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River mouth systems, such as estuaries and deltas are important earth system

transitional zones linking the land and coastal marine systems. They funnel

anthropogenic contaminants and pollutants from the activities in the river

catchment into the marine environment. The present study is focused on the

Magdalena River-mouth at Bocas de Ceniza where land-based contamination

and pollution are important issues. These were subsequently analysed using an

expanded DPSIR framework (Drivers Pressures, State, Impacts Responses).

Based on export coefficients and secondary information, the loads of BOD,

TSS, Nutrients and solid waste from different sources were identified and

compared to prioritize their management within the study area. Findings

suggest that contaminants generated in the study area may be insignificant

compared to the inputs from the Magdalena River, but they can have a

significant impact on the state of local ecosystems. Of all the sources

analysed, agriculture and livestock are theoretically the largest contributors

of nitrogen (i.e., 14.84 t d-1 and 48.99 t d-1) and phosphorus (i.e., 5.90 t d-1 and

19.46 t d-1) in the basin ‘Direct to the Caribbean’ and ‘Cienaga de Mallorquıń’

(that altogether are identified as DtC+) and the ‘Western bank of the lower

Magdalena’ (DtM-LM), respectively. In the case of BOD, domestic and industrial

wastewaters contribute about 5.10 t d-1 and 98.43 t d-1 in the same basins.

Contributions of faecal coliforms were more than 4 orders of magnitude higher

in untreated wastewater, being 4.86 x1016 NMP d-1 and 1.78 x1016 NMP d-1 in

the lower Magdalena and Caribbean catchments, respectively. Inadequately

managed waste and plastic represent a serious problem for the Caribbean

Basin. Solid waste generated within the study area and coming from the

Magdalena basin and the Caribbean Sea, reaches the coast and deteriorates

its visual quality, affects mangrove ecosystems, and generates impacts on

coastal populations. By basin, the DtM-LM is where the greatest pollutant

loads are generated. However, in terms of impact on humanwell-being, it is the

DtC+ that bears the brunt where pressures are translated in impacts such as
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increased maintenance and cleaning cost of beaches, reduction or loss of

tourism revenue, adverse health effects to vulnerable groups, reduce

protection against natural hazards, increased living costs and loss of

cultural values.
KEYWORDS

socio-ecological assessment, contamination, DPSIR, coastal zone, river delta,
Magdalena River, Colombia, Caribbean
1 Introduction
Coasts are special habitats in the transitional zone between

land and sea forming part of a land-ocean continuum system

(Crossland, 2005). All around the world they are exposed to

continuous threats due to elevated levels of nutrients flowing

into the water, leading to eutrophication and algal blooms.

Additionally, industrial activities discharge different type of

pollutants such as heavy metals and persistent organic

pollutants (POPs) that put at risk marine species and may

accumulate along the food chain posing a threat to both,

marine species and humans who use them for consumption.

Another emerging concern is plastic waste (Future Ocean et al.,

2017). From the macro-plastic that reduces the aesthetics of the

beach and ‘suffocates’ animals and plants, to the micro-plastic

that contains toxic additives and act as vector for other

xenobiotics which are then incorporated into the organisms’

tissue with effects observed from the cellular to the organism

level (Acosta-Coley et al., 2019).

On a regional scale, this problem has been recognized in the

Cartagena Convention which in 1999 adopted the Protocol

Concerning Pollution from Land-Based Sources and Activities.

Precisely, in the framework of this protocol, an analysis of the

state of the Wide Caribbean Region (WCR) with respect to

pollution from land-based sources was made, showing that:

demographic and economic growth is linked to an increase in

the production of solid and liquid waste which, combined with

inadequate management, leads to an intensification of the

impacts in coastal zones by means of altered water and

sediment quality and affecting ecosystem (i.e. harmful algal

blooms, low oxygen zones, and coral reef degradation) and

human health (UNEP/CEP, 2019).

The present study is focused on the Magdalena River-mouth

socio-ecological system at Bocas de Ceniza (henceforth MRm-

SES) which is the main river-mouth. The Magdalena is one of

the most important rivers in Colombia. It has played an

important role in the history and culture of the country

(Davis, 2020). Besides, it has the largest river basin in

Colombia covering nearly a quarter of the national territory
02
(Higgins et al., 2016, pp. 25–26). It is the main contributor of

freshwater and sediment discharges in the Caribbean region and

the people living along its axis account for nearly 80% of the total

population in the country and produce approx. 80% of the Gross

Domestic Product (Restrepo et al., 2020). In turn, the Magdalena

has become the largest ‘sewage’ system of the country.

Precisely the concentration of the population in the

Magdalena basin has led to a strong development of industrial

and other economic activities (e.g., agriculture, livestock,

mining) which result in major pressures (e.g., deforestation,

pollution with nutrients, heavy metals and toxic substances,

sewage discharges) that are transferred from the basin to the sea

through its waters (Restrepo et al., 2020, p. 42). Hence, the

Magdalena delta is a place of synergistic and cumulative impacts

arising not only from local pressures but also from external

factors, turning it into a hotspot where many of the coastal

symptoms can be found (e.g. sediment unbalance, freshwater

changes, eutrophication, urbanization, biodiversity loss)

(Newton et al., 2012) and these symptoms are commonly

driven by populat ion growth, economic act ivi t ies ,

technological advances, changing governance structures and

climate change (United Nations, 2021, pp. 6–7).

With these considerations in mind, this study is motivated

by the question: What are the main anthropogenic sources of

pollution in the MRm-SES and, moreover, how they could affect

coastal habitats (e.g., coastal lagoons, mangrove swamps, sea)

and, in consequence, the well-being of the people living in

this region?

To answer the research questions a conceptual framework

called DAPSI(W)R(M) was used (Elliott et al., 2017). This

framework constitutes a further development of the traditional

Driver-Pressures-State-Impact-Response (DPSIR) approach

that has been widely used around the world “to assess causes

and consequences of ecosystem change and the actions that might

be implemented in response to that change” (United Nations,

2021). In this article, the DAPSI(W)R(M) is a valuable tool to

explore the links between the causes and consequences of

anthropogenic pressures on the Magdalena delta.

Rather than being a detailed inventory of pollution sources

such as the ones done for the Atlántico (INVEMAR, 2015, pp.
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59–74) and other coastal departments in Colombia (INVEMAR,

2018, p. 17), or establishing a nutrient budget as the one done on

the mouth of the Magdalena River (Torregroza-Espinosa et al.,

2020) or in other deltas in South America (de Paula Filho et al.,

2015), the main focus of this study is to identify the impacts on

human welfare and ecosystem services derived from land-based

pollution within the study area. For that purpose, this

investigation aims at estimating the loads and prioritize the

pollutants from anthropogenic sources to guide the choice of

management measures in the study area.

This research can be considered a complement to works that

have been conducted at a broader geographical scale, such as the

Magdalena River Basin and its mouth in the Bay of Cartagena

(Restrepo et al., 2018), the National Water Study (IDEAM,

2019a) or in the Wider Caribbean Region (WCR) (UNEP/

CEP, 2019). However, the development of studies focused on

smaller areas but with more detailed information allows the

identification and evaluation of management measures that

would be more effective in tackling local problems.
2 Methods

2.1 Study area

The Magdalena River is in the northwestern Andean region

of South America, its waters flow to the sea in the central

Caribbean Region of Colombia creating an estuarine area that

is a hotspot where many of the coastal symptoms of the coastal
Frontiers in Marine Science 03
syndromes are experienced (Newton et al., 2012). The river

influence on the coastal processes along the Caribbean Coast of

Colombia are highly important considering that it is the longest

river and the one with greatest drainage area in Colombia

occupying 24% of the national territory. Moreover, the water

discharge (205 km3 y-1) and sediment load (144 x 106 t y-1)

account for 26% and 38% of the total discharges into the

Caribbean Sea being the main source of sediments in that

basin (Restrepo et al., 2015; Higgins et al., 2016; Torregroza-

Espinosa et al., 2020).

The Magdalena River forms an arcuate delta with an

estimated area of 1,690 km2. Its waters flow to ‘Bocas de

Ceniza ’ , cons idered the main r iver-mouth where

approximately 92% of the streamflow is discharged into the

Caribbean Sea. Additionally, the river has a secondary mouth at

Cartagena’s and Barbacoas’ bay where 6 - 8% of the streamflow

is discharged through an artificial structure called ‘Canal del

Dique’ (the flow is deviated to the ‘Canal del Dique’ at Calamar).

Finally, the waters from this river represent an important influx

of fresh water for the largest and most complex of Colombia’s

mangrove swamps the ‘Ciénaga Grande de Santa Marta- CGSM’

(see Figure 1) (Restrepo et al., 2015; Ávila and Gallo, 2021).

The intra-annual variability of the freshwater discharge and

suspended sediment load (SSL) in the Magdalena River basin is

associated with the annual hydrological cycle. The lowest mean

value of streamflow occurs during the months of January to

April when the average river discharge is 4,360 m3/s of

freshwater and 218 x103 t d-1 of SSL. During the same period,

the maximum reported total suspended solid (TSS) has been
FIGURE 1

Location of the study area (CRS: EPSG 4326 – WGS 84).
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11.45 mg L-1 and the river-mouth experiences high-energy

waves (Hs > 2.5m) caused by strong north-eastern trade winds

and cold fronts. The high streamflow conditions are registered

between September to November. During these months, the

average river discharge is 8,060 m3 s-1 of freshwater and 531 x103

t d-1 SSL. Additionally, the maximum TSS in the river mouth

drop to 5,031 mg l-1 and “the delta experiences low/moderate

energy wave conditions (Hs < 1.5 m), with swells coming

predominantly from the west and northwest”. Also, El Niño

and La Niña phases of the El Niño-Southern Oscillation

(ENSO) climate pattern, are linked to variabilities at inter-

annual scale, leading to lower mean freshwater discharges and

SSL during El Niño (5,510 m3 s-1 and 256 x103 t d-1, respectively)

and higher magnitudes during La Niña (8,750 m3 s-1 and

511x103 t d-1, respectively) (Restrepo et al., 2015; Restrepo

et al., 2020).

In terms of environmental quality, the Magdalena River

exhibits ‘Satisfactory’ water quality conditions (i.e., equivalent

to scoring 3 in a 1 to 5 scale where 1 is the worst quality and 5 is

the best) according to the Water Quality Index (WQI)

estimated for 25 stations along the river. These intermediate

quality conditions are caused by inputs from domestic,

industrial, and mining discharges. The Magdalena-basin

receives 55% and 48% of the COD and BOD loads from

industrial activities. In the case of suspended solids, the

domestic sector discharges 64% and in nutrients accounted

for 61% of the Total Nitrogen and 74% of the total Phosphorus.

