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A B S T R A C T

Poorer countries often face a severe trade-off: the need to improve socio-economic conditions is hard to balance
with the maintenance of key ecological processes. As a case study, we select Colombia, a Latin American
country with almost 10% of its inhabitants living in extreme poverty. We elaborate a water–food–labour
(WFL) nexus grounded on a sub-national Environmentally Extended Input–Output (EEIO) analysis to assess
the virtual water trade (VWT) and virtual informal labour (VIL) flows across administrative departments
and economic sectors related to domestic trade. The main results are the following: high cross-departmental
resource interdependence both in terms of VWT and VIL, rich departments highly depend on the resources of
their neighbouring trading partners, extreme poverty conditions shown by economically isolated departments,
and considerable income inequality in the food production sectors. Moreover, departments that are net
exporters of virtual water suffer from water stress that might be exacerbated by future high rainfall variability
due to climate change. These results suggest that strategies to attain sustainable development goals (SDGs)
must deal with the biophysical constraints and the economic and political feasibility of the proposed solutions.
In this vein, we argue that a holistic framework, grounded on quantitative analyses, is necessary to support
informed policy decisions for the simultaneous achievement of multiple (possibly contrasting) goals. Moreover,
severe spatial imbalances call for local policy responses coordinated at the national level.
1. Introduction

Challenges related to food security, clean energy and poverty re-
duction are aggravated by climate change, population growth and the
deterioration of environmental resources, especially water (Beltran-
Peña et al., 2020). Indeed, to achieve such goals in the coming decades,
global water demand could well double, as the energy and agricul-
tural sectors should expand their production accordingly (Distefano,
2020). These problems are extremely urgent, especially in the poorer
countries (hereinafter PCs), where a large fraction of the population
is food-energy deficient (FSIN, 2020).1 A number of PCs experienced
a (pre-COVID-19 pandemic) period of rapid economic growth and
poverty alleviation, achieved mostly by agricultural intensification at
the expense of the degradation of other ecosystem processes. Moreover,
such countries are usually less socially regulated (Alsamawi et al.,
2017), presenting poor working conditions related to high labour-
intensity and low-technology activities (United Nations, 2018). Besides,

∗ Corresponding author.
E-mail address: tiziano.distefano@unipi.it (T. Distefano).

1 Note that we avoid labelling the PCs as ‘‘developing’’ countries, but we follow Raworth’s argument that ‘‘we are all developing countries now’’ (see
https://rb.gy/ss6ias) because, currently, no country meets basic needs for its citizens at a globally sustainable level of resource use (O’Neill et al., 2018). See also
other recent debates such as https://rb.gy/5ydkzp and https://rb.gy/ez0ebv.

they are located in areas where climate change would put agricultural
production and food security at greater risk (FAO, 2016).

It emerges that PCs face a severe trade-off: the need to rapidly
improve material conditions is hard to balance with the maintenance of
key ecological processes (Dearing et al., 2014). The pressure on socio-
environmental boundaries is exacerbated by the increasing competition
for water resources between the agriculture and energy sectors (Rosa
et al., 2020) and the expansion of exports mostly toward richer coun-
tries (Wiedmann and Lenzen, 2018). This leads us to elaborate a
broader framework – that goes beyond one-size-fits-all economic so-
lutions – grounded on complex Nexus by including and connecting
sustainable patterns of production and consumption, job security, and
justice. We select Colombia as a case study because it is part of the
PC group and must tackle several challenges at once such as poverty
and famine eradication, labour security, deforestation, contamination
of water bodies, etc. As explained below, the methodology applied here
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and the key messages can be generalized to any other PC. Nevertheless,
as this study is based on real data from official statistics, the strength
of some connections found here might read differently in other coun-
tries. Indeed, any analysis related to complex systems is necessarily
contingent.

This paper is structured as follows. Section 2 reviews the litera-
ture on the Nexus approach, explains the conceptual framework and
provides a brief overview of the Colombian case study. Section 3
describes the data sources and the main terms. Section 4 presents the
mathematical structure of the implemented methodology and Section 5
shows the socio-environmental results at the departmental scale. Sec-
tion 6 provides a broad discussion and interpretation of the results,
with a focus on the policy implications, and Section 7 draws the main
conclusions.

2. The nexus approach

2.1. Literature review

The ‘‘Nexus’’ terminology was first introduced in 1983 under the
Food-Energy Nexus Programme,2 and further extended during the Bonn
Nexus Conference in 2011 (Hoff, 2011) to include water resources.
The main contribution of this approach is to underline the importance
of examining interactions among multiple dimensions to overcome
the common practice of addressing each issue in isolation, which
might generate the paradox of reducing one problem while exacer-
bating others (Rasul and Sharma, 2016). Recently, the Water–Food–
Energy (WFE) Nexus concept has gained attention among researchers
and policymakers who are more prone to embrace a holistic systems-
based perspective (Van Vuuren et al., 2019). Indeed, this approach
is recognized as a useful conceptual tool to support feasible policy
solutions (Gao et al., 2021) because it emphasizes the interlinkages,
synergies, and trade-offs amongst the economic sectors involved in the
Nexus (Namany et al., 2019). Its importance is particularly evident
nowadays due to increasing global interdependence, growing resource
scarcities, and failures of sector-specific management strategies (Rasul,
2016).

The literature on the WFE nexus focuses on increasing resource-
use efficiency (e.g., Albrecht et al., 2018), balancing different re-
source users’ interests (e.g., Endo et al., 2017), reducing carbon emis-
sions (e.g., Chamas et al., 2021), facing climate change (e.g., Conway
et al., 2015), and integrating land use (e.g., Karabulut et al., 2018).
However, these studies have traditionally focused on the physical inter-
action among these systems (Smajgl et al., 2016), with less exploration
of the interactions between ecological, economic, and social dimen-
sions (Zhang et al., 2018) and their social side-effects (Rasul et al.,
2020). A few studies have considered the interconnection of the water-
food nexus with some aspects of the social dimension, such as the
labour system (e.g., Wang et al., 2020), population growth (e.g., Tamea
et al., 2014), or poverty (e.g., Hameed et al., 2019). It is worth pointing
out that, although some research has been carried out on the WFE nexus
in Latin America (Mahlknecht and González-Bravo, 2018) considering
social dimensions (e.g., Lazaro et al., 2021), this approach has not
yet been used to implement policies that might help to tackle climate
change (Mahlknecht et al., 2020).

Among the various methodologies applied to study the WFE nexus,
the Environmentally Extend Input–Output (EEIO) approach seems the
most promising because it accounts for inter-sectoral trade, including
direct and indirect linkages. Although most studies rely on the country
scale (Xiao et al., 2019), the role of sub-national trade has recently been
investigated (e.g., Chen et al., 2019), while only Wang et al. (2020)
extended the above approach to the social dimension (employment).
To the best of our knowledge, most of this literature is based on China,

2 https://rb.gy/j78pab.
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perhaps due to the availability of data. Although we follow this strand
of literature, we aim to provide further contributions by: i) recovering
and reconstructing missing data, ii) including a detailed disaggregation
of the food production sectors, besides agriculture, together with the
food processing industry, iii) computing so-called ‘‘virtual’’ flows, viz.
the amount of resources (water and labour) required throughout the
entire supply chain at a low spatial scale, and (iv) focusing on informal
labour (viz. with no legal protection), which is widespread in the PCs,
as a key social variable strictly related to poverty (Galvis and Meisel-
Roca, 2010). Our goal is to provide a quantitative analysis to ascertain
to what extent the Colombian departments are reciprocally dependent,
how spatial imbalances are related to the economic structure, and how
these issues might be challenging in achieving sustainable development
goals (SDGs) at both the national and sub-national scales.

2.2. The conceptual framework

A macro-view summarizing the conceptual framework of the current
study is shown in Fig. 1. We elaborate a water–food–labour (WFL)
Nexus3 grounded on a sub-national EEIO matrix that allows quan-
tification of their connection strength via trade. This methodology
allows us to quantify the direct and indirect linkages due to inter-
sectoral and cross-departmental exchanges and then to assess spatial
distribution and imbalances. The main premise can be summarized
in a nutshell: water resources are used to produce raw food products
which, in turn, are either processed or sold for final consumption. Food
productive sectors (FPSs) also need energy and labour. We add other
possible indirect issues to these WFL connections: i) how future climate
conditions might alter current water availability, and (ii) the social
implications, namely poverty and income inequality, related to working
status.

