterogeneity of the landscapes, which, in turn, is strongly influenced by
a disturbance from farming [163,171]. In contrast, the advance of colonization in sub-humid and
humid tropical lowland forests is correlated positively with forced migration, unsatisfied basic needs,
cash crops, pastures, and illicit crops despite the greater number of protected natural areas in them.
The presence of guerrillas and paramilitaries is also a key driver of these land-use changes [170,171].

In recent times (1990–2005) and at the national level, deforestation has shifted to lowland
municipalities with lower populations and gentler slopes in remote areas where the presence of
protected areas is greater. The growth in illegal coca cultivation in these areas, together with the
expansion of pastures and oil palm in others, have become the main drivers of the deforestation
of Colombia’s tropical forests at present day [151,152,172,173]. These changes in land cover are
causing increases in shrub land and other successional types of land cover, which are captured as a
residue in our series. A recent clearing includes the Colombian Amazon where deforestation rates
are even worse than in other Amazonian countries [120,174], with significant consequences in respect
to the biotic homogenization of bacterial communities in the soil [10] and the carbon cycle [175].
The dry-shrub vegetation in the Llanos may also be in danger if this area becomes a new open
agricultural frontier [171]. The fate of nature conservation and human development in rural Colombia
depends on the peace agreement being implemented, as well as on an agrarian reform that gives
peasant, indigenous, and African-descended communities greater access to the land and more secure
land titles to reduce inequalities that gave rise to the armed conflict and that have been strongly
reinforced by it [152,176,177]. Regrettably, the prospects for the peace agreement and even more for
the agrarian reform are not very encouraging presently.

5. Conclusions

The article presents new data on NPP, extraction, and use of biomass from crops, pastures,
and forest between 1915 and 2015 in Colombia. It provides a bio-physical reading of agrarian change
as well as identifies the timing and features of the unsustainability of farming carried out in Colombia
during the period. From a centennial perspective, the results reveal salient structural continuities,
as well as significant changes over time.
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The main continuity is the enormous proportion of land and biomass flows taken up by
cattle-ranching on pastureland. The grassland production and the pasture as an animal feeding
were the main pieces of the biomass extracted and used in Colombia during the twentieth century.
Pasture and shrub land are 40% of the land area of the country, but its increase took place after 1970,
which affected the forest land especially the Andean forest, and the total NPP. The change in the land
cover composition entailed a reduction of 10% of the total NPP during the twentieth century. After
1990, the NPP reduced its rate of change, but its volatility increased. The gains in yields from crops
and pastures, and perhaps in the seeded forest management or the rise of coca crops, which are behind
the reduction of the NPP fall, are also behind the increase of this volatility.

The land-cattle nexus as a form of land-grabbing affecting land cover and biomass extraction
composition, and the behavior of the volatility in the NPP, deserves more research. This quite unusual
socio-metabolic feature has nothing to do with the prevailing dietary patterns of the Colombian
population. Instead, it comes from a durable mechanism of land reclamation and appropriation used
by Colombian elites to prevent the poor rural population of the country having access to the open
colonization frontier. The land cover changes to pasture and shrub land and the amount of biomass
extracted to feed cattle reflects this capacity of the elites to grab the land of the agrarian frontier
colonization and the impact of its strategy on deforestation and NPP over the whole century.

Regarding the historical changes, the dynamics of crop production and the increasing relevance
of cash crops are the most relevant issues. The process of intensification and commercial specialization
shifted the dominant land use patterns of Colombian cash crops from tobacco and coffee to bananas,
sugarcane, palm oil, biofuels, and illegal coca, and contributed to reducing the area under staple crops.
This trade-off between staple and cash crops was also affected by the economic policy of each moment.
The frontier expansion in Colombia began with the coffee expansion and the insertion of Colombia
into the last weave of the First Globalization, but the organic profile of the agrarian system led the
country to face a tension between the allocation of resources (land and labor) to staple food and cash
crop production. The state intervention during the export-led growth and especially during the stated
led growth, help handle the challenge of producing biomass for the international markets and the
domestic economy in expansion during the “golden age” (1967–1974).

At the middle of the century, the Green Revolution innovations were actively encouraged by the
state. The support to the agrarian frontier expansion first, and the agrarian “modernization” later, are
reflected in the expansion of the area harvested during the first half of the century and the increases
in the yields from 1955 to 1975. The main gains in decoupling production from land were achieved
during this period, but it was a different process for staple and cash crops. Meanwhile, the area under
staple crops stagnated, and its yield increases were less intensive and continuous. The cash crops
achieved earlier, and higher yields and its harvested area continued to grow. Lastly, after the 1980s,
new cash crops to be allocated in the international markets like palm oil or tropical fruits expanded.
The area under staple and even the per capita production of grain fell, which threatened the food
sovereignty of the country. The economic openness brought the chance to import food and went
deeper into cash crop specialization, together with socio-ecological impacts like water grabbing and
pollution, soil erosion, and biodiversity losses.

In the case of the changes in crop production and the area harvested, the role of the elites deserves
more attention. Medium-sized and small-sized farmers started the frontier expansion that took place
during the higher growth rate of coffee and it was supported by the economic policy of the state.
The state intervention stabilized and, during the inward economic growth period the agrarian sector
was modernized. However, during this period (1950–1975), interest in the cash crops advanced and,
at the beginning of the 1970s, the elite slowed the hopes of land access to the small farmers and took
the credit to boost their agri-business. This specialization went deeper after 1990, when the economic
openness was embraced formally, at the expense of food sovereignty. The rise in cash crops relevance
might also mean the start of a new trend of turning the land grabbed through pastures into more
profitable export crops, which put in motion a new inner frontier of land-use intensification.
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The almost continuous support of the rural elites by the Colombia state and the persistence of
the land–cattle nexus as a form of land-grabbing on the open frontiers has reinforced an unequal
agrarian class structure. In this context, the socio-ecological impacts of deforestation in Colombia have
been the flip side of this coin. They are currently spreading towards the lowland rainforests and the
Amazon. The fate of nature conservation and fair human development is, therefore, closely linked
with achieving peace and land reform.
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