All of this is reflected by data showing that the water quality in

Magdalena-Cauca subbasins is more prone to be affected by

contaminant loads than other hydrographic areas in Colombia

(e.g., Pacıfíco, Orinoco, Amazonas) (IDEAM, 2019a, pp. 217–

263). But not only water is affected due to those inputs, high

concentrations of metals in sediments have been found along

stations located in the Cauca River, main affluent of the

Magdalena River, and in the Magdalena watercourse itself in

its lower part, after receiving the Cauca’s waters (IDEAM,

2019a, pp. 229–232; Tejeda-Benitez et al., 2016).

This study focuses on the Lower Basin of the Magdalena

River, where the annual mean precipitation is 1632 mm y-1, and

the sediment yield reaches values of 560 t km2 y-1. Moreover, the

cumulative freshwater discharge and Suspended Sediment Load

(SSL) in this lower part of the basin reach 228 km3 y-1 and 144

x106 t y-1, respectively (Higgins et al., 2016).

The study area presents seasonal variations controlled by the

shifts in the Intertropical Convergence Zone (ITCZ). Hence,

there are two wet periods (i.e., the main one goes from Sep-Nov

and another one between Apr-May) and two dry periods (i.e.,

the main one goes from Dec-Mar and the second one, locally

referred as ‘Veranillo de San Juan’, between Jun-Aug). The

average number of days with precipitation in the whole study

area ranges between 50 - 100 days a year, and the mean

temperature is 26-28°C (IDEAM, 2015).
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2.2 Socio-ecological assessment
framework

In the DAPSI(W)R(M) framework, Drivers (D) refer to

human needs which according to Maslow’s work are organized

as a hierarchical structure going from the very ‘basic needs’ (also

known as the lower needs) related to survival and safety (e.g.

food, air, drinking water, shelter, security, order) which are part

of the so-called ‘deficit needs’, and moving to the higher levels

which pass through ‘psychological needs’, the ‘cognitive needs’,

the ‘aesthetics needs’, the ‘self-fulfilment needs’ and, finally,

reaching the last level of needs corresponding to the

‘Transcendence needs’ (Maslow, 1970).

Moving onto the ‘Activities’ (A), which can be associated or not

to the economic sectors, are those particular actions introducing

pressures into the systems (e.g. use of fertilizers, dumping, beach

littering, wastewater discharge, etc.); ‘Pressures’ (P) are the result of

one or multiple activities and reflect the “mechanisms of change” of

the natural system and they can be spatially classified as either

Endogenic Managed Pressures (EnMP), which are generated and

can be tackle through measures adopted within the system

boundaries (e.g., littering, introduction of contaminants and

nutrients), or Exogenic Unmanaged Pressures (ExUP) which are

generated outside the system and cannot be managed but whose

effects need to be dealt with within the study area (e.g., thermal

regime change, changes in wave exposure). The ‘State changes’ (S)

are measured through physic-chemical variables/indicators and are

the result of one ormultiple pressures (changes in dissolved oxygen,

pH, species abundance or richness). When it comes to ‘Impacts’ (I),

is important to stress that in this context they are strongly linked to

consequences on ‘Human Welfare’ (W). In other words, impacts

are derived from those state changes that can affect the provision of

good or benefits for the society. Finally, the Responses (R) or

measures (M), involve a group of frameworks, agreements,

strategies, projects, actions or normative, among others, that are

put into place to try and tackle either the causes or effects of the

ecosystem change (Elliott et al., 2017, p. 32).
2.3 Information sources

All the municipalities within the department of the Atlántico

plus the municipality of Santa Catalina (Bolivar department)

were included in the socioeconomic characterization of the study

area. However, it is important to highlight that, in terms of

pressures, state changes and impacts, only the municipalities

located within the boundaries showed in Figure 1 were

considered for the present study.

Behind this is the rationale that most of the contaminants

(nutrients, litter, and other pollutants) are transferred to the

Magdalena River and/or the Atlantico’s coast through runoff

because a big portion of the area from municipalities such as
frontiersin.org
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Luruaco and Sabanalarga is in those sub-basins. Based on a

similar rationale, the municipalities of Usiacurı,́ Repelón and

Manatı ́ have most of their territories in the sub-basin of the

‘Canal del Dique’ and, given that the main economic activities in

the area is livestock farming and agriculture, it could be inferred

that most of the pressures and impacts are transferred to that

sub-basin and therefore fall outside the scope of this study

(Aguilera Dıáz, 2006; Ahumada Lagares and Penso Martıńez,

2014; López Pineda et al., 2014).
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To iden t i f y t r ends fo r the soc iodemograph i c

characterization, information in the 2000–2018-time span was

collected. All the other information sources were ideally from

2018 or from the most recent year available (e.g., information

about fertilizer use) using the following order of preference:

2017, 2019, 2016 and so on until 2000. Information prior to 2000

or after 2019 was not considered for this study. A complete list of

the datasets and sources used for the present study is presented

in Table 1.
TABLE 1 Summary of information sources.

Data Description Source

DANE
Census
2018

Spatialized socio-economic information for the study area https://microdatos.dane.gov.co/index.php/catalog/643/related_materials

Arable
Land
Colombia

Total arable land (hectares) - Colombia https://data.worldbank.org/indicator/AG.LND.ARBL.HA?locations=CO

Land
Cover/
Land Use

Land Cover CORINE Land Cover Methodology Adapted for
Colombia Period 2018. Republic of Colombia. Scale 1:100.000.
Year 2021

http://bart.ideam.gov.co/cneideam/Capasgeo/Cobertura_de_la_Tierra_100K_Periodo_
2018.zip

National
Livestock
Census
2018

“The census data are consolidated annually for each species by
municipality and department and are the result of the
compilation of the information provided from the vaccination
register according to the species, as in the case of cattle,
buffaloes, pigs and horses, as well as information collected from
national producers represented by the respective guilds of each
species.”

https://www.ica.gov.co/areas/pecuaria/servicios/epidemiologia-veterinaria/censos-2016/
censo-2018

Livestock
Manure
Export
Coefficients

Nutrients (N and P) coefficients to estimate inputs from
livestock manure

(FAO, 2018; M.M. Ruddy et al., 2006; van Krimpen et al., 2013)

Domestic
wastewater
export
coefficients

Per Capita Domestic Wastewater Export Coefficients to estimate
BOD, DIN, TP, TSS and Total Coliforms

(Tosic et al., 2018)

Industrial
wastewater
loads

Registro Unico Ambiental Manufacturero - RUA MF 2018
&
Baseline of Users and loads of the basins and sections defined by
the CRA (to be reviewed by the Users and the corporation)

http://www.ideam.gov.co/web/contaminacion-y-calidad-ambiental/informes-
nacionales1/-/document_library_display/415KFM4VekFU/view/116408199?_110_
INSTANCE_415KFM4VekFU_redirect=http%3A%2F%2Fwww.ideam.gov.co%2Fweb%
2Fcontaminacion-y-calidad-ambiental%2Finformes-nacionales1%3Fp_p_id%3D110_
INSTANCE_415KFM4VekFU%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_
mode%3Dview%26p_p_col_id%3Dcolumn-1%26p_p_col_pos%3D1%26p_p_col_count%
3D2
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fcrautonoma.gov.co%
2Fdocumentos%2Frecursohidrico%2F27-2020-02-03-202003011958856396900.
xlsx&wdOrigin=BROWSELINK

Water
Quality -
Magdalena
River

Average total phosphorus, nitrogen and TSS at Calamar station -
Magdalena River Period 2005-2020

http://www.ideam.gov.co/web/ecosistemas/agua

Marine
Water
Quality -
REDCAM

Information on the ICAM and the parameters used for its
calculation.

https://experience.arcgis.com/experience/dbbec24c96054e199a25b8709dc7099a/

Solid waste Solid waste per capita production as a function of the
municipality complexity

(Reglamento Tećnico del Sector de Agua Potable y Saneamiento Baśico - RAS. República
de Colombia; Ministerio de Desarrollo Económico, 2000)

Hazardous
waste

Annual amount of hazardous waste generated per capita http://www.ideam.gov.co/web/ecosistemas/uso-de-los-recursos-y-residuos-peligrosos
frontiersin.org
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http://www.ideam.gov.co/web/contaminacion-y-calidad-ambiental/informes-nacionales1/-/document_library_display/415KFM4VekFU/view/116408199?_110_INSTANCE_415KFM4VekFU_redirect=http%3A%2F%2Fwww.ideam.gov.co%2Fweb%2Fcontaminacion-y-calidad-ambiental%2Finformes-nacionales1%3Fp_p_id%3D110_INSTANCE_415KFM4VekFU%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26p_p_col_id%3Dcolumn-1%26p_p_col_pos%3D1%26p_p_col_count%3D2
http://www.ideam.gov.co/web/contaminacion-y-calidad-ambiental/informes-nacionales1/-/document_library_display/415KFM4VekFU/view/116408199?_110_INSTANCE_415KFM4VekFU_redirect=http%3A%2F%2Fwww.ideam.gov.co%2Fweb%2Fcontaminacion-y-calidad-ambiental%2Finformes-nacionales1%3Fp_p_id%3D110_INSTANCE_415KFM4VekFU%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26p_p_col_id%3Dcolumn-1%26p_p_col_pos%3D1%26p_p_col_count%3D2
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fcrautonoma.gov.co%2Fdocumentos%2Frecursohidrico%2F27-2020-02-03-202003011958856396900.xlsx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fcrautonoma.gov.co%2Fdocumentos%2Frecursohidrico%2F27-2020-02-03-202003011958856396900.xlsx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fcrautonoma.gov.co%2Fdocumentos%2Frecursohidrico%2F27-2020-02-03-202003011958856396900.xlsx&wdOrigin=BROWSELINK
http://www.ideam.gov.co/web/ecosistemas/agua
https://experience.arcgis.com/experience/dbbec24c96054e199a25b8709dc7099a/
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2.4 Load assessment

The land-based sources of pollution leading to the

degradation of the coastal habitat (water and sediment) were

analysed by assessing the loads of different parameters that were

estimated based on export coefficients, census, and secondary

information. The variables that were considered in this study

correspond to total suspended solids (TSS), nitrogen (TN and

DIN), total phosphorus (TP), biological oxygen demand (BOD),

chemical oxygen demand (COD), and coliforms.

The study unit for this assessment is the drainage basin (see

Figure 1 and Table 2). Although the study area is comprised of 3

hydrographic sub-zones (or drainage basins), namely, ‘Ciénaga

de Mallorquin’ (CdM), ‘Direct to Caribbean’ (DtC) and,

‘Western bank of the lower Magdalena’ (DtM-LM); for the

purpose of this analysis, the CdM and DtC were analysed

together as one basin denominated ‘Direct to the Caribbean

plus’ (DtC+).