The main novelty concerning the available literature is the explicit
inclusion of a socially vulnerable category, i.e. informal workers. This
choice is justified by the fact that social well-being depends, among
other things, on the workers’ status of affiliation and access to social
security. Indeed, this category suffers from a lack of legal protection,
low earnings, and high income volatility. These issues, together with
the economic structure, determine the level of poverty and (unequal)
income distribution in each department. Moreover, informal workers
are highly employed in sectors that are more labour intensive, i.e. FPSs.
The issue of informal labour is particularly relevant within the PCs
whose economies are strongly based on rural activities.

In this vein, we select Colombia as a representative case study to
assess the WFL Nexus in a Latin American PC. This country is seeking
political stability after the recent peace agreement to end the internal
conflict between the state and illegal armies (Andrián, 2018). One of
the main features of this post-conflict policy is support for agricultural
activities to foster the development of those poor rural areas most
affected by the armed conflict. Colombia’s territory is also characterized
by a considerable spatial variability, mainly in terms of social well-
being and resource endowment. Indeed, previous studies pointed to
sub-national disparities in terms of production (Haddad et al., 2016),
poverty (Galvis and Meisel-Roca, 2010), water use (Distefano et al.,
2020a), and economic growth (Pacheco Flórez and Saldarriaga Isaza,
2019). The success of national action plans and strategies must there-
fore address the reduction of such regional disparities (Pineda-Escobar,
2019). While the country seems to be moving in the right direction,
it is still unclear how actions at the national level will translate to
sub-national levels (DNP, 2015).

3 For the sake of clarity, we exclude ‘‘Energy’’ in the title because we
onsider it at a high aggregated level without distinguishing among the various
nergy power plants related to water or food, such as hydro-power, bio-fuel,
tc. However, the ‘‘Energy’’ sector was included in the study, as indicated in
able B.2 in Appendix B.

https://rb.gy/j78pab
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Fig. 1. Macroview. Graphical representation of the main connections in the Water–Food–Labour (WFL) nexus through the Environmentally Extended Input–Output (EEIO) table,
and their indirect linkages with climate change, poverty, and income inequality. Each of these variables is spatially connected across the 33 administrative departments. The
right-hand side of the figure shows the interactions between the departments in terms of virtual water trade (VWT) and virtual informal labour (VIL) flows associated to the
domestic monetary trade through the supply chain.
3. Data and definitions

Haddad et al. (2019) provided data on the Colombian monetary
input–output (IO) matrix for 2015, based on the National Adminis-
trative Department of Statistics (DANE) and the National Planning
Department (DNP) data sources. This IO table includes 56 economic
sectors and tracks both international and sub-national trade. The latter
is defined at a low spatial scale because it includes 32 administra-
tive departments plus the capital city Bogotá. In order to provide a
detailed overview of the environmental (water) and social impacts
along the entire supply chain, we aggregate specific sectors to define
eight macro-sectors.4 We maintain all five sectors related to raw food
production (agriculture, fish, livestock, forestry and wood, and coffee) –
as presented in the original data – and add the food processing sector,
which contains all industries involved in the production of processed
food. To these, we add the energy sector (electricity, gas and water)
and sum up the remaining sectors under the label ‘‘Others’’. Data on
water resources, informal labour, inequality, and poverty by sector and
department are collected from several data sources (see Table B.1 for
detailed references).

We retrieve data on sectoral water intensity coefficients (𝜔𝑠, in
m3/COP), from DANE (2015) following the guidelines of the envi-
ronmental and economic accounting system. These coefficients are
used to calculate the virtual water trade (VWT), which refers to the
volume of water ‘embodied’ in traded goods within and across na-
tional borders (Allan, 2003), including direct and indirect uses along
the whole supply chain (Acquaye et al., 2017). We use the aridity
index (AI) as a proxy for current water scarcity because it identifies
the degree of sufficiency or insufficiency of precipitation to sustain
the ecosystems (IDEAM, 2015). Moreover, we consider the impact
of future climate conditions on water availability using data on pro-
jected precipitation changes during 2011–2040 compared to 1976–
2005. These are calculated using the mean of four RCPs scenarios
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5)5 (IPCC, 2019). Data on AI and

4 See Table B.2 in Appendix B for the correspondence with the classification
used by the National Accounts.

5 RCP2.6 describes a peak in radioactive forcing at ∼3 W/m2 before 2100;
RCP4.5 and RCP6.0 stabilization without overshoot pathway to 4.5 and 6.0
3

precipitation changes are collected from IDEAM (2015), IDEAM et al.
(2015), respectively.

We depart from the data of the Household Survey provided by
DANE (‘‘Gran Encuesta Integrada de Hogares’’, GEIH 2015), to re-
cover the number of informal workers in small firms (less than 5
employees) in metropolitan areas.6 In general, informal labour refers
to self-employment with low income and poor job quality, marked by
instability, insecurity, and lack of social protection (Sánchez Torres,
2020). Virtual informal labour (VIL) refers to the number of informal
workers indirectly employed to produce the goods or services traded
within national borders along the whole supply chain. As a measure
of inequality, we use the Gini index that considers the distance from
an even distribution of income and ranges between 0 (in case of no
inequality) and 100 (maximum of inequality). The Gini coefficient is
calculated by comparing the cumulative proportions of the population
with the cumulative proportions of the income they receive. To pro-
vide a deeper understanding of the issue of poverty, we distinguish
between monetary (PI) and multidimensional poverty (MPI) indexes.
The monetary approach to poverty uses income per capita to calculate
the incidence, depth, and severity of poverty. The PI measures the
share of people under a relative poverty line that defines the minimum
income necessary to consume an acceptable level of goods and services.
The MPI is an indicator that reflects the degree of deprivation of people
in a set of dimensions (education, living standards, and health).

We use Matlab for the calculation of the VIL and VWT; R, IDL,
and ArcGIS for creating the figures; and R and Stata to process data
from the household survey. See the ‘‘Data Availability’’ declaration and
Table B.1 in Appendix B for a detailed description of the data sources.
Moreover, Appendix A shows the procedure to recover missing data
related to specific indicators and departments as well as the procedure
to allocate national aggregated values, i.e. water use and number of
informal workers by sector, to each department.

W/m2, respectively, at stabilization after 2100; and RCP8.5 rising radiative
forcing pathway leading to 8.5 W/m2 in 2100 (IPCC, 2019).

6 See Appendix A.3 in Appendix A
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4. Method

The Environmental Extended Input–Output (EEIO) approach is
widely used to calculate both the environmental and social effects of
economic processes by considering the entire supply chain (Sherwood
et al., 2017). This methodology offers a complementary approach to
what is done in most studies that focus on the international food trade
in terms of final goods (Distefano et al., 2020b) and prices (Distefano
et al., 2019). The EEIO has been applied to assess the carbon (e.g.,
Lenzen et al., 2003), water (e.g., Zhang et al., 2019), waste (e.g.,
Reutter et al., 2017), and labour (e.g., Gómez-Paredes et al., 2015)
footprints. In this study, we use the sub-national EEIO matrix (Haddad
et al., 2019) to provide a broad framework to quantify the interactions
between food production sectors with all other sectors on a low spatial
scale (i.e., departments).

Hereinafter, we summarize the logic and the mathematical structure
behind the EEIO approach. We consider an economy composed of
eight macro-sectors (𝜁 = 8), each one producing a different good or
ervice. The total monetary output (𝑥𝑠), in Colombian pesos (COP$),

of each sector 𝑠 can be decomposed into three components: domestic
intermediate trade (Z), domestic final demand (𝑓 ), and exports (𝜂). The
tructure of the economy can be represented in a compact mathematical
orm as
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here 𝑖 is the vertical summation vector composed of ones and the
ubscript indicates the number of the sector (= 1, . . . , 𝜁). The first
quare matrix (Z(𝜁𝑥𝜁 )) traces the cross-sectoral exchanges, then the total
ales of the sector 𝑠 to any other sector 𝑘 are given by the row-
um of Z, i.e., 𝑍𝑠. =

∑𝜁
𝑘 𝑍𝑠𝑘.7 Similarly, we recover the total sales

or domestic (𝑓𝑠, viz within Colombia) and foreign (𝜂𝑠, viz exports)
onsumption. Then, the total output, for each sector 𝑠, can be written
s 𝑥𝑠 = 𝑍𝑠. + 𝑓𝑠 + 𝜂𝑠. Likewise, we calculate the total purchases from
he rest of the world by summing up the imports of both industries
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𝑘 �̃�𝑘𝑠) and households (𝑓 =
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𝑘 𝑓𝑘).8

Following the same logic, we disaggregate the national components
nto blocks by considering the trade across departments, i.e.:
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Hence, the total output of sector 𝑠 in department 𝑑 (𝑥𝑑𝑠 ) is given by
he total sales to all other sectors (𝑘) and the final demand of any other
olombian department 𝑑 (including self-loops) plus exports. Namely:
𝑑
𝑠 = 𝑍𝑑.