2.4.1 Livestock manure
A coarse estimate of the total N and P from livestock manure

was calculated based on the number of animals reported in the

National Livestock Census (ICA, 2018) and coefficients to

estimate N and P inputs from manure. The results were

calculated for each municipality and those results added up

according to the draining area. Despite having data for all the

municipalities from the Atlántico, only the total number of

animal heads were used for the calculation if more than 20%

of the municipality’s area drain to either the Magdalena River

(DtM-LM) or Direct to the Coast (DtC+). Hence, nutrients from

Manatı,́ Repelón, Usiacurı,́ Suán and Santa Lucia, are excluded

from the present analysis.
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This approach can be considered conservative given that

some of the municipalities (e.g. Santa Catalina and Sabanalarga)

have more than 50% of the area draining to the ‘Canal del

Dique’, therefore, the majority of the manure-related nutrients,

might not reach the Magdalena River or the coast through the

DtC+ via surface runoff or submarine groundwater discharge

(SGD), however, they are being accounted for as if the totality of

them were discharged to the river and, eventually, even if

discharged to the Canal del Dique basin (CD – RM) they will

reach the Caribbean Sea. The equation used to estimate the

nutrient load from livestock manure is the following:

LN ,P
In =o

n

i=1
o
n

j=1
kj · Anij   (1)

where:

LN ,P
In is the estimated total load of N or P from livestock

manure in each basin (Kg N/P yr-1). (Note: to express as tonnes

per day (t d-1) the result can be multiplied by a factor of

2.74x10-6)

kj is the nutrient export coefficient from manure by type of

animal (i.e., poultry, cattle, goats, sheep, buffaloes, horses, and

swine) (j) expressed as kg N/P animal-1 year-1 (see Table 3).

Anij is the number of animals of each type (j) in each of the

municipalities (i) within the basin. This data was obtained from

the National Livestock Census (ICA, 2018).

It is important to note that part of the nitrogen in manure is

volatile (Meisinger and Jokela, 2000), especially ammonia, in

warm temperatures. Nevertheless, this atmospheric component

is mostly returned to the aquatic system in humid situations

such as tropical river basins (Prado-Fiedler, 1990). Phosphate is

also strongly retained in soils by adsorption to soil particles.

Heavy tropical rains can wash some of the soil into the river
TABLE 2 Drainage basins within the study area. The last column (on the right) provides an arbitrary abbreviation that will be used along this study
to refer to these areas.

Name Brief description IDEAM
Code

Abbreviation
in this study

Ciénaga de
Mallorquıń

The area is 26,000 ha approx. The main watercourse is ‘Arroyo Grande’ whose main tributaries are ‘Arroyo Granada’ and
‘Arroyo Hondo’. The municipalities of Puerto Colombia, Barranquilla, Galapa, Baranoa, Soledad and Tubará are part of
this basin.
‘Arroyo Hondo’ and ‘Arroyo Santo Domingo’ watercourses receive the stormwater and treated wastewater from
Barranquilla. Three swamps are in this basin: ‘Ciénaga de Mallorquıń’, ‘Lago del cisne’ and ‘Ciénaga de Manatıés’.

SZH: 2909 CdM

Direct to
Caribbean

Located in the north-western part of the study area it covers 8 municipalities of the Atlántico and other municipalities of
Bolıv́ar department among which there is Santa Catalina (included in this study). Its total extension is 187,000 ha approx.,
however, only 82,000 ha (i.e., 44%) are within the study area.
This basin contains more than 15 creeks, and the main swamps are: ‘Ciénaga del Totumo’, ‘Ciénaga de Balboa’, ‘Ciénaga
La Redonda’, ‘Ciénaga El Rodeo’, ‘Ciénaga Uvero’, ‘Cienaga de Luruaco’, ‘Laguna de Puerto Colombia’, among others.

SZH: 1206 DtC

Western
bank of
the lower
Magdalena

With an area of 115,000 ha approx. in this basin there are more than 11 swamps and 12 creeks. The main creek in this
basin is the ‘Arroyo Grande’. Most of the creeks in this area drain its waters to any of the swamps that form a wetland
complex which is composed for the following water bodies: ‘Complejo Lagunar de Malambo’, ‘La Bahıá’ swamp, ‘Ciénaga
Grande de Malambo’, ‘Ciénaga El Convento’, ‘Ciénaga de Santo Tomás’, ‘Ciénaga de Sabanagrande’, among others.

SZH: 2904 DtM-LM

Canal del
Dique

It has an area of 404,000 ha approx. and covers three departments and 25 municipalities. Its water drains to Cartagena
Bay through the artificial channel named ‘Canal del Dique’. Important: This basin is out of the scope of the present study.

SZH: 2903 CD-RM
CdM and DtC together form the DtC+ basin. Source: the authors with information from CRA (2014).
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where the sediment particles can become saturated in phosphate

(Xu et al., 2015). Considering the above, reduction factors to

account for the losses of volatile nitrogen and phosphate

retention, and inputs from dry/wet atmospheric deposition of

nutrients were not used for this study.

2.4.2 Fertilizers
An estimated of Total Nitrogen and Phosphorus from

agricultural fertilizer use in the study area was derived from

data reported in the WorldBank (2022) and the State of

Cartagena Convention Assessment (UNEP/CEP, 2019). From

the first source it was stablished that 6 million hectares in

Colombia are arable land and according to UNEP/CEP (2019),

approximately, 31% of the national area drains to the Caribbean

discharging 0.11 and 0.04 Tg of N and P, respectively. Assuming

the amount of fertilizer use is proportional to the amount of

arable land, we established the proportion of arable land within

the study area compared to the total area in the Caribbean

region. With this proportion, we scaled down the regional

nutrient loads to account only for the percentage of croplands

within the study area using the following equation:

FUSA =   FUCC*
CASA

CACC
  (2)

where:

FUSA is the amount of fertilizer being used in the study area.

FUCC is the amount of fertilizer used in the Colombian

Caribbean based on the information from UNEP/CEP

(2019) assessment.

CASA and CACC represents the hectares of arable land in the

study area (i.e., obtained through spatial analysis in QGIS using

the latest Land Use/Land Cover information available at

IDEAM) and in the Colombian Caribbean region, respectively.

2.4.3 Domestic and industrial wastewater
To estimate the contaminant loads in this category, three

sources were considered: domestic served wastewater - SW (the

one collected through sewage and treated before discharge);

domestic wastewater from non-served households - NS, meaning
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wastewater which does not receive any treatment and is discharged

directly to a receptor body (e.g., soil, small, creek, Magdalena River,

Caribbean Sea, etc.); and industrial wastewater.

In the case of connection to public services, information

from 2018 Census is given by household and not per capita,

therefore, an estimate of persons was calculated based on the

total population and the total number of houses in the study

area. On average, 3.6 ± 0.39 people live in one house. That is the

value used to convert number of houses in each basin onto the

number of people and calculate how many are without access to

sewage and solid waste collection. For this preliminary step, a

Geographic Information System tool (i.e., QGIS) was used.
2.4.3.1 Served domestic sewage

Total discharge volume, BOD and TSS loads were reported

as registered in the baseline of users and loads from the

Corporacioń Autońoma Regional del Atlańtico - CRA (CRA,

2019). Due to a lack of reported information for nutrients and

coliforms loads, it was decided to estimate those loads based on

population and public services coverage data from the Census

2018 and the export coefficients of DIN, TP and Total Coliforms

for domestic water presented in the work from Tosic et al.

(2018). Specifically, the number of inhabitants connected to

sewage was estimated and then, this value was multiplied by the

export coefficients.

The main difference between the estimates from this source

and the ones from non-served households is the assumption that

the secondary treatment undergone in the Wastewater

Treatment Plants (WWTP) can achieve an 80% removal of

contaminants (nutrients and coliforms) in the effluent.

The equation to estimate the average number of inhabitants

per household (Ph)   for the whole study area was [3]. There it is

observed that the average number of inhabitants is simply the

sum of the number of inhabitants from each municipality (Pi)

divided by the sum of the houses in each municipality. From this

equation was estimated that, on average, 3.6 people live in a

house. This value was used to convert data from served

households (i.e., public services like solid waste collection and

connection to sewage) to served people.
TABLE 3 Nutrient’s export coefficients to estimate inputs from livestock manure

Animal N input (Kg N animal -1 year-1) P input (Kg Total P animal -1 year-1)

Sheep 4.84 1.46

Cattle 44.26 19.70

Poultry 0.57 0.18

Buffaloes 52.51 17.50

Goats 3.37 1.12

Horses 46.35 8.03

Swine 14.36 7.10
Source: the authors with information from various sources (FAO, 2018; M.M. Ruddy et al., 2006; van Krimpen et al., 2013). Export coefficients for buffaloes and goats were estimated from
the average N:P ratio for the other species (Approx. 3:1).
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Ph   =   o
n
i=1Pi

on
j=1Hj

  (3)

Then, to estimate the contaminant loads for this

anthropogenic source, we used the following equation:

LSW = kWW · PSW · (1 − e) (4)

where:

LSW are the contaminant loads from households connected

to sewage (i.e., BOD, DIN, TP, TSS, Coliformes) expressed in

tons per day (t d-1).

kWWi is the export coefficient for each of the parameters in

domestic wastewater. This export coefficients correspond to

those reported by Tosic et al. (2018)

PSW is the number of served people within the basin.

Calculated through the following expression:

PSW =  CSW ·  H   ·   Ph   (5)

Being CSW the proportion of homes connected to sewage in

the study area, H is the total number of homes within the

watershed, and Ph is the average number of inhabitants

per household

Finally, the expression (1- e) in equation [4] is to account for

the wastewater treatment efficiency (e) which is usually around

80% removal (0.8)

2.4.3.2 Non-served domestic wastewater

The Census 2018 DANE provides information about

population demographics and percentage of households

connected to public services (e.g., drinking water, energy,

sewage, etc), among others. This information was used to

estimate the number of people who does not have access to

wastewater treatment facilities and for whom it is assumed

discharges are made directly to soil or water bodies. The

calculations are very similar to the ones for served households.

The only differences are: 1. the use of which is the proportion of

non-served households in equation [6] and the inexistence of a

factor to account for removal of contaminants in equation [7].

PNW   =  CNW ·  H ·   Ph   (6)

LNW = kWW   · PNW   (7)
2.4.3.3 Industrial sewage

The estimated load of BOD and TSS for each basin was

computed from the information reported in Colombia’s Unified

Environmental Register for the Manufacturing Industry - RUA

MF 2018. That database contained information of flow (Q) and

contaminant loads (i.e., BOD and TSS) for the industries within

the study area. The contaminant loads were aggregated by basin

and then the units were converted to express loads in tonnes per

day. The records from the industries that discharged their waters
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in the municipal sewage, were disregarded to avoid double

accountability with domestic sewage.
2.4.4 Solid waste
The total amount of domestic solid waste generated in the

study area was calculated based on the number of inhabitants

(DANE, 2018) and suggested per capita solid waste production

rates for Colombia (República de Colombia and Ministerio de

Desarrollo Económico, 2000). According to the latter, per capita

production of solid waste varies according to the complexity of

the municipality which is established as a function of the total

population. In this study, the municipalities had medium

(0.45 kg hab-1 d-1), medium-high (0.53 kg hab-1 d-1) or high

(0.79 kg hab-1 d-1) level of complexity. Likewise, the percentage

of houses with waste collection service differs for each

municipality, this information was obtained from DANE

(2018) and was used to estimate the amount of solid waste

which is not properly disposed and might end up in open air

dumping areas, the streets, public spaces and, eventually, could

reach water courses, wetlands, and the sea.

The total waste production which is not properly disposed

per basin (Wsolid, see equation 9) was expressed as tonnes per

year (t y-1) and was estimated by multiplying the per capita

production factor of each municipality (kj) by the number of

inhabitants with no waste collection service (PNWC, see equation

8) in the municipality and then aggregating the results at the

basin level. In equation 8, CWC represents the proportion of

houses with waste collection service, H is the total amount of

houses per municipality and Ph   is the average number of people

per household (i.e., 3.6 inhabitants).

PNWC   = (1 − CWC) · H ·   Ph (8)

Wsolid =  o
n
j=1kj · PNWC   j*365

1000
  (9)
2.5 State changes

The changes on the environment due to the inputs of

nutrients and other contaminants from different sources were

measure through 8 physic-chemical and microbiological

parameters: dissolved oxygen (DO), Biological Oxygen

Demand (BOD), pH, Nitrates (NO3), Dissolved Inorganic

Phosphorus (PO4), Total Suspended Solids (TSS), chlorophyll-

a (CLA) or Dissolved and Dispersed Hydrocarbons (HPDD),

and Faecal Coliforms (CTE). Measurements of those parameters

were done by INVEMAR in samples collected during the wet

season (2017) and dry season (2018) (INVEMAR, 2019). The

concentration of each parameter was assessed using a qualitative

and numerical scale defined by the INVEMAR in Colombia.

Additionally, the same parameters are combined to calculate a
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Coastal Water Quality Index (ICAM) which is a composite

indicator that represents the quality (i.e., for conservation

purposes) of the marine water, the higher the number the

better the quality with a maximum score of 100 units. The

methodology including equations, weighting factors and

reference values used for this indicator are explained in detail

in INVEMAR (2021).
2.6 Impacts

Following the definition from the DAPSI(W)R(M)

framework, impacts are the result of the state changes which

have an impact on human welfare (Elliott et al., 2017). Now, to

better identify those impacts is necessary to recognize what are

the ecosystem services from the study area.

In a simple way, “ecosystem services are the benefits that

people and society derive from the ecosystems on which they

depend”. (Avendaño et al., 2019, p. 17). A more specific

definition suitable for the present study area is provided by

Buonocore et al. (2021) who described marine ecosystem

services as “the output flows generated by marine natural

capital stocks that are directly consumed, used, or enjoyed by

people”. These ecosystem services can be classified, without being

the only categorization, in three major groups, namely,

provisioning (e.g., food, water, energy, primary resources, etc.),
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regulating and maintenance (e.g., hydrological regulation, air

and water purification, control of erosion, etc.) and cultural

services (e.g., scientific knowledge, cultural diversity, sense of

self) (Haines-Young and Potschin, 2018). Following there is a list

of the ecosystem services that can be found within the study area

(Table 4). Based on secondary information depicting how state

changes could interrupt the flow of those ecosystem services, a

list of impacts associated to land-based pollution sources,

was created.
2.7 Responses

The term “responses” is broad and involves all types of social

actions taken by the society to address the environmental issues.

They not only involve governance, policies, and legislation, but

also agreements, projects, strategies, action plans, monitoring

campaigns, among others (Elliott et al., 2017; UNEP/CEP, 2019).

An overview of the institutional frameworks, actions and

processes in the study area related to land-based marine

environmental pollution is presented. It is not at all complete

considering that many other actions can be in place within the

communities and only field work would allow their

identification (e.g., cleaning campaigns, community-based

management s t ra teg ies , env i ronmenta l educat ion ,

among others).
TABLE 4 Ecosystem services in the study area.

Type Ecosystem service (CICES) Main associated ecosystem within
the Study Area

Cultural Physical and experiential interactions with natural environment (e.g., tourism, recreation, water sports,
etc.)

Beach and marine area

Spiritual, symbolic, and other interactions with natural environment Mangrove, wetlands, coastal lagoons, marine
areas, rivers, and tropical dry and humid
forests

Characteristics of living systems that enable scientific investigation, the creation of traditional ecological
knowledge, education, and training (e.g., education and natural medicines)

Mangrove, wetlands, coastal lagoons, marine
areas, rivers, and tropical dry and humid
forests

Other biotic characteristics that have a non-use value All ecosystems

Provisioning Aquatic wild animals used for nutritional purposes wetlands, coastal lagoons, marine area, and
river

Reared animals (terrestrial and aquatic) for nutrition and materials agro-ecosystems and wetlands

Cultivated terrestrial plants grown for nutritional or material (e.g., crops, fibre, timber, and wood supply) agro-ecosystems, mangrove, and wetlands

Surface water for drinking, materials, or energy wetlands, coastal lagoons, and river

Regulating &
Maintenance

Hydrological cycle and water flow regulation (Including flood control, and coastal protection) Mangroves, wetlands, tropical dry forests,
and coastal lagoons

Maintaining habitats (Including gene pool protection) wetlands and coastal lagoons

Filtration/sequestration/storage/accumulation by microorganisms, algae, plants, and animals of
biochemical or physical inputs (e.g., Carbon sequestration)

Mangroves

Regulation of the chemical condition of marine and freshwaters by living processes (e.g., water
depuration)

Marine areas and rivers

Regulation of chemical composition of atmosphere and oceans Mangroves and Tropical dry forests
Source: the authors with information from COLOMBIA. Ministerio de Ambiente y Desarrollo Sostenible, 2015; Aldana-Domıńguez et al., 2017; Enriquez-Acevedo et al., 2018; Valderrama-
Barco et al., 2020; Pérez-Sánchez et al., 2021.
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3 Results

Using the DAPSI(W)R(M) framework facilitates the process

of identifying and assessing the linkages between causes, effects,

impacts, and management strategies for the land-based pollution

sources that are present within the study area and that are

summarized in Figure 2.
3.1 Drivers (D)

Drivers are linked to human needs which derive in human

activities manifested in the economic and social dynamics,

therefore, understanding the demographic trends and the main

economic sectors/activities of the study area is one of the steps

towards identifying possible pressures and potentialities to

achieve a sustainable development of the coastal zone.
3.1.1 Demographic trends
In 1985, the population was 1.25 million inhabitants from

which 93% lived in urban areas while the other 7% lived in small,

populated centres or dispersed along the rural area. Between

1985-2005, the study area population increased in more than
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800,000 thousand people reaching a total number of 2.17 million

inhabitants by 2005, representing an increasing rate of

approximately 41,000 people per year. Regarding the

distribution, a slight reduction of the rural population (i.e.,

passing from 7.1% in 1985 to 5.3% in 2005) was compensated

by an increase in the urban areas (i.e., 94.7% in 2005).

Overall, the period between the 2005 and 2018 census

showed slower increasing trends with an average increment of

28,000 people per year. Between those years the population

increased approximately a 17% corresponding to more than

371,000 inhabitants, reaching a total of 2.5 million inhabitants

that were located mainly in the urban areas (i.e., 94.5%) while

only a 5.5% of the population lived in the rural and dispersed

areas. Those percentages are slightly different when excluding

the population in Barranquilla (i.e., 90% and 10% of the

population is in urban and rural areas, respectively).

Additionally, the projections from DANE show that the

population is expected to increase by nearly 24% by 2035

surpassing the 3 million inhabitants (see Figure 3).

The 2018 census also showed that the Atlántico’s population

is concentrated near the mouth of the Magdalena River in ‘Bocas

de Ceniza’. More specifically in the Barranquilla Metropolitan

Area (BMA), composed by the city of the same name and the

municipalities of Soledad, Malambo, Galapa and Puerto
FIGURE 2

Pressures, State changes and Impacts horrendogram for the study area. Source: the authors with information from Fuentes-Gandara et al.,
2018; Restrepo et al., 2018; Acosta-Coley et al., 2019; Rangel-Buitrago et al., 2019; Chacon et al., 2020; Portz et al., 2020; Torres-Bejarano
et al., 2020; Villate Daza et al., 2020; Rangel-Buitrago et al., 2021; Soto-Varela et al., 2021.
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Colombia, which altogether accounted for 80% of the total

population within the study area.

One aspect worth considering in the population dynamics is

the pulse due to the internal and international migration. In the

case of the international migration, between 2014 and 2019 a

total of 145,805 Venezuelans arrived at Barranquilla and,

considering the 2018 year only, this number was 41,763 people

(Oviedo Arango, 2020). Regarding the internal migration, the

main flow is from and to the municipalities of the BMA and its

surroundings in agreement with the statement of population

being concentrated in vicinity to the Magdalena River-Mouth.
3.1.2 Economy
Among the activities that have been considered of particular

interest for Colombian ocean economy are fisheries and

aquaculture, maritime transport, sun and beach tourism,

shipyards, offshore oil & gas and offshore non-conventional

energy, and marine bioprospecting. Not in vain the National

Council for Economic and Social Policy defines strategies for

their promotion and development (CONPES, Spanish

acronym). Table 5 contains a brief explanation of those

activities which are particularly relevant for the department of

the Atlántico.

Other important economic activities which are not part of

the ‘Blue Economy ’ are Commerce, transport , and

communications (CTC); Corporate Services (CS), Social

Services and Others (SSO); and the manufacturing industry

(MI) which generated nearly three quarters of the Atlantico’s

Gross Value Added (GVA) corresponding to 25 billion COP in

2018. During the same year, the main contribution to the
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Atlantico’s GVA was from the tertiary sectors or services

activities (i.e. commerce, corporate services, hotels, restaurants

and financial intermediation), followed by the secondary sector

activities (i.e. construction and food, beverages, chemicals and

non-metallic minerals industry); and very little representation of

the primary sector or extractive activities (see details in Table 6)

(Departamento de Atlántico, 2015; DANE, 2021).