𝑠. + 𝑓 𝑑
𝑠 + 𝜂𝑑𝑠 (1)

here

𝑑.
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𝑠 (3)

here 𝑍𝑑𝑑
𝑠𝑘 is the intermediate trade from sector 𝑠 in department 𝑑 to

ector 𝑘 in 𝑑, and 𝑓 𝑑𝑑
𝑠 is the final demand from department 𝑑 to sector

in department 𝑑. Then, the total output in department 𝑑 is given by
he sum of the sectoral outputs, that is 𝑥𝑑 =

∑𝜁
𝑠 𝑥

𝑑
𝑠 .

7 In our case, given the high level of aggregation, each sector 𝑠 is composed
f several firms and sub-sectors. For this reason, we find positive (and large)
alues on the main diagonal, to with 𝑍𝑠𝑠 > 0.

8 Note that in both cases, we first aggregate the foreign sectors following
he same classification used in this study (i.e., by eight macro-sectors), and
4

hen we calculate the column sum to find the imports.
This structure allows us to recover the so-called virtual flows by
nowing the average use, per unit of output, of a given resource (e.g.
aherzadeh and Caro, 2019). Then, knowing the intensity coefficients
𝜔𝑠, in m3/$COP) and informal labour (𝑙𝑠, in person/M$COP), for each

sector 𝑠, it is possible to calculate the domestic virtual water trade
VWT) and virtual informal labour (VIL) flows. The net (N) sectoral
lows – defined by the difference between total inflows (purchases) and
utflows (sales) – are given by:

𝑉 𝑊 𝑇𝑠 =
∑

𝑘≠𝑠
𝜔𝑘𝑍𝑘𝑠 − 𝜔𝑠(𝑍𝑠. + 𝑓𝑠), (4)

𝑁𝑉 𝐼𝐿𝑠 =
∑

𝑘≠𝑠
𝑙𝑘𝑍𝑘𝑠 − 𝑙𝑠(𝑍𝑠. + 𝑓𝑠). (5)

Note that to obtain the overall net VWT or VIL at the country
scale, we sum up the virtual flows for each sector 𝑠 and department
𝑑. For the sake of completeness, we also calculate the virtual flows
associated with international trade by following the same procedure.
As is common in the literature (e.g., Deng et al., 2016), and due to
the lack of available data, we assume that the rest of the world has
(on average) the same structure as the Colombian economy in terms
of sectoral water and informal labour intensity coefficients. This might
be a source of biases and uncertainty, and results on international
trade should be viewed with caution. However, since our objective is
sub-national spatial dependence and imbalances, we mostly focus on
domestic trade. Hence, the assumption regarding international virtual
flows does not alter the key messages of this study.

5. Results

At the country level, the Colombian food production sectors (FPSs)
generated, in 2015, about 12% of the national output and were re-
sponsible for almost 60% of the total water withdrawal. The FPSs also
employed about 20% of the total workforce, although more than 54%
were classified as informal workers (see Table B.3 in Appendix B).
These data show the potential trade-offs that might emerge when
dealing with water management and social interventions. This picture
is further complicated by the high degree of spatial variability of these
factors within the national borders. To provide a comprehensive and
detailed analysis, we divide this section into four parts. First, we show
how the sectoral inter-linkages (i.e., the supply chain) shape the virtual
(water and labour) flows at the national scale. Then, we evaluate
the reciprocal dependencies of the different Colombian departments.
The last two sections extend the analysis by providing insights on
the relations between the spatial departmental net VWT and VIL with
water availability and social justice (poverty and income inequality),
respectively.

5.1. Sectoral virtual flows

The networks of virtual water and informal labour flows across
the national sectors, including international trade with the rest of the
world (RoW) and domestic final demand, are shown in Fig. 2. Although
the two circular graphs are derived from the same monetary IO table,
the application of the two intensity coefficients (𝜔 and 𝑙) results in
considerable differences in the distribution and volumes of flows in the
two networks.

In terms of VWT, the main providers of (virtual) water are the agri-
culture (violet) and energy (light orange) sectors, each accounting for
about 38.5% of total VWT flows (∼312 km3). Most of the virtual water
sent by agriculture goes to final demand (40%), the food processing
sector (25.8%), and the rest of the world (17%). In contrast, a large part
of the water withdrawal in the energy sector is used within the sector
itself (28.6%), while ‘‘others’’ (26.6%) and final demand (40%) are the
main external users. The coffee (blue) and the forestry and wood (light
green) industries also play an important role, accounting for 8.8% and
4.9% of total VWT, respectively. In particular, the former sends around



Journal of Cleaner Production 335 (2022) 130138T. Distefano et al.
Fig. 2. Virtual water trade and virtual informal labour flows in 2015. Virtual water trade (km3) (left panel) and virtual informal labour (10000 workers) (right panel) flows
from each Colombian economic sector to the others (see Table B.2 for the full list of sectors), including international trade with the rest of the world (RoW) and domestic final
demand.
21 km3 of virtual water to the food processing sector, i.e., ∼80% of the
total water withdrawal from the coffee sector is indirectly transferred
to the manufacture of coffee products. Instead, ‘‘others’’ sector (mostly
manufacturing) and final demand indirectly requires around 6 km3

of water each, associated with purchases from the forestry and wood
sector.

Regarding virtual informal labour (VIL) flows, the picture changes
drastically since almost 70% (i.e., ∼8.67 million of informal workers)
is associated with the ‘‘others’’ sector, of which around 3.1M workers
(35.9%) are related to the trade within the industries of this macro-
sector. However, the food production sectors employ about 2.55M of
informal workers, half of whom are in the agriculture sector. The major
VIL flows, within the FPSs, go toward the food processing sector that
absorbs almost 1 million informal workers from the agriculture, coffee,
and livestock sectors. The VIL associated with the energy sector is
negligible representing 0.01%.

5.2. Spatial analysis

We now move to the spatial description by showing the sub-national
virtual flows across the 32 departments and the capital city. Bogotá
D.C. is considered separately since it represents a large share of the
national output (about 24%). Fig. 3 reports the VWT and VIL flows
across the Colombian departments, given by the sum of domestic
intermediate trade (𝑍) and final demand (𝑓 ). As the main purpose is to
assess the spatial dependence within the national borders, we exclude
international trade and exchanges within the department. Overall, the
cross-departmental network covers about 52.48% (39.74%) of the total
domestic VWT (VIL). For the sake of clarity, Fig. 3 only reports the
top 22 (20) links – out of about a thousand connections –, i.e., flows
greater than 1 km3 (0.3M of workers), which make up approximately
34.2% (33.2%) of the total cross-departmental VWT (VIL). The colour
of each department is proportional to the trade intensity index (TI)
that is calculated as the sum of domestic monetary purchases plus sales
from/to the other departments (TD) normalized by the maximum value
(i.e., with respect to the department that trades the most). TI for a given
department 𝑑 is

𝑇𝐷𝑑 =
𝛿
∑

𝑑≠𝑑
(𝑍𝑑,𝑑 +𝑍𝑑,𝑑 + 𝑓 𝑑,𝑑 + 𝑓 𝑑,𝑑 ), (6)

𝑇 𝐼𝑑 =
𝑇𝐷𝑑

max(𝑇 𝐼)
. (7)
5

This indicator provides a proxy of the trade connectivity strength of
each department. In other words, a department that buys or sells
large monetary volumes of goods and services is necessarily highly
dependent on others. In contrast, low values of TI indicate that the
department is economically ‘‘isolated’’.