Another particularity from the economy of the study area is

that the GVA participation is highly concentrated in the areas

surrounding the Magdalena River Mouth, 90% of the GVA from

the Atlántico was generated in the Barranquilla Metropolitan

Area - BMA (i.e., composed by the city of Barranquilla and the

municipalities of Puerto Colombia, Galapa, Soledad and

Malambo) equivalent to COP 35.2 billion for the 2018. This

means that the activities that generate the greatest GVA are

concentrated on the banks of the Magdalena River, while the

remaining municipalities, which cover most of the department,

are mainly dedicated to the primary sector (i.e., activities where

goods and natural resources are extracted). Specifically in

Atlántico, these activities correspond to agriculture (i.e., the

main products are cassava, maize, sorghum, cotton, banana,

tomato, sesame, and fruits.); livestock (i.e., main livestock

farming occurs at Sabanalarga, Luruaco, Ponedera and

Candelaria); and fisheries, both artisan and industrial

(Departamento de Atlántico, 2015).
3.2 Pressures (P)

This study focuses on the Endogenic Managed Pressures

(EnMP) which are those mechanisms of change derived from
FIGURE 3

Population growth between 1985 and 2035. The 1985 and 2035 values are projected while the 2005 and 2018 values are from the
corresponding census. Source: the authors with information from DANE (2018).
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activities occurring within the boundaries of the study area

whose consequences can be managed through the

implementation of local measures (responses). To identify the

pressures on the system the following indicators were used:

nutrient loads (N and P); domestic and industrial organic matter

and microbiological discharges measured as Biological Oxygen

Demand (BOD) and total coliforms, respectively; suspended

sediment load, and solid waste total production. Important to

note that all the loads presented here correspond to the

discharges generated within the study area boundaries and not

to the accumulative loads from the whole Magdalena Basin.
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3.2.1 Nutrient loads
Theoretical daily loads of total N and P from livestock

manure and fertilizers used in croplands are the highest in the

study area. For both nutrients, higher loads enter the DtM-LM

basin. Other sources of nutrients were domestic wastewater from

both, served and non-served population. Overall, total nutrient

loads from Cattle, Poultry and Swine manure are the main

contributors, whereas, the other animals play a minor role, being

goats and sheep the lowest contributors (see Figure 4).

The results for Nitrogen cannot be compared with total

certainty considering that the values for some of the sources have
TABLE 5 Main activities of the blue economy in the Atlántico department.

Activity Description

Fishing &
Aquaculture

In 2015 the national production from fishing and aquaculture was 150,000 t (71% aquaculture and 29% fishing). In the first decade of the XXI century,
aquaculture has increased in 139% whilst there has been a 38% reduction in the catches from the fisheries. This latter issue can be associated with the
pollution (e.g., due to plastic and chemical substances), climate change effects, and over and illegal fishing (CONPES 3990, 2020, p. 50). The department
of the Atlántico follows a similar trend. In 2018, only 83.5 t of fishing production were reported at the 2 unloading sites monitored by the AUNAP (i.e.,
‘Las Flores’ & ‘Tajamar Occidental’), on the other hand, aquaculture production was estimated at 3,969 t in the same year (Roca-Lanao et al., 2018;
SEPEC, 2021).

Tourism Tourism is one of the most important economic activities for Colombia accounting for 3.7% of the GDP on average (considering only hotels and
restaurants). Between 2012 and 2019, over 3 million international visitors arrived at the Caribbean coast (Excluding the department of Antioquia, where
most of the visitors are focused on the city of Medellıń, and San Andres Islands which). For the Atlántico, the number of international and domestic
arrivals was 631 thousand and 4.2 million, respectively, between 2016 and 2019 (MinCIT, 2021). Thus, although the number of tourists is lower than in
other places such as Bolivar and its capital Cartagena, the number of visitors arriving in the Atlántico, whether for business or pleasure, is considerable
and can put pressure on the coastal region.

Shipyards The shipbuilding industry includes the activities of building, repairing, and maintaining ships and naval vessels. As of 2019, there were 42 shipyards and
16 repair facilities in Colombia, some of which are in Barranquilla, where, in addition to repairs, small vessels such as patrol vessels, tugboats, pusher
craft, barges and river boats, among others, were manufactured (Documento CONPES 3990. Colombia potencia bioceańica sostenible 2030. República de
Colombia, DNP and CONPES, 2020).

Off-shore oil
& gas and
alternative
energies

As of 2019, Colombia had 9.8 and 6.2 years of proven oil and gas reserves, respectively. Most of them come from onshore exploration and exploitation
blocks (only 5.5% correspond to offshore areas). However, as a strategy to increase hydrocarbon reserves, the strengthening of offshore exploration and
exploitation through alliances with investment companies is being considered(Documento CONPES 3990. Colombia potencia bioceańica sostenible 2030.
República de Colombia, DNP and CONPES, 2020).
This is where the Atlantic and, more specifically, Barranquilla aims to play a strategic role by becoming an ‘offshore platform for logistical development’
and an ‘energy hub’ in the Colombian Caribbean. Thus, although exploration and exploitation activities do not take place directly off the Atlántico coast,
at least for the time being (i.e., there are exploration blocks waiting to be assigned), any development in energy matters, both Oil &Gas and alternative
energies, would have implications for the coastal management in the study area (Castellanos et al., 2017; Oxford Business Group, 2017; WECP, 2020).
Additionally, recent studies such as the ones by Osorio et al. (2016) and Rueda-Bayona et al. (2019), suggests that the Magdalena estuary and Atlántico’s
coast have the potential to generate hundreds of MW of electricity from salinity gradients and offshore wind farms, which opens the door for the
development of such projects in the medium and long term. In fact, the Ministry of Mines and Energy released for public consultation the “Offshore
Wind Roadmap for Colombia” which proposes two areas of interest, off the Atlantic coast, for the potential deployment of 2 wind farms which have a
combined area of 900 km2 and a nominal reference capacity of 3600 MW (Renewables Consulting Group, 2022).The implementation of these projects
could help to diversify Colombia’s energy matrix and make it more resilient to climate change (i.e. Colombia currently relies mainly on hydroelectric
generation).

Marine
bioprospecting

Bioprospecting is defined as “the use of biodiversity to generate new pharmaceutical, agro-industrial or biotechnological solutions to human needs”
(Prato and Reyna, 2015). It is another sector highlighted in the CONPES 3990. Despite recognizing its importance and potential in our country it is the
least developed. In fact, until 2020, none of the 84 bioproducts developed in the country were associated with marine biodiversity (Documento CONPES
3990. Colombia potencia bioceańica sostenible 2030. República de Colombia, DNP and CONPES, 2020). And only a few studies to identify potential uses
of the biological diversity in the Caribbean, not specifically in the Atlántico’s marine area, have been conducted such as the ones from (Quintero et al.,
2018; Castellanos et al., 2019; Jutinico-Shubach et al., 2021).

Maritime
transport

In Colombia there are three main port areas (i.e., Caribbean region, Pacific region, and Magdalena River) that mobilized 170.4 (85.5%), 26.5 (13.3%) and
2.3 (1.2%) million tons, respectively in 2018.
Specifically in the department of Atlántico is located the Port of Barranquilla, a multipurpose (i.e. containers, dry and liquid bulk cargo) port which,
despite being the one that moves the least cargo of the continental Caribbean ports, its main importance lies in being a maritime and fluvial port, which
allows the connection with other cities in the interior of the country through the main fluvial artery of Colombia: the Magdalena River in whose basin
80% of the national GDP is generated. Barranquilla’s Port contributes to 5% of the GDP for the city and 3% of the departmental GDP and generates
around 17.500 direct and indirect jobs (SuperTransporte, 2018; Patiño, 2019; Puerto de Barranquilla, 2021).
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different units, namely, manure and fertilizer’s inputs are

expressed as Total Nitrogen (TN), while domestic wastewater

(i.e., from served and non-served population) are expressed as

Dissolved Inorganic Nitrogen (DIN). Despite of this, an

acceptable comparison can be made considering that DIN is a

part of Total N. Added up, the specific contributions of the study

area to N from fertilizers and manure was 14.84 t d-1 and 48.99 t

d-1 in the DtC+ and DtM-LM, respectively. In the case of DIN
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from wastewater, those values were 1.19 t d-1 and 7.17 t d-1,

respectively (see Figure 5).

The comparison of phosphorus was simpler because all the

sources were measured with the same units. In this case, is

evident that manure and fertilizers, in the same order, are the

highest sources of the nutrient. Overall, the daily load of

phosphorus in the study area was estimated as 25.91 t d-1

from which nearly 80% of the P (i.e., 19.94 t d-1) is discharged
TABLE 6 Main economic sector and activities and their respective Gross Value Added (GVA) for the Atlántico department.

Major
Economic
Sectors

Economic
activities

(Abbreviation)

Description Annual
GVA in
2018
(COP)

Proportion
from total
GVA (%)

Primary Agriculture,
livestock, and
fishing.
(ALF)

Regarding agriculture, the Atlántico’s main crops are cassava and sorghum, maize, lemon, and
mango.
The fishing is practiced in both, artisan, and industrial levels, however, this activity is not
representative from the economic standpoint (as it is in other regions of Colombia, such as, in the
Pacific). Despite of this, for some coastal communities, fishing is an important source of income and
protein.
Another activity is cattle ranching and farming which involves meat and milk production. The
department’s livestock contribution in the region was less than 5% by 2015. However, this activity is
important because its practice is widespread among nearly all the municipalities in the Atlántico.
Finally, in the livestock group there is poultry and eggs production. By 2015, the Atlántico held more
than 60% of the total production of poultry and nearly half of the eggs production in the Colombian
Caribbean Region.
On average, this category has contributed to 1.15% of the Gross Value Added (GVA) between 2005
and 2018.

$ 392 1.16%

Mining and
quarrying
(M&Q)

This category is represented by the extraction of non-metallic minerals such as granite, limestone,
sand, etc. On average, the activities in this category have contributed to less than 0.3% per year of
the GVA between 2005 and 2018.

$ 105 0.31%

Secondary Manufacturing
Industry
(MI)

In the Atlántico, the most representative industries are the food and beverages industry and the
chemical industry. The activities in this category are one of the most representative for the economy,
accounting for 1/5 of the average GVA between 2005 and 2018.

$ 5,974 17.63%

Electricity, gas, and
water
(EGW)

Involves a wide group of activities such as the generation, transmission and distribution of Electric
Power, gas, steam, and air conditioning supply; water distribution; sewage disposal and treatment,
waste management and environmental sanitation activities. On average, the GVA from these
activities represented 7.5% of the total for the Atlántico between 2005 and 2018.

$ 2,455 7.25%

Construction
(CON)

This activity has been growing steadily since the beginning of the century. It involves construction of
subsidize (social interest) and non-subsidized housing, retail warehouses, hotels, education, and
hospitals. In the Atlántico, the area licensed for construction increased at a rate of 17.5% (annual
mean), between 2001 and 2013. On average, this sector contributed to 6.15% of the annual GVA
between 2005-2018

$ 2,812 8.30%

Tertiary Commerce,
transport, and
communications
(CTC)

It is a wide group that involves different activities including wholesale and retail commerce,
maintenance and repairment, transport (terrestrial, aquatic, and aerial), mail and communications,
hotels, restaurants, bars and similar. Hence, this category includes the main activities associated with
the tourism sector (for both business and leisure).
Commerce and transport have been the biggest contributors to the departmental GVA accounting
for 22% of the annual GVA, on average, between 2005 and 2018. The information and
communication sector, on the other hand, represented 3% of the GVA for the same period. In
summary, all the activities within this sector contribute to approximately 1/4 of the annual GVA

$ 8,392 24.77%

Corporate services
(CS)

Involves activities such as financial intermediation, insurance activities, real state and professional,
scientific and/or technical activities. Between 2005 and 2018 the GVA generated by these activities
represented nearly 20% of the total annually.