Interesting outcomes emerge. In both cases, the highest bilateral
flow is represented by the one that goes from Cundinamarca to Bo-
gotá, which accounts for around 7.8% and 5.2% of the total cross-
departmental VWT and VIL, respectively. Beyond these two depart-
ments, the most active are almost the same (Antioquia, Boyacá, Cauca,
Meta, Santander, Tolima, and Valle del Cauca), but the ranking changes
when we look at VWT or VIL (see Table B.5 in Appendix B) due to
the differences in the economic structure (i.e., sector composition) that
characterize each department. As expected, these departments show
high TI and then create the biggest (VWT and VIL) links. However,
although a high TI is a necessary condition to create large bilateral
flows, it is not sufficient as the cases of Atlántico and Bolivar demon-
strate. Although the latter two have a higher TI than those of Tolima
and Boyacá (see Table B.4 in Appendix B), they are not present in
the top links. This can be explained by the fact that Atlántico and
Bolívar trade with a variety of departments, while most of the trade
from/to Tolima and Boyacá is concentrated in a few departments
(mostly Bogotá and Antioquia). Note that Antioquia and Bogotá make
up jointly about 40% of the national economic output (about 24% and
15%, respectively) and are the two main importers since most of the
arrows are directed towards them from the surrounding departments.
This highlights the uneven distribution of water resources and the
imbalance between urban and rural areas. The departments with the
lowest TI are located in the southeast of the country, where economic
activity is low. However, these areas are crucial to preserving the water
cycle and climate, as they host part of the Amazon rainforest and a large
proportion of the country’s biodiversity (Poveda et al., 2006). Some
key conclusions can be drawn: i) cross-departmental trade results in
major spatial dependency, ii) the economic development of the most
important departments (Antioquia and Bogotá) greatly depends on the
resources of the neighbouring departments, and (iii) the ranking of
the links changes when looking at either water resources or informal
labour.

5.3. Poverty and inequality

In this subsection, we focus on income inequality and poverty-

related to specific macro-sectors of the FPSs, namely agriculture (𝐴),
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Fig. 3. Top virtual water trade and virtual informal labour flows in 2015. Top VWT [km3] (a) and VIL [10000 workers] (b) flows across departments. The colours of the
arrows indicate the destination department while their thickness is proportional the flow magnitude (i.e. weight of the link). The colour of each departments is proportional to
the trade intensity index (see Eq. (7)).
Fig. 4. Income inequality by sector in selected departments (2015). The Gini index is a measure of income inequality going from a minimum of 0 to a maximum of 100%. 𝐴
orresponds to the agricultural sector (S1), 𝐶 to coffee (S2), 𝐹 to forestry and wood (S4), 𝑃 to food processing (S10–S18), and 𝐸 to energy (S33–S36). The selected departments
epresent the top six in terms of economic output and employment. Data on inequality and poverty are not available for the livestock (S3) and fishing (S5) sectors. See Table B.2
or the sectoral classification.
d
m
h
C
i

offee (𝐶), forestry and wood (𝐹 ), food processing (𝑃 ), and energy
𝐸), since they are responsible for around 97% of water use and show
igh shares of informal workers in the workforce (with the exclusion
f sector 𝐸).

Fig. 4 reports the level of income inequality calculated by the Gini
ndex in the six richest departments that jointly account for about
5.7% of the national output (see Table B.4). Besides, Fig. 5 shows the
6

istribution of MPI and net VIL across departments, and the sectoral
onetary poverty indexes in a selection of poor departments. Here,
eterogeneous outcomes emerge. Although Bogotá is the core of the
olombian economy, it shows a considerable level of income inequality

n the selected sectors. The Gini index is about 50% in 𝐸, 𝐶, and 𝑃 ,
while sector 𝐴 reaches 75% (see Fig. 4). Thus, although this city does
not present concerning levels in terms of MPI (left-hand map in Fig. 5),
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Fig. 5. Multidimensional poverty (a), net VIL (b), and monetary poverty index (2015) (c). The Multidimensional Poverty Index (MPI) is provided by departments. Monetary
poverty is provided by the main sectors in the food system in these departments (poorest) and a non-FPS sector. Grey lines in a) and b) indicate the departments, and 𝐴 corresponds
to the agriculture sector, 𝐸 to energy, and 𝑀 to the manufacturing industry in c).
due to its high level of urbanization and the satisfactory provision of
public utilities, it presents an uneven distribution of income that might
exacerbate social tensions. Antioquia, the second richest department,
reports lower levels of inequality in sectors 𝐶 and 𝐹 (below 25%), but
around 50% in 𝐴, 𝑃 and 𝐸 (see Fig. 4). It is worth mentioning that
even if Bogotá is located within the department of Cundinamarca, its
Gini looks very different, especially in sectors 𝐴, 𝐸, and 𝐹 . All in all,
the highest levels of inequality are reported in sectors 𝐴 and 𝑃 , which
are the largest since they jointly account for about 78% of total FPSs
output. As regards net VIL (Fig. 5b), it appears that Tolima and Huila
have the lowest values, which means that these departments employ a
large number of informal workers to produce goods and services that
are consumed elsewhere. By contrast, Antioquia is the most dependent
on informal labour employed from other departments showing the
highest net VIL (∼1.5 × 105 workers). Surprisingly, although Bogotá
is the core of cross-departmental trade (TI=1), it shows a net VIL close
to zero, which indicates that imports and exports compensate in terms
of VIL. This is probably because its economy is highly dependent on
manufacturing, which is included in the sector ‘‘others’’.

Fig. 5a shows that most of the departments located in the south-
eastern and northern zones report problematic social conditions. In
these areas, half (or more) of the population suffers from deprivations
of basic needs. We select six departments with the highest MPI scores
and evaluate the PI at the sectoral level (Fig. 5c). Despite a high MPI
(∼30%), Córdoba shows a low level of PI (∼15%) in each sector. It thus
emerges that the monetary dimension (i.e., sectoral salaries) is not the
only factor that affects the MPI. Nonetheless, in the five other poorest
departments, there appears to be a clear link between poverty and the
agricultural sector. As expected, these zones (mostly rural) show an
extremely low level of economic activity that translate into economic
‘‘isolation’’ (i.e, low TI). This means that the current economic structure
does not allow these departments to escape poverty simply through eco-
nomic growth. They cannot benefit from an expansion of trade without
effective policy interventions aiming to achieve better infrastructure
and provide basic services to the population. Indeed, economic devel-
opment alone does not automatically translate into greater welfare, as
evidenced by the high MPI level in Cundinamarca. Moreover, informal
labour and poverty are strictly linked in Colombia (Sánchez Torres and
Chaparro Hernández, 2020).9 Consequently, labour inclusion policies

9 Data from the national household survey show a strong correlation
etween formality, measured as the number of people contributing to the
ension system, and diverse measures of poverty such as monetary poverty
𝑝 − 𝑣𝑎𝑙𝑢𝑒 <0.01), MPI (𝑝 − 𝑣𝑎𝑙𝑢𝑒 <0.001), and unsatisfied basic needs (𝑝 −
𝑎𝑙𝑢𝑒 <0.01).
7

to reduce informality (i.e., jobs without legal contracts) could help
eradicate poverty and reduce inequality (Abramo et al., 2019) and
create a safety net for low-income people who are more vulnerable to
climatic (Byers et al., 2018) and pandemic (Rasul et al., 2020) shocks.

5.4. Water availability

Since 43% of the territory has high water surpluses and just 1% a
high deficit (IDEAM, 2015), Colombia is considered a water-abundant
country. However, approximately 80% of the population and economic
activities are located in basins with a water deficit (IDEAM, 2019).
In order to identify current and future conditions of water availability
throughout Colombia and how they are related to the water trade, we
analyse the aridity index (AI) and the expected changes in precipitation
(Figs. 6a,b). The AI map of 2014 in Fig. 6a gives a general framework of
year-round water availability close to that of the Colombian monetary
input–output matrix used in this study. Red (blue) areas represent
high deficits (surpluses) of water. This figure provides evidence that
the zones with the highest water surpluses are in the south and west
of the country, where economic activities are less intensive. Instead,
the northern and central zones, where the most populous cities in the
country are located, show vast areas of medium to high water stress.
The department with the greatest water deficit is La Guajira, which
has an AI that exceeds 0.6, followed by the capital of Colombia and
its surroundings.

As the AI is calculated from the surface water balance, whose
main input is precipitation (Milly, 1994), when the other balance
components are constant, the changes in precipitation are inversely
related to the AI values. Thus, we use the earliest scenario of projected
precipitation calculated by IDEAM et al. (2015) (Fig. 6b) as a proxy
of the future conditions of water availability. The largest decreases in
precipitation are expected in the northern and southern zones, which
would intensify the already existing deficits in departments such as La
Guajira, Magdalena, César, Atlántico, and Sucre. In the areas on the
Andean mountain ranges, precipitation is expected to increase, which
is not necessarily positive since it can mean more intensive rainfalls
that can cause soil erosion, floods that affect crops, landslides, and so
forth.

Under the future precipitation scenarios, all water supplying depart-
ments (i.e., NVIL𝑑 < 0, reddish in Fig. 6c) will suffer reductions in
water availability in at least part of their area. Norte de Santander and
Cundinamarca have both areas with increases and decreases. Therefore
food production shortages might happen on a smaller spatial scale

than the departmental one. Although the supplying departments in the
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Fig. 6. Aridity index (a), expected changes in precipitation (b), and net VWT (c). Grey lines represent the departments. According to IDEAM (2015), values of AI in a)
should be interpreted as high water surpluses (<0.15), surpluses (0.15–0.19), surpluses to moderate (0.20–0.29), moderate (0.30–0.39), moderate to deficient (0.40–0.49), deficient
(0.50–0.59), and highly deficient (>0.60). Sources: IDEAM (2015), IDEAM et al. (2015). There is no available information on AI in San Andrés and Providencia.
South and East of the country have significant water surpluses, critical
reductions in rainfall are expected. As part of the Amazon rainforest
is located in this area, reduced rainfall can have consequences related
not only to food production but also to natural diversity, climate change
and climate variability in other zones (Poveda et al., 2020). Since the
northern and central departments (e.g., Tolima, Cundinamarca, Boyacá,
Valle del Cauca, Santander among others) of the country provide most
of the national raw food (see Table B.4 in Appendix B), it is perti-
nent to say that the high variability in water availability might alter
agricultural productivity, making both food security and employment
highly vulnerable to climate change. Note that the precipitation change
map does not consider seasonality, and for agricultural applications, the
differences among seasons can be decisive.

This picture is further complicated by the historical lack of improve-
ments in water efficiency in the Colombian agriculture sectors (Diste-
fano et al., 2020a). It could be said that possible ways to compensate for
future food shortages might be to implement strategies that increase the
supply from other regions, at the risk of increasing regional imbalances,
and/or to rely on imports, which seems unlikely because, as seen,
the international trade of the Colombian FPSs is relatively small. This
highlights the need for an in-depth assessment of the possible solutions
and the role of the water footprint, mostly in PCs. From our point of
view, VWT is more valuable at the country scale because it can support
local governments’ decisions to reduce sub-national imbalances, while
international agreements on water management are still absent and
more difficult to implement. Moreover, Colombia, like many other
PCs, is currently unable to ensure safe water utilities for the entire
population, especially in rural areas. This requires direct political action
that cannot rely on imports of ‘‘virtual’’ water.

6. Discussion

Some limitations on the methodology applied in this study de-
serve attention. First, we provided a static picture of the complex
relations among these variables, while the temporal evolution is a
crucial feature to be considered for producing and analysing scenarios
to support policy decisions. For future analyses, we expect to have data
available for several years (beyond 2015) to develop a system dynam-
ics model grounded on ecological macroeconomics (e.g., D’Alessandro
et al., 2020). Second, the inclusion of small-scale spatial and sectoral
disaggregation, together with various indicators, creates problems in
terms of data inconsistency and lack of information that require some
simplifying assumptions to recover missing data (see Appendix A.3).
Third, virtual flows related to the rest of the world might be biased
8

because we assumed the same water and labour coefficients as those
present in Colombia. Although this is the most common assumption in
the literature on footprint analyses, in future research, we aim to collect
specific data on the origins of imported items to build confidence inter-
vals for virtual flows related to international trade. Fourth, it should be
noted that, because this study gives a static picture, it does not provide
a direct assessment of Colombia’s path towards the SDGs (in particular
SDG 1, 6, 8, 13), but rather a baseline since we use data from 2015.
The quantification of complex connections at a detailed spatial scale
presented here exposes the vulnerabilities of the departments in matters
of trade connectivity, labour informality and water availability. This
information must be considered an important building block towards
defining coherent policies focused on the implementation of better
water management practices and the reduction of labour informality.
Despite these limitations, some key conclusions can be drawn.

6.1. The WFL nexus across the departments

Table B.6 summarizes the main results by department presenting
the most relevant characteristics observed in terms of water (AI, pre-
cipitation changes (𝛥Pr), and VWT), raw food production (RF) and food
processing sectors (P), labour (VIL), poverty (MPI and PI) and trade
intensity (TI). Some noteworthy results are discussed. Almost half of
the departments (15) have high poverty indexes. Among them, there
are 10 departments with probable current and/or future problems with
water availability. Besides, eight of them are isolated from the rest of
the country (low TI). Departments with high connectivity (Antioquia,
Bogotá, Cundinamarca, Meta, Santander, and Valle del Cauca) have the
lowest poverty indexes and are unlikely to have issues related to water
availability. Among these, Meta, Cundinamarca and Santander are net
exporter of virtual water, and Valle del Cauca and Cundinamarca are
net exporters of informal workers. Furthermore, only Cundinamarca
has a representative percentage of raw food production (11.9%). About
half of the departments are water exporters, but the cases of Guaviare,
Cesar and Huila deserve attention as they represent higher percentages
of raw food production and are likely to have water availability issues.
Rural departments with high percentages of local raw food production
(e.g., Vichada, Guaviare and Amazonas) have very low percentages
of production (< 0.1% of the national output) and food processing,
high probabilities of water shortages in the future, and are isolated
from the rest of the country. Also, they suffer from extreme poverty,
especially Vichada. On the other hand, the departments with the high-
est percentages of processed food production (e.g., Caldas, Risaralda,
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Cundinamarca, Valle del Cauca and Córdoba) have high/medium con-
nectivity, little poverty and most do not have water availability issues.
Among the seven departments with the highest food processing percent-
ages, Cauca, Cundinamarca and Córdoba are net exporters of water, and
Caldas, Risaralada, and Atlántico are importers of informal labour.

Information obtained in this work and summarized in Table B.6 may
be useful in the implementation of policies considering the heterogene-
ity across departments. For example, measures to eliminate poverty
in Córdoba must take into account its high local food production
(RF=10.0% and P=10.9%), despite the water deficit in part of its
territory. Furthermore, this deficit may become more serious due to
future reduced rainfall in the zone, also affecting other departments
since it is a net exporter of virtual water. Another important case is
that of La Guajira, the department with the highest aridity index (>0.6),

hich may well increase in the years to come. La Guajira needs urgent
overty-reduction policies (both monetary and multidimensional) and
mproved connectivity with the rest of the country. However, if one of
he strategies is to increase food production (RF=3.9% and P=0.8%), it
ust be preceded by solving the water shortfall.

This overview demonstrates that simply looking at the national scale
ight lead to misleading interpretations about the socio-economic and

nvironmental status of a country. Instead, a focus on administrative
epartments is important because they also represent the legal entities
here local political decisions are taken, as discussed below.

.2. Local policies and SDGs

The results of the present study highlight the spatial interdepen-
ence among some key variables related to the SDGs. The reduction
f poverty (SDG1), inequality (SDG8) and hunger (SDG2) are closely
elated to decent work (SDG8) and sanitation (SDG6). However, the
atter can only be accomplished if there is sufficient availability of
ater which depends, among other things, on climate change (SDG13).
his leads to the need for public policies that guarantee the protection
nd sustainable use of water resources, mainly in places with high
ater deficits such as the North-East region. These policies can be the

irst step to avoid the exacerbation of poverty, which is high in this
egion. At the same time, the differences throughout the departments
uggest that the actions to be taken cannot be generalized to the entire
ountry, as both economic and social conditions are very distinct, and
he natural environmental status does not allow the same economic
ctivities.

This set of concerns is almost absent in Colombia’s current SDG
olicy agenda. Besides specific national targets for each of the SDGs,
olombia has set up different targets for some of the SDGs in each de-
artment. However, assessments of the advances to reach these targets,
ade so far, have been done only at the national level. In its most

ecent report, the Colombian National Planning Department (DNP,
020) points out that the general progress in reaching the national goals
or 2019 was 74%. Climate change action is one of the goals that has
een the slowest progress. Nonetheless, the DNP also points out that the
umber of departments that have designed plans for climate change
daptation has been increasing, such that by 2019 there were 23.
he fight against poverty has also seen some progress. However, this
rogress in overcoming poverty has been based on monetary transfers
o different population groups, without any regard for mechanisms that
ccount for poverty and labour informality associated with people’s
articipation in the different economic sectors, particularly in the
PSs (DNP, 2020).