$ 7,104 20.97%

Social services and
others
(SSO)

In this category is included a wide variety of activities including public administration and defence,
social insurance schemes; education; human health care and social work activities; Arts,
entertainment, recreation, and other service activities. The average GVA between 2005 and 2018
represented nearly 20% per year.

$ 6,646 19.62%
Values expressed as thousand millions of pesos (COP) (Constant prices - reference year 2015). Source: (Departamento de Atlántico, 2015; DANE, 2021).
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in the DtM-LM basin, whereas the DtC+ receives 5.98 t d-1 of

Total P (see Figure 5).

A rough estimation of the nutrient load at Calamar Station,

located just before the bifurcation to the “Canal del Dique”,

indicates that total nitrogen and total phosphorus is,

respectively, 682.9 t d-1 and 185.9 t d-1 before receiving the

discharges from the DtM-LM basin. Those values were

calculated based on the average TN and TP recorded between

2005-2018 (IDEAM, 2022) and an average interannual flow of

7,264 m3 s-1 (Restrepo et al., 2018). Hence, the potential nutrient

loads from DtM-LM could account for nearly 7% and 10% of the

Nitrogen and Phosphorus load in the last stretch of the river.

3.2.2 Biological oxygen demand (BOD) and
Total Suspended Solids (TSS) loads

These two parameters were associated to the discharges of

domestic and industrial wastewater. In both cases the major

source corresponds to domestic wastewater from served

population which introduces 84 t d-1 of BOD and 48 t d-1 of

TSS. The system, including all sources (i.e., industrial, non-

served and served) and basins (DtC+ and DtM-LM), receives a

total of 103 t d-1 of BOD and 67 t d-1 of TSS. When comparing

the inputs by basin, the DtM-LM basin is the one receiving the

highest loads with more than 90% of the total discharge (i.e.,

98.43 t d-1 BOD and 62.16 t d-1 TSS) (see Figure 5).

3.2.3 Total coliforms
The only sources considered for this indicator were domestic

wastewater from served and non-served population. There is an

evident difference between the microbiological load from treated

wastewater (served population) and the one discharge directly

into the soil or a water body. In the first case, the discharge for
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the whole study area was 7.30 x 1010 NMP d-1, while, in the latter

that value is estimated to be 6.63 x 1016 NMP d-1, in other words,

6 orders of magnitude higher. The comparison among basins,

showed a similar behaviour to the previous parameters, namely,

a higher load in the Low Magdalena Basin which represents 73%

of the overall discharge (i.e., 4.86 x 1016 NMP d-1) (see Figure 5).
3.2.4 Solid waste (Non-hazardous)
Estimates of waste production based on data from the 2018

census and per capita production in kg hab-1 d-1 were obtained.

Overall, the yearly production of domestic solid waste within the

municipalities from the study area is 680,938 tonnes. The

quantities of residues are different among municipalities

ranging from 1,085 t y-1 (i.e., Piojó) to 347,842 t y-1 (i.e.,

Barranquilla). The highest production of domestic waste

occurs within the BMA, Soledad, and its surrounding

municipalities, all of them concentrated in the left margins of

the Magdalena River close to its mouth, conversely, this is the

area with the highest collection coverage. Analysis by basin show

that garbage production in the DtM-LM accounts for 96.1% of

the total waste generated in the system (i.e., 654,631 t y-1) while

the DtC+ only accounts for 3.9% of the production (26,307 t y-1).

When looking at waste collection services, the average

percentage of served households is 84% ± 12% overall, with

different values among municipalities ranging from 54.6% in

Piojó to 98.52% in Barranquilla. By basin, the average percentage

of served houses is 72% ± 14% and 89% ± 7% in the DtC+ and

DtM-LM basins, respectively. This translates into 4,526 t y-1

(DtC+) and 22,686 t y-1 (DtM-LM) of waste which is not being

collected and has the potential to generate state changes and

impacts in the surrounding habitats (see Figure 6).
FIGURE 4

Nutrient loads from livestock manure by animal group.
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FIGURE 6

Collected and non-collected solid waste by basin.
FIGURE 5

Contaminant loads by source and basin.
Frontiers in Marine Science frontiersin.org15

https://doi.org/10.3389/fmars.2022.1057426
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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3.3 Impacts (I)

Information from different studies conducted within the

study area and its surroundings, show how the state changes

introduced in the system, have led to disruptions in the flow of

those ecosystem services, turning into impacts (on Human

Welfare) that can be totally or partially caused by inputs of

land-based contaminants. Horrendogram in Figure 2 shows the

connection among pressures, state changes and impacts. Some of

the impacts have been reported by other authors (i.e., increased

maintenance and cleaning cost of the beach, reduction of

tourism flow/revenue and adverse health effects to vulnerable

groups) while others are deduced from the state changes in the

ecosystems from where they are obtained (i.e., reduce fish stock,

reduce protection against flooding and coastal erosion, difficulty

to access drinking water, loss of cultural and spiritual values, and

increased cost of living).

For example, nutrient inputs lead to the eutrophication of

the wetlands which ends up altering the quality of the water that,

in some of the reservoirs, is used to supply people. Likewise, in

extreme cases of eutrophication, there can be a consequent

reduction of dissolved oxygen to levels that are detrimental to

the survival of fish that are used for self-consumption and

commercialization. In other words, nutrient inputs may reduce

the animal protein sources of local populations, increasing

malnutrition or, alternatively, increasing the cost of living for

people who would have to buy other protein (cattle, pigs or fish

brought from elsewhere) to make up for local losses. Similar

impacts can also be associated with other types of pressures such

as organic matter, pathogens, garbage, and solid waste, which

not only hinder access to water for consumption (making

treatment more expensive or impossible to use) but also alter

the visual quality of the landscape, which increases the costs of

maintenance and cleaning of natural spaces and/or leads to the

loss of the cultural and spiritual value of some sites. Likewise,

there may be a loss of profits derived from activities such

as tourism.
3.4 Responses

Colombia has a Policy for the Integral Management of

Water Resources (2020) that serves as a general framework to

guide actions to improve the quality of water resources and

reduce pollution through the organisation and regulation of uses

and users and the monitoring and surveillance of the quality of

surface water bodies. This policy is implemented through

instruments such as those mentioned in Table 7.

In general terms, the management measures that are being

implemented and that help in a particular and/or transversal

way to control pollution from one or several land-based sources
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are developed, implemented and financed by the environmental

corporations of the study area (i .e . , Barranquil la ’s

Environmental Protection Agency - EPA Barranquilla Verde,

with jurisdiction in the Barranquilla Metropolitan Area – BMA;

and the Corporación Autónoma Regional del Atlántico – CRA,

with jurisdiction in the rest of the department) in conjunction

with the administrations of the municipalities and the district of

Barranquilla. Additionally, some of the activities are carried out

by entities whose jurisdiction is outside the study area, as is the

case of the problem of rubbish on the beach in the municipality

of Puerto Colombia, which is attributed to discharges from the

Magdalena River, therefore, it is considered a non-riparian

municipality and is in the jurisdiction of CORMAGDALENA.

The integrated management plans for basins, wetlands and

the coastal zone are lacking either the formulation or the

implementation, meaning they were not operative until 2020.

Instruments with a narrower scope, meaning those sectorial

plans (e.g., mangrove management; water use and quality; and

protected areas management) are in a further stage of

development and implementation, however, there is still a

considerable number of non-existent instruments (e.g., Water

resource management plans).

Current responses are oriented towards the extension of the

coverage of public services (i.e., sewage and wastewater

treatment systems); improving the use/disposition of solid

waste; management and control of discharges into water

bodies; definition of land use plans and schemes; and

remediation of affected ecosystems (e.g., integral recovery of

the Ciénaga de Mallorquin to improve fishing and attract

tourism or interventions in the wetlands on the western bank

of the Magdalena River). Some examples of the measures taken

at a local level are presented in Table 7.
4 Discussion

When assessed at the global and regional level, the

contributions of small basins such as those in this study are

negligible. For example, TSS inputs are not even 0.01% of the

inputs made by the Magdalena River to the Caribbean Sea

(Restrepo et al., 2018). However, the sources of pollution

analysed play an important role in the health of local

ecosystems and the goods and benefits they provide to the

local populations.
4.1 Drivers (D)

To name the Drivers of the activities that produce an impact

on a certain study area seems to be, a priori, an easy matter.

However, when it comes to management frameworks such as
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DAPSI(W)R(M), an in-depth and critical analysis is needed if

effective management measures are expected to come out of it.

Hence, Maslow’s hierarchy of needs provides an interesting and

useful tool to define whether such drivers constitute basic needs,

psychological needs, self-fulfilment needs or others. And this

categorization is important because, as Maslow suggested in

1943 and 1970, “one must satisfy the lower-level deficit needs

before progressing on to meet higher level growth needs” (Elliott

et al., 2017).

In summary, if the drivers of the different impacting

activities for the socio-ecological system are not well-

understood, management measures might not be as effective as

it is expected and, in fact, could lead to creation or transfer of the

problematics to other areas of the system. For example, a fishing-

ban in a contaminated area where communities rely on fish as

their main source of protein (e.g., Ciénaga de Mallorquıń), is a

measure easy to impose, however, such measure without offering

alternatives for the people to satisfy their need for food

(biological need) will be difficult to enforce and will derive in

other problems such of public health and malnutrition.
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4.2 Activities (A)

According to the information presented in the Regional

Economic Situation Report – ICER (Departamento de

Atlántico, 2015), complemented with information from the

National Administrative Department of Statistics (DANE), the

Atlántico has undergone a structural change in its economy

since 1980 when it began first a process of deindustrialization

(i.e. due to lack of supplies and shortage of goods to offer)

accompanied by a process of outsourcing and, after the turn of

the millennium, the economy of the Barranquilla, hence of the

department, has re-emerged and the industrial development has

taken-off since then (Departamento de Atlántico, 2015, pp.

87–102).

Today, the two sectors that drive the economy of the

department are the tertiary and secondary sectors, in that

order (see Table 6). The manufacturing industry (food,

beverages, and chemicals), construction, commerce and social

services have been the main contributors to the departmental

product in the last 15 years.
TABLE 7 Example of current Responses (Measures).