In addition to this balance, the DNP (2020) points out some progress
n establishing policies to achieve regional goals. For instance, in 2019,
he national government launched a national plan for the supply of
rinkable water and sanitation in the rural sector and La Guajira
epartment. In general, the development plans of most of the central-
estern departments (e.g., Antioquia, Bogotá, Tolima, etc.) appear
9

loser to the 2030 agenda. It contrasts with the development plans of
the south-eastern departments (e.g., Vichada, Arauca, Vaupés, Ama-
zonas, etc.) that are economically isolated. Despite these advances,
the policy agenda still looks at each goal in isolation, rather than
recognizing the inter-linkages between several of the SDGs. For ex-
ample, some of the municipalities in which the rural reform of the
2016 peace agreement (SDG16) is planned to be implemented are in
the Caribe region (Atlántico, Bolívar, Magdalena, La Guajira, Cesar,
Córdoba and Sucre). This reform, which aims to support the growth
of agriculture, must first consider the viability of an increase in labour
demand (SDG8), the reduction of both poverty (SDG1) and income
inequality (Jiménez et al., 2021) (SDG10), and that it is a region with
a high current water deficit (SDG6) and expected to increase in the
coming years due to climate change (SDG13). All in all, a detailed
evaluation that focuses not only on one aspect (e.g., food shortage) but
on a comprehensive set of variables (economic sectors, social welfare,
etc.) is necessary to design policies that aim to balance the impacts
across sectors and departments and thus, ensure the attainment of the
SDGs to which the country has committed.

7. Concluding remarks

In 2018, former president J.M. Santos approved the ‘‘Long-Term
Green Growth Policy’’ plan to achieve the Colombian Sustainable De-
velopment Goals (SDGs) based on a new economic growth model
grounded on competitiveness, efficiency, social inclusion, and preser-
vation of natural resources.10 Therefore, assessment of the success of
these sustainable strategies must consider both biophysical and socio-
economic constraints. The challenges involved in achieving the SDGs
call for an integrated approach that enables the identification of policy
priorities and instruments to improve the economic and social well-
being throughout the regions without putting natural resources at
risk (Rasul, 2020).

In this vein, this study elaborated a water–food–labour nexus frame-
work grounded on data from sub-national cross-departmental trade to
ascertain the impact of the food production sectors on water use, food
security and social well-being. First, we contributed to the literature by
calculating the virtual water trade and virtual informal labour flows at
a low spatial scale (i.e. administrative department). Second, we showed
that there are inequalities within the country related to the food
production sectors in terms of income inequality and fragile workers
(i.e. informal labour). Notably, we unravelled that the economic devel-
opment of the richest departments (Antioquia and Bogotá) is highly
dependent on the resources of their surrounding trading partners.
Third, by quantifying the ‘‘embedded’’ social and water flows associated
with monetary trade, we pointed out that potential threats to food
security might emerge, even in a relatively water-abundant country,
because of spatial imbalances Indeed, most of the rural departments
that provide food (and ‘‘virtual water’’) to the other departments are
exposed to water stress conditions. Expected changes in precipitation
due to climate change might exacerbate this situation.

Finally, we argued that a holistic framework, informed by quantita-
tive analysis, is necessary to effectively tackle poverty, labour security,
and water scarcity issues that are particularly urgent in all of the PCs.
This is because the social, economic, and natural resource dimensions
are strongly interrelated even at a low spatial scale. Local disparities,
beyond the global scale, call for local policy responses, coordinated
at the national level, to follow a balanced path to attain (possibly
conflicting) SDGs.

10 See https://rb.gy/eu2cvt and https://www.ods.gov.co/en for more
details.

https://rb.gy/eu2cvt
https://www.ods.gov.co/en
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Table B.1
Variables and data-sources.

Variable Data source Citation/link Notes

Interregional I-O
(monetary, in COP$)

DANE;
DNP

Haddad et al. (2019)

Aridity Index IDEAM IDEAM et al. (2015)

Water intensity coefficients DANE DANE (2015) https://rb.gy/cs59s7

Multidimensional
poverty index

DANE https://rb.gy/ylbur5 https://rb.gy/qvxvcr

Informal workers DANE https://rb.gy/rlphpk https://rb.gy/hva5ti

Gini index
Monetary poverty index

DANE https://rebrand.ly/hjeh62k https://rb.gy/zfuarg https://rb.gy/a8ty9l; https://rb.gy/rdn8xl

Expected change in
precipitation

IDEAM IDEAM (2015)

DANE is the National Administrative Department of Statistics, DNP is the National Planning Department, IDEAM is the Colombian Institute of Hydrology, Meteorology and
Environmental Studies.
Table B.2
Correspondence of aggregated sectors with national accounts.

Sectors National accounts correspondence id

Agriculture Agriculture and related services activities S1

Coffee Permanent coffee crops S2

Livestock Livestock, hunting and related services activities S3

Forestry and Wood Forestry and timber extraction S4

Fishing Fishing and aquaculture S5

Food processing

Processing and preservation of meat and meat products from bovine,
buffaloes, pigs and other meats n.c.p.; processing and preservation of
meat and meat products from poultry, and processing and preservation
of fish, crustaceans and molluscs

S10

Manufacture of oils and fats of vegetable and animal origin S11

Manufacture of dairy products S12

Manufacture of mill products, starches and products derived from starch;
Manufacture of bakery; manufacture of macaroni, noodles, couscous, and
similar farinaceous products and preparation of prepared animal feed

S13

Manufacture of coffee products S14

Manufacture of sugar and manufacture of panela S15

Manufacture of cacao, chocolate and confectionery products S16

Processing and preservation of fruits, legumes, vegetables and tubers;
manufacture of other food products (prepared and preserved meals by
canning or freezing, manufacture of soups and broths in a solid state,
powder or instant, among others)

S17

Manufacture of beverages (including ice) and manufacture of tobacco products S18

Energy

Electric power generation; transmission of electrical energy and
distribution and commercialization of electrical energy

S33

Gas production; distribution of gaseous fuels through pipelines; steam and
air conditioning supply

S34

Catchment, treatment and distribution of water S35

Wastewater evacuation and treatment;
Recovery of materials (recycling)

S36

Others Manufacturing; Mining; Construction;
Transports; Services; Finance; Public

S6-S9
S19–S32
S37–S54
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Appendix A. Allocation of national coefficients

As explained in Section 4, the EEIO approach requires the average
use of water (or informal workers) per unit of sectoral output. Since
this information is available only at the national scale, we defined a
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procedure to recover the departmental coefficients.
A.1. Water coefficients

The vector of total water withdrawal for the 8 macro-sectors (𝑤)
at the national scale was provided by DANE (2015). The procedure to
construct the vector of water use for any departmental-sector pair (𝑑𝑠)
is as follow:

1. calculate the economic efficiency of sector 𝑠 in department 𝑑 as
𝜂𝑑𝑠 = 𝑉 𝐴𝑑

𝑠
𝑥𝑑𝑠

, where 𝑉 𝐴𝑑
𝑠 is the value added and 𝑥𝑑𝑠 is the output;

2. calculate the sectoral weighted average water efficiency as 𝜂𝑠 =
∑𝛿

𝑑 𝜂
𝑑
𝑠 ⋅ 𝑥𝑑𝑠 ∕

∑

𝑑 𝑥
𝑑
𝑠 , where 𝛿=33 is the number of departments;

3. calculate the ‘‘adjusted output’’ as �̃�𝑑𝑠 = 𝜂𝑠 ⋅ 𝑥𝑑𝑠 ∕𝜂
𝑑
𝑠 ;

4. calculate the quota of ‘‘adjusted output’’ as 𝑞𝑑𝑠 = �̃�𝑑𝑠 ∕
∑𝛿

𝑑 �̃�
𝑑
𝑠 ;

5. calculate the sectoral water use (𝑤𝑠) to be allocated in depart-
𝑑 𝑑
ment 𝑑, as 𝑤𝑠 = 𝑤𝑠 ⋅ 𝑞𝑠 .
able B.3
ain economic statistics and water use at the national level (2015).
Colombia (2015) Agriculture Coffee Livestock Wood Fishing Food Processing FPSs Energy Others TOT

Output [M $COP] 38431 8239 26182 2382 2459 99973 177666 59088 1204188 1440942
Value Added [M $COP] 27339 5299 12265 1796 1425 27219 75343 24599 630601 730543
Water [M m3] 120136 27423 1472 15146 3118 1366 168662 120079 1569 290310
Labour [×1000 workers] 2289 782 567 148 31 741 4558 120 18069 22747
Wages [M $COP] 7588 2591 1880 490 104 8683 21336 3932 249039 274307
Output [%] 2.67 0.57 1.82 0.17 0.17 6.94 12.33 4.10 83.57 100.00
Value Added [%] 3.74 0.73 1.68 0.25 0.20 3.73 10.31 3.37 86.32 100.00
Water [%] 41.38 9.45 0.51 5.22 1.07 0.47 58.10 41.36 0.54 100.00
Labour [%] 10.06 3.44 2.49 0.65 0.14 3.26 20.04 0.53 79.43 100.00
Wages [%] 2.77 0.94 0.69 0.18 0.04 3.17 7.78 1.43 90.79 100.00
Informal [% Lab.] 53.29 82 53.29 53.29 53.29 38.9 54.48 1.30 48.01
Informal [×1000 workers] 1220 641 302 79 17 288 2547 2 8675 11223

See Table B.2 for the description of the eight aggregated sectors. FPSs stands for food production sectors composed by sectors from S1 to S5 and from S10 to S18 (see Table B.2).
Authors’ elaboration.
Table B.4
Main economic statistics of the 33 Colombian departments.

Department TI Output Raw food Food proc. Energy Other

Antioquia 0.588 14.90% 12.92% 18.21% 20.01% 14.50%
Atlántico 0.194 4.82% 0.84% 7.42% 9.66% 4.62%
Bogotá D.C. 1.000 23.90% 0.03% 16.73% 15.11% 26.46%
Bolívar 0.192 3.91% 2.57% 0.66% 3.26% 4.30%
Boyacá 0.157 2.85% 4.38% 1.78% 5.35% 2.72%
Caldas 0.086 1.67% 2.58% 3.81% 2.72% 1.38%
Caquetá 0.032 0.43% 1.09% 0.24% 0.09% 0.42%
Cauca 0.103 1.84% 3.45% 2.68% 1.65% 1.68%
Cesar 0.070 1.71% 2.75% 1.48% 1.30% 1.68%
Córdoba 0.092 1.78% 3.31% 2.80% 2.27% 1.57%
Cundinamarca 0.384 6.23% 13.78% 12.41% 11.51% 4.97%
Chocó 0.032 0.41% 1.11% 0.06% 0.14% 0.41%
Huila 0.095 1.77% 4.30% 1.11% 2.22% 1.64%
La Guajira 0.052 1.00% 0.74% 0.11% 1.74% 1.05%
Magdalena 0.073 1.33% 3.40% 1.22% 0.71% 1.23%
Meta 0.180 3.91% 4.71% 1.65% 1.20% 4.18%
Nari�̃�o 0.081 1.46% 3.58% 0.47% 0.62% 1.45%
N. Santander 0.081 1.60% 2.36% 0.60% 1.14% 1.66%
Quindío 0.047 0.79% 1.99% 0.71% 0.56% 0.73%
Risaralda 0.087 1.68% 1.78% 3.49% 1.09% 1.55%
Santander 0.302 6.44% 8.05% 2.04% 4.39% 6.81%
Sucre 0.048 0.83% 1.31% 0.41% 0.53% 0.85%
Tolima 0.120 2.39% 5.94% 2.51% 1.84% 2.18%
Valle Cauca 0.391 9.68% 8.95% 16.44% 9.73% 9.16%
Arauca 0.027 0.07% 0.20% 0.06% 0.01% 0.07%
Casanare 0.064 1.71% 2.63% 0.79% 0.88% 1.77%
Putumayo 0.023 0.43% 0.39% 0.05% 0.07% 0.49%
San Andrés 0.010 0.16% 0.03% 0.03% 0.10% 0.18%
Amazonas 0.004 0.07% 0.21% 0.01% 0.06% 0.07%
Guainía 0.002 0.04% 0.05% 0.01% 0.00% 0.04%
Guaviare 0.005 0.08% 0.24% 0.01% 0.02% 0.08%
Vaupés 0.002 0.03% 0.03% 0.00% 0.00% 0.03%
Vichada 0.003 0.06% 0.32% 0.01% 0.01% 0.05%

National total 100.00% 100.00% 100.00% 100.00% 100.00%

TI stands for trade intensity as defined in Eq. (7), Raw food includes the sectors from S1 to S5, while Food processing, Energy and ‘‘others’’ are defined in Table B.2.
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Table B.5
Ranking of top bilateral cross-departmental links.

Rank VWT exporter importer share (%) VIL exporter importer share (%)

1 10890.7 Cundin. Bogotá 7.77 214.5 Cundin. Bogotá 5.22
2 3326.555 Boyacá Bogotá 2.37 160.0 Bogotá Cundin. 3.89
3 2742.935 Antioquia Bogotá 1.96 103.9 Bogotá Antioquia 2.53
4 2247.451 Valle Cauca Bogotá 1.60 96.2 Antioquia Bogotá 2.34
5 2137.995 Tolima Bogotá 1.52 69.8 Valle Cauca Bogotá 1.70
6 2109.952 Santander Antioquia 1.50 65.6 Valle Cauca Antioquia 1.60
7 2090.707 Valle Cauca Antioquia 1.49 61.4 Bogotá Santander 1.50
8 1970.888 Santander Bogotá 1.41 52.8 Santander Antioquia 1.28
9 1925.017 Meta Bogotá 1.37 51.5 Boyacá Bogotá 1.25
10 1886.583 Tolima Antioquia 1.35 51.4 Bogotá Valle Cauca 1.25
11 1823.747 Huila Antioquia 1.30 47.6 Santander Bogotá 1.16
12 1578.639 Antioquia Valle Cauca 1.13 45.8 Bogotá Boyacá 1.12
13 1462.58 Huila Bogotá 1.04 45.3 Antioquia Valle Cauca 1.10
14 1362.529 Tolima Valle Cauca 0.97 41.8 Antioquia Santander 1.02
15 1275.92 Bogotá Cundin. 0.91 40.6 Tolima Bogotá 0.99
16 1219.374 Cundin. Antioquia 0.87 40.6 Bogotá Meta 0.99
17 1215.845 Santander Valle Cauca 0.87 39.8 Huila Antioquia 0.97
18 1205.668 Cauca Valle Cauca 0.86 38.2 Tolima Antioquia 0.93
19 1198.375 Cauca Antioquia 0.85 34.0 Bogotá Tolima 0.83
20 1126.692 Meta Antioquia 0.80 31.1 Meta Bogotá 0.76
21 1070.728 Nari�̃�o Valle Cauca 0.76 31.1 Cundin. Antioquia 0.76
22 1050.881 Meta Valle Cauca 0.75 29.7 Cauca Antioquia 0.72

Share indicates the percentage of the flow lying on the link to total domestic flow (excluding within department trade). VWT (VIL) is expressed in km3 (1000 workers).
Table B.6
Summary of the main results by department (2015).

Department Water FPSs Labour Poverty Connection

Antioquia
AI: low to moderate

RF: 4.6% P: 8.5% VIL: net importer
MPI: low

TI: high𝛥Pr: increases /decreases PI: lowVWT: net importer

Atlántico
AI: high

RF: 0.1%P: 10.7% VIL: net importer
MPI: low

TI: medium𝛥Pr: decreases PI: medium(sect asym.)VWT: net importer

Bogotá D.C.
AI: moderate to high

RF: 0.0%P: 4.9% VIL: close to 0
MPI: low

TI: high𝛥Pr: increases PI: lowVWT: net importer

Bolívar
AI: low to high

RF: 3.5%P: 1.2% VIL: net exporter
MPI: medium

TI: medium𝛥Pr: decreases PI: medium(sect asym.)VWT: close to 0

Boyacá
AI: low to high

RF: 8.3%P: 4.3% VIL: net exporter
MPI: low

TI: medium𝛥Pr: increases PI: medium(sect asym.)VWT: net exporter

Caldas
AI: low

RF: 8.3%P: 15.9% VIL: net importer
MPI: low

TI: medium𝛥Pr: increases PI: mediumVWT: net importer

Caquetá
AI: low to moderate

RF: 13.6%P: 3.9% VIL: net importer
MPI: medium

TI: isolated𝛥Pr: decreases PI: high(sect asym.)VWT: close to 0

Cauca
AI: low to moderate

RF: 10.1%P: 10.1% VIL: net exporter
MPI: medium

TI: medium𝛥Pr: increases PI: highVWT: net exporter

Cesar
AI: moderate to high

RF: 8.6%P: 6.0% VIL: close to 0
MPI: medium

TI: medium𝛥Pr: decreases PI: highVWT: net exporter

Córdoba
AI: low to high

RF: 10.0%P: 10.9% VIL: close to 0
MPI: medium

TI: medium𝛥Pr: no changes PI: highVWT: net exporter

Cundin.
AI: low to high

RF: 11.9%P: 13.9% VIL: net exporter
MPI: low

TI: high𝛥Pr: increases PI: lowVWT: net exporter

Chocó
AI: low to moderate

RF: 14.3%P: 1.0% VIL: net exporter
MPI: high

TI: isolated𝛥Pr: no changes PI: highVWT: net exporter

Huila
AI: moderate to high

RF: 13.0%P: 4.4% VIL: net exporter
MPI: low

TI: medium𝛥Pr: increases PI: highVWT: net exporter

(continued on next page)
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Table B.6 (continued).
Department Water FPSs Labour Poverty Connection