Source/
Pressure to
tackle

Action Detail Status Scale

Domestic and
Industrial
Wastewater

Departmental and Municipal
Sanitation and Wastewater
Management Plans (PSMV)

PSMV Plans includes a set of programmes, projects, and activities, with their
respective timetables and investments necessary to make progress in the sanitation
and treatment of wastewater discharges

In place Department

Domestic
Wastewater

Extension of the sewerage network in
13 municipal centres by 2023
Construction of new sewerage
network in 2 municipal centres and
in 13 rural areas by 2023

Target is to go from 86.4% to 89.0% coverage in the municipal centres and from
19.0% to 25% coverage in the rural and remote areas

Planned Municipality/
District

Domestic
Wastewater

Upgrading of 3 WWTP in 3
municipal centres by 2023
Construction of new WWTP in 5
municipal centres by 2023

Target is to go from 34.0% to 38.0% coverage Planned Municipality/
District

Integral
strategy

Environmental Authority Action Plan
2020-2023

Investments for $1,200 million COP for infrastructure, cleaning activities and
restocking of water bodies with alewives

Planned Basin

Management plan POMIUAC - UAC RIO MAGDALENA Prior
Consultation

Coastal zone

POMCA - Ciénaga de Mallorquin In place Basin

POMCA - Arroyos Grande y León In place Basin

POMCA - Humedales de la vertiente occidental del Rıó Magdalena Updating Basin

POMCA - Arroyos Directos al Caribe In
preparation

Basin

Monitoring of continental, marine
and coastal waters

INVEMAR, REDCAM and CRA oversee monitoring the water quality from the
continental, coastal and marine waters in the study area.

In place Coastal zone

Spatial planning POT Municipalities and District – they can be either EOT, PBOT or POT In place
(Some of
them out of
date)

Municipality/
District

Solid waste Integrated solid waste management
plans (PGIRS)

It sets out a set of objectives, targets, programmes, and projects that aim to
achieve effective solid waste management.

In place Municipality/
District
fro
Source: CRA, 2020; Gobernación del Atlántico, 2020. Notes: WWTP – Wastewater Treatment Plant; POMIUAC - Integrated Management Plans for the Coastal Environmental Unit;
POMCA - Watershed Development and Management Plans; POT - Territorial Management Plan; EOT - Territorial Management Scheme; PBOT - Basic Territorial Management Plan.
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The primary sector was relegated in economic importance

with contributions of less than 2% of the departmental total.

However, from the point of view of sustainability, this sector

continues to be relevant since activities such as cattle ranching

and farming, to produce meat and milk, are carried out in most

of the municipalities of the department. Another activity that

stands out in this sector is the poultry and eggs production.

The secondary sector has shown great development in the last

two decades. This is reflected in the increase of licensed areas for

Subsidised Housing (VIS) and non-VIS housing construction in

the department, in addition to the increase of non-residential

constructions such as commercial warehouses, hospitals,

educational centres, hotels, among others. Precisely, this boost to

the secondary sector is closely interrelated with the predominance

of the tertiary sector as the department’s main economic engine.

Finally, the tertiary sector has contributed to the growth of

nearly two thirds of the departmental Gross Value Added based

on activities such as wholesale and retail trade, business services,

real estate, and financial services. All the above, together with the

development of hotels, restaurants, bars and the like, promote

the arrival of business and leisure tourism.
4.3 Contaminant loads/pressures (P)

The case of nutrients is of particular importance. As

presented in the results, the inputs from DtM-LM alone could

represent between 7 and 10% of the nutrient load in the last

stretch of the river. At this point, it is necessary to emphasise that

these N and P loads make up only a theoretical maximum which

can translate into much lower loads being transported to the

water bodies. This is because it does not consider factors such as

nitrogen fixation in soil and plants, denitrification processes,

water consumption and retention that may occur along the

network of canals and wetlands before it reaches the Magdalena

or the Caribbean, among others. However, for the purposes of
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this analysis, these losses were considered negligible considering

the small size of the basin, short residence times of the water

runoff and, poor and highly intervened soils with a reduced

capacity to assimilate/retain nutrients. In importance, nutrients

are followed by inputs of organic matter and bacterial load,

mainly associated with discharges of treated and untreated

domestic wastewater (see Figure 5).
4.4 State changes (S) and impacts (I)

The results from the marine water quality characterization

and assessment conducted by the INVEMAR – REDCAM in

2018 show an overall “Acceptable” water quality with ICAM

values of 51.80 and 65.90 during the dry and wet seasons,

respectively. Analysed by stations, the results for the dry

period are more heterogeneous with stations in all the

categories from “very bad” to “optimal”, however, more than

60% of the stations presented quality equal or below

“acceptable”. The wet season on the other hand, did not

presented any station with “optimal” conditions, however, 70%

of the stations presented an “adequate” quality (see Figure 7).

Looking at the individual quality of each measured

parameter, during the dry season the only parameter with

“optimal” and “adequate” quality were pH and HDD, in the

others, at least one station presented “very bad” or “inadequate”

quality, showing signs of stronger negative effects due to external

pressures. The parameter with the worst quality was BOD with

all the stations showing a “Very Bad” quality, followed by NO3

that showed “Very bad” and “Inadequate” quality in 3 stations

each. During the wet season, pH, DO, and HDD, presented and

“Adequate” quality or above in all the stations. The parameter

with the worst quality was BOD (i.e., 67% of the stations with

“Inadequate” quality and the rest had “Very bad” quality),

followed by Faecal Coliforms where half of the stations had

either “Very bad” or “Inadequate” quality (see Figure 8).
FIGURE 7

Coastal Water Quality Index (ICAM) calculated for 11 stations along the Atlántico’s coast. Source: Adapted from INVEMAR - REDCAM (2022).
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It is important to highlight that BOD was only measure in

those waters considered estuarine (i.e., at the mouth of the

Magdalena River, Rincon Hondo, Ciénaga de Mallorquin and

Ciénaga de Balboa) in the other stations, where the water is

considered as marine, the parameter HDD was measured

instead. As to why this adaptation was made, there is no

explicit indication in the methodology and protocols from the

ICAM. However, one possible explanation comes from the

rationale that Chlorophyll – a is an indicator of phytoplankton

biomass which can be affected by eutrophication processes

which can occur with more frequency at the mouth of the

rivers. However, the further away from the river-mouths more

relevance is given to other contaminants less degradable and

which are derived from the use and load/unload of hydrocarbons

from part of the maritime transport industry.

With regard to local effects, take for example the changes

and impacts that have been evidenced in some of the wetlands of

the study area: eutrophication and bioaccumulation of

contaminants (e.g. “Ciénaga de Mallorquıń” and “Ciénaga de

Luruaco”) (Torres-Bejarano et al., 2020); algal blooms (e.g.

Ciénaga de Luruaco); loss of mangrove and hydrobiological

resources (e.g. Ciénaga de Balboa, Ciénaga de Los Manatıés,

Wetland Complex of the western slope of the Lower Magdalena);

presence of pathogens in the water and possible affectation of the

sand on the beach. All those impacts are caused to a greater or

lesser extent by different pressures. Thus, the water quality of the

wetlands is directly affected by nutrient and organic matter loads

but solid waste and plastics deposited in the mangrove areas

exacerbates the loss of mangroves and, therefore, decreases the

purifying capacity of the ecosystem, generating a positive

feedback loop that intensifies the changes in the state of the

habitat (see Figure 2).

Another aspect to highlight is that state changes and its

related impacts can be a direct or indirect consequence of the

pressures and, sometimes, a graphical representation can be

more complex due to the multiple interactions and feedback

loops that occur among them. Take for example, beach littering
Frontiers in Marine Science 19
and plastic pollution, they can obstruct the settlement and

development of mangrove propagules leading to a loss of

mangrove habitats. Consequently, those areas are more prone

to flooding and more exposed to the wave energy, intensifying

the coastal erosion in these areas. Furthermore, the households

and infrastructure that were naturally protected, will require

adaptation/mitigation strategies to reduce the risk associate to

natural hazards, which translates in increased investments and

cost of living (see Figure 2).

A final example is the reduction in the fish stock in terms of

the available number meaning, fewer catches by fishing

operation, or in terms of quality, namely, organisms with high

concentration of contaminants in their tissues that cannot or

shall not be eaten because they imposed a risk to human health.

Hence, local communities that rely on fish as a source of protein

will have to, in the best scenario, change their source of protein

increasing their cost of living or, in the worst case, continue the

consumption of contaminated fish meat despite the possible

effects in their health. In any case, the bottom line is that cost of

living will increase in the short of long term if the fish stock

resources are reduced (see Figure 2).
4.5 Responses (R)

Measures to tackle the sustainability issues of certain area

will not be effective if basic needs (i.e., biological needs and safety

needs) are not guaranteed. Those basic needs involve, among

others, air, food, drink, shelter, sleep, security, order, law,

stability, etc. In this sense, the implementation or enforcement

of the management plans and instruments to prevent land-based

pollution in the municipalities within the study area can be

challenging if considering that the proportion of the population

with Unsatisfied Basic Needs – UBN (i.e. involves indicators

about Inadequate housing, Critically overcrowded housing,

Housing with inadequate services, Housing with high

economic dependency, Housing with school-age children not
FIGURE 8

Proportion of measurements from each measured parameter by quality category. Source: Adapted from INVEMAR - REDCAM (2022).
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attending school.) is as high as 58% in places such as Santa

Catalina (Bolivar) or around 30% in ‘Campo de la Cruz’ and

‘Candelaria’(Atlántico) with an average of 20.6% between the

municipalities in the Atlántico department and Santa Catalina

(DANE, 2018)

In terms of management tools, the environmental

corporations and municipal administrations have some

instruments and actions focused on the planning and use of

land and water resources, however, not in all cases (i.e.,

Mallorquin, Manatıés, Ciénaga Luisa, Ciénaga Larga and

Paraiso wetlands) there are management plans, or the

measures do not solve the totality of the problems. The

coverage of sewerage, wastewater treatment and garbage

collection systems are and will necessarily be incomplete in

rural areas due to the technical and economic challenges of

serving a geographically dispersed population such as that of the

DtC basin. In other words, an adequate and wide coverage in the

provision of public services is an important strategy in the DtM-

LM basin where most of the population is concentrated, not only

in the study area, but also in the entire department of

the Atlántico.

The issues are not only in terms of quantity but also in the

quality of the instruments. The most important instrument

envisioned to manage the resources and activities in the

coastal zone is the ‘Integrated Management and Development

Plan for the Coastal Environmental Unit of the Magdalena

River, Canal del Dique complex - Lagoon System of the

Ciénaga Grande de Santa Marta’ (hereinafter POMIUAC -

RM), however, it is not yet operative. The formulation of the

POMIUAC-RM has been slow and difficult considering the

complexity involved in coordinating studies with the other

CARs and the absence of detailed baseline information on the

marine areas (CRA, 2016) and this process is expected to

continue during the period 2020-2023 because it requires the

completion of the prior consultation phase with the ethnic

communities. Therefore, there is no clear panorama of when

the POMIUAC Rio Magdalena will be effectively adopted and

implemented (CRA, 2020).

But this measure is not sufficient to solve the problems of

DtC basin. In this zone, strategies should be adopted to generate

knowledge and recognition by the communities of the ecosystem

services and their value. In such a way that the beneficiaries

themselves coordinate or promote initiatives and actions to

prevent water and soil contamination, for example: through

less waste production and better waste management/use;

through the implementation of individual wastewater

treatment systems; using manure in ways that contribute to

the improvement of agricultural soils without having negative

effects on the water resources of the area (FAO, 2018); among

others. Unfortunately, these types of democratic participation

actions are the ones in which the department is most neglected
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(i.e., malfunctioning of the Inter-Institutional Committees on

Environmental Education - CIDEAs, disconnection from

academia, lack of support for environmental education, among

others) (CRA, 2020).
4.6 Comparison with other sites

One of the main reasons as per why this study was deemed

relevant is because the Magdalena’s is a good example of a

tropical River Mouth System which happens to be among the

most important rivers in South America and is the most

important discharging its waters in the Colombian Caribbean

(Restrepo et al., 2020). Added to this is the fact of having a vast

and detailed dataset that makes it a key study-case whose results

can be compared to similar studies at the local level such as those

conducted by INVEMAR (2018) and Tosic et al. (2018); and

regional level, like the ones at North-eastern Brazil such as the

Paranaıb́a Delta (Paula Filho et al., 2019) and the Vitoria Bay

Estuary (Teubner Junior et al., 2018).

At the local scale, the results obtained here differ significantly

from other studies conducted in the Magdalena Delta. The first

one is the study from Tosic et al. (2018) in Cartagena Bay where

nutrient and organic matter loads (i.e., using BOD as a proxy)

are between 2-20 times higher (i.e., in the Magdalena River-

Mouth DIN is 2 times higher; Total N is 17 times higher; Total P,

BOD and Total Coliforms are between 8-12 times higher). These

differences are not only because the study area here was wider

and more populated, but to the inclusion of the agriculture and

livestock manure as anthropogenic sources of contaminants

which, as it has been found in similar studies, can be the main

anthropogenic sources of nutrients (Paula Filho et al., 2015;

Teubner Junior et al., 2018; Paula Filho et al., 2019)

Another aspect that could explain the difference between the

nutrient loads in the Bay of Cartagena and those in the study

area is that, along its path from Calamar to the mouth, the Canal

del Dique and its draining area (which includes the upstream

discharges of wastewater and non-point sources and is the main

source of N and P in the bay) pass through a complex of

wetlands and lagoons in which these nutrients could be

retained. In other words, while the contaminants in this study

are discharge almost directly into the sea or the Magdalena

River, the contaminants in the influx area of the Canal del Dique

are more likely to be retained in the lentic water bodies.

At a broader scale, using the Yi/Y* nutrient ratio (i.e., Yi =

local yields and Y*=global yields) for the sake of comparison

(Meybeck et al., 2006), the Magdalena River-mouth is

considered a hotspot with a yield of 10,443 kg Total N km-2 y-

1 and 4,239 kg Total P km-2 y-1. These yields are not corrected for

volatilization (i.e., N) and/or soil retention (i.e., N and P), but

even if losses were assumed to be around 50%, the study area will
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remain with high nutrient yields (i.e., 5,221 and 2,120 kg km-2 y-1

of Total N and Total P, respectively) and would be still

considered a hotspot for nutrient discharges.

Using the yields corrected for losses, the results obtained in

this study area are similar to those from the Vitoria Estuary in

Brazil (i.e., 5,600 and 2,800 kg km-2 y-1 of Total N and Total P,

respectively) (Teubner Junior et al., 2018). Moreover, if we

were to use the more conservative approach, namely,

disregarding nutrient losses by volatilization and soil

retention, the initial results are in the same order of

magnitude of areas such as Chesapeake Bay in USA (i.e.,

13,100 kg km-2 y-1 of Total N). In any case, these values are

typical from densely populated basins with intense economic

activities (Teubner Junior et al., 2018)
4.7 About the approach

River Mouth Systems have been identified as ‘hotspots’ in

the coastal zone (Newton et al., 2012). A better understanding of

the links between Pressures, State Changes and Impacts in this

social-ecological system can also be useful to identify new or

evaluate existent management options. Using this updated and

extended version of DPSIR is useful to compare the Magdalena

River-mouth with other regions, since the DPSIR framework is

widely used by environmental agencies such as United Nations

Environment Programme (UNEP), Food and Agriculture

Organization (FAO) and the European Environment

Agency (EEA).

Studies on land-based sources of pollution are not per se a

novelty. In Colombia, in the Caribbean area and particularly in

the Magdalena River Delta, some authors have carried out work

to identify sources of pollution in La Guajira (Doria Argumedo

and Vivas Aguas, 2016); the Ciénaga Grande de Santa Marta

(Vivas Aguas et al., 2013) and the bay of Cartagena (Tosic et al.,

2018). In fact, since 2009, the INVEMAR has conducted a

detailed inventory of land-based pollution sources for the

coastal departments of Colombia: Bolıv́ar and Valle del Cauca

(2009), Cauca and Antioquia (2010), La Guajira (2011), Cordoba

(2012), Magdalena (2013), Atlántico (2014), San Andrés y

Providencia (2015), Sucre (2016), Nariño (2017) and Choco

(2017) (INVEMAR, 2018, p. 17). However, some of these

inventories, including the one for the Atlántico could be out of

date. Additionally, given the wide distribution of agricultural

and livestock activities within the study area, it was considered

necessary to complement the existing approaches to include the

contributions of Nitrogen (N) and Phosphorus (P) that could be

derived from these activities. Thus, pollutant loads (i.e.,

nutrients) from these sources were estimated through export

factors (Ruddy et al., 2006; UNEP/CEP, 2019) This approach

allows estimating a theoretical limit of nutrients and other

contaminants, originating from anthropogenic sources, that

could be transferred to the Caribbean Sea, other coastal water
Frontiers in Marine Science 21
bodies (i.e., Ciénaga de Mallorquin), groundwater and/or the

Magdalena River.

It is true that to obtain more realistic results, nutrient

concentrations and flows in the different rivers and streams

could be measured, under the assumption that part of the

nutrients will be washed and transported by runoff and

discharged into the Magdalena River or the Caribbean.

However, most of the watercourses in the study area are

torrential with little or no flow during the dry and transitional

seasons and/or where there are no stations to measure physic-

chemical parameters and/or flow. Thus, in the absence of

information for more precise estimates, the use of export

factors is a useful, cost-effective, and time-efficient alternative

for defining, at least preliminarily, management strategies in the

study area (Paula Filho et al., 2015).

Some of the limitations of the present study, which could be

considered to improve the reliability of the results are the

following. The information on fertiliser use was taken from a

global database from year 2001 because the authors did not find

information for the municipalities or the department. Pollutants

contributed by pesticides were also not considered for the

present analysis due to similar limitations. For industrial

sources, the RUA FM only reports values for BOD, COD and

TSS, which is why it is not possible to estimate N and P loads,

although this does not mean that there are none. It is also

important to mention that the RUA database may be incomplete

given that a baseline of users and loads in the different basins of

the Atlantic, surveyed by the CRA in 2019, shows that there are

several actors (industry and municipal discharges) for which

there is no information available regarding flow, BOD and SST

concentration, therefore, industrial, and municipal wastewater

discharges could be higher. Additionally, as mentioned earlier,

this study is focused on anthropogenic sources of contamination

and did not include other natural sources such as hydraulic soil

erosion, which can be an important source of suspended solids

and nutrients in the water (IDEAM, 2019a) neither atmospheric

deposition of nitrogen, which can be a significant source in

proximity to big urban and industrialized areas (Paula Filho

et al., 2015), nor volatilization of nitrogen which reduces the

amount that could enter the streams and reach the ocean.

Estimations for the natural inputs and outputs, should be

considered for a more accurate nutrient budget, however, it

has been found that anthropogenic sources usually exceed

natural contributions (Lacerda et al., 2008; Paula Filho et al.,

2015) with up to 80% of nutrient delivery coming from land

transformations, agriculture, human sewage, and aquaculture

(Beusen et al., 2022)

Finally, state changes were evaluated only by the MWQI

which is calculated from water samples with a limited

geographical and time scope (i.e., the results correspond to

specific places and specific time and date). The temporal

variability (e.g., interannual and intrannual) of the water

quality is not accounted for in this research. This is something
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that could be improved if monthly data was available (Tosic

et al., 2019). Also, current developments in fields like remote

sensing can provide, in the near future, tools to monitor water

quality with a broader geographic and time scope in a cost-

efficient way (Toming et al., 2017; El Mahrad et al., 2020).
5 Conclusions

Analysing environmental problems and, in this case land-based

contamination in a river delta, through the lens of the extended

DPSIR allows the pieces of the puzzle to be disaggregated to

understand more fully the different interrelationships that may

exist between impacts, their causes, and the effectiveness of current

or proposed management measures.

The pollutants generated in the study area may be

insignificant compared to the inputs from the Magdalena

River, but they can have a significant impact on the state of

local ecosystems.

Of all the sources analysed, agriculture and livestock are

theoretically the largest contributors of nitrogen (i.e., 14.84 t d-1

and 48.99 t d-1) and phosphorus (i.e., 5.90 t d-1 and 19.46 t d-1) in

the DtC+ and DtM-LM basins, respectively. In the case of BOD,

domestic and industrial wastewaters contribute about 5.10 t d-1

and 98.43 t d-1 in the same basins. Contributions of faecal

coliforms were more than 4 orders of magnitude higher in

untreated wastewater, being 4.86 x1016 NMP d-1 and 1.78

x1016 NMP d-1 in the lower Magdalena and Caribbean

catchments, respectively.

Inadequately managed waste and plastic represent a serious

problem for the Caribbean Basin. There, not only litter from

land-based sources, but also from the Magdalena River and the

Caribbean Sea, reaches the shores from the Colombian

Caribbean, deteriorating their visual quality, affecting

mangrove ecosystems, and generating impacts on the welfare

of coastal populations.

In terms of river basin, the DtM-LM, where most of the

department’s population is concentrated, is where the greatest

pollutant loads are generated. However, in terms of impact on

human well-being, it is the DtC+ that bears the brunt (i.e., more

ecosystems are affected, and more people depend directly on

their services).

The impacts found for the study area include increased

maintenance and cleaning cost of the beach, reduction of

tourism flow/revenue and adverse health effects to vulnerable

groups, reduce fish stock, reduce protection against flooding and

coastal erosion, difficulty to access drinking water, loss of

cultural and spiritual values, and increased cost of living.

Regarding management measures, environmental

authorities and local administrations have been implementing

measures to reduce pollution from land-based sources but these

measures are not sufficient, and a more active involvement of

local communities is needed.
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López Pineda, L. F., Sáen Zapata, J. A., Coneo Mendoza, Y., and Barraza Pava, M.
E. (2014) Regiones funcionales en la subregión del canal del dique y su zona de
influencia costera (Revista DERROTERO). Available at: https://biblat.unam.mx/
hevila/Derrotero/2014/no8/5.pdf (Accessed 9 July 2021).

Maslow, A. H. (1970). Motivation and personality (Harper & Row, Publishers:
New York).

Meisinger, J. J., and Jokela, W. E. (2000). Ammonia volatilization from dairy and
poultry manure. proc managing nutrients and