La Guajira
AI: very high

RF: 3.9%P: 0.8% VIL: net importer
MPI: high

TI: isolated𝛥Pr: decreases PI: high(sect asym.)VWT: close to 0

Magdalena
AI: low to high

RF: 13.8%P: 6.4% VIL: net importer
MPI: medium

TI: medium𝛥Pr: decreases PI: highVWT: net importer

Meta
AI: low to moderate

RF: 6.5%P: 2.9% VIL: close to 0
MPI: low

TI: high𝛥Pr: no changes PI: lowVWT: net exporter

Nariño
AI: low to high

RF: 13.1%P: 2.3% VIL: net exporter
MPI: medium

TI: medium𝛥Pr: increases PI: highVWT: net exporter

N. Santander
AI: low to high

RF: 7.9%P: 2.6% VIL: close to 0
MPI: medium

TI: medium𝛥Pr: increases /decreases PI: highVWT: net exporter

Quindío
AI: low to moderate

RF: 13.4%P: 6.2% VIL: close to 0
MPI: low

TI: isolated𝛥Pr: increases PI: mediumVWT: net exporter

Risaralda
AI: low to moderate

RF: 5.7%P: 14.5% VIL: net importer
MPI: low

TI: medium𝛥Pr: increases PI: lowVWT: net importer

Santander
AI: low to high

RF: 6.7%P: 2.2% VIL: close to 0
MPI: low

TI: high𝛥Pr: increases /decreases PI: lowVWT: net exporter

Sucre
AI: moderate to high

RF: 8.4%P: 3.4% VIL: close to 0
MPI: high

TI: isolated𝛥Pr: decreases PI: highVWT: close to 0

Tolima
AI: low to high

RF: 13.3%P: 7.3% VIL: net exporter
MPI: medium

TI: medium𝛥Pr: increases PI: mediumVWT: net exporter

Valle Cauca
AI: low to high

RF: 5.0%P: 11.8% VIL: net exporter
MPI: low

TI: high𝛥Pr: increases PI: lowVWT: net importer

Arauca
AI: low to moderate

RF: 14.8%P: 5.3% VIL: close to 0
MPI: medium

TI: isolated𝛥Pr: no changes PI: lowVWT: net exporter

Casanare
AI: low to moderate

RF: 8.3%P: 3.2% VIL: close to 0
MPI: low

TI: isolated𝛥Pr: decreases PI: lowVWT: net exporter

Putumayo
AI: high

RF: 4.8%P: 0.9% VIL: net exporter
MPI: medium

TI: isolated𝛥Pr: decreases PI: lowVWT: net exporter

San Andrés
AI: ND

RF: 1.1%P: 1.1% VIL: close to 0
MPI: low

TI: isolated𝛥Pr: decreases PI: lowVWT: close to 0

Amazonas
AI: high

RF: 15.2%P: 0.9% VIL: close to 0
MPI: medium

TI: isolated𝛥Pr: decreases PI: lowVWT: close to 0

Guainía
AI: high

RF: 7.0%P: 2.0% VIL: close to 0
MPI: high

TI: isolated𝛥Pr: decreases PI: mediumVWT: close to 0

Guaviare
AI: high

RF: 15.6%P: 1.2% VIL: close to 0
MPI: medium

TI: isolated𝛥Pr: decreases PI: lowVWT: net exporter

Vaupés
AI: high

RF: 5.5%P: 0.2% VIL: close to 0
MPI: high

TI: isolated𝛥Pr: decreases PI: mediumVWT: close to 0

Vichada
AI: moderate to high

RF: 27.8%P: 1.4% VIL: close to 0
MPI: high

TI: isolated𝛥Pr: decreases PI: mediumVWT: net exporter

AI stands for aridity index, 𝛥Pr for precipitation change, FPSs for food production sectors – with RF = raw food (S1–S5) and P =
food processing (S6) and the percentages are calculated with respect to the departmental output –, MPI and PI for multidimensional
and monetary poverty, TI for trade intensity, and VWT and VIL refers to virtual water and informal labour flows. Low poverty refers
to both multidimensional and monetary values under 25, medium to those between 25 and 40, and high to those greater than 40.
VWT (VIL) close to zero refers to values between −300 and 300 (−10 and 10). High connectivity refers to TI values greater than 0.3,
medium to those between 0.3 and 0.07, and isolated to less than 0.07.
13
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Note that when comparing the same sector across departments, we
assume that the product is homogeneous, hence a department-sector
pair is relatively more efficient than another if it can create more value-
added (i.e., wages and profits) per unit of output. In other words, when
considering sector 𝑠, department 𝑑1 is more efficient than 𝑑2 if 𝜂𝑑1𝑠 > 𝜂𝑑2𝑠 .

With this in mind, we assume that the more efficient a department-
sector pair is, the less water (per unit of output) it requires. To this
end, in step 3 we put more weight on 𝑑𝑠 pairs that are less efficient with
respect to the average (i.e., 𝜂𝑠) by ‘‘adjusting’’ the corresponding output.
This step allows us to allocate more water to relatively less efficient 𝑑𝑠
airs but respecting the national sectoral use of water, i.e., ∑𝛿

𝑑 𝑤
𝑑
𝑠 = 𝑤𝑠.

A.2. Informal labour coefficients

The vector of the number of informal employment for the 8 macro-
sectors (𝐼) at the national scale was provided by DANE. The procedure
to construct the vector of the number of informal workers for any
departmental-sector pair (𝑑𝑠) is as follow:

1. calculate the wage-to-output ratio for sector 𝑠 in department
𝑑, as 𝛾𝑑𝑠 = 𝑤𝑎𝑔𝑒𝑑𝑠

𝑥𝑑𝑠
, where 𝑤𝑎𝑔𝑒𝑑𝑠 is the total wages for all the

employees;
2. calculate the sectoral weighted average wage-to-output ratio

as 𝛾𝑠 =
∑𝛿

𝑑 𝛾
𝑑
𝑠 ⋅ 𝑥𝑑𝑠 ∕

∑

𝑑 𝑥
𝑑
𝑠 , where 𝛿 = 33 is the number of

departments;
3. calculate the ‘‘adjusted output’’ as �̃�𝑑𝑠 = 𝛾𝑑𝑠 ⋅ 𝑥𝑑𝑠 ∕𝛾𝑠;
4. calculate the quota of ‘‘adjusted output’’ as 𝑏𝑑𝑠 = �̃�𝑑𝑠 ∕

∑𝛿
𝑑 �̃�

𝑑
𝑠 ;

5. calculate the sectoral informal employment (𝐼𝑠) to be allocated
in department 𝑑, as 𝐼𝑑𝑠 = 𝐼𝑠 ⋅ 𝑏𝑑𝑠 .

Note that by comparing the same sector across departments, we as-
sume that the labour productivity is the same. For instance, considering
sector 𝑠, if 𝛾𝑑1𝑠 > 𝛾𝑑2𝑠 , then department 𝑑1 must employ more workers
per unit of output) than 𝑑2. With this in mind, we assume that the
igher the wage-to-output ratio, the higher is the occupation. To this
nd, in step 3 we put more weight on the 𝑑𝑠 pairs that have a larger 𝛾𝑑𝑠

with respect to the average (i.e., 𝛾𝑠) by ‘‘adjusting’’ the corresponding
output. This step allows us to allocate more workers to relatively more
labour-intensive 𝑑𝑠 pairs, such as ∑𝛿

𝑑 𝐼
𝑑
𝑠 = 𝐼𝑠.

A.3. Gini and poverty index

The indexes of income inequality (i.e., Gini index) and monetary
poverty (PI), by department and economic sector, were computed with
data from the Integrated Household Survey (2015), provided by the
National Administrative Department of Statistics (DANE).11 This survey
has two databases, one covering 24 departments and the other eight
departments in the Amazonía and Orinoquía regions. The indexes were
computed as follows:

• PI : we calculated the per capita income per household con-
sidering the department where the household is located and
the economic sector in which it participates. To determine if a
household is poor, its income is compared with DANE’s national
poverty line for 2015, i.e., COP 223,638 (DANE, 2016).

• Gini index: taking into account the income by the household,
department and economic sector, we used the package ‘reldist’ in
R to estimate the index of each economic sector and department.

ppendix B. Tables

See Tables B.1 and B.6.

11 See https://rb.gy/hk4abe.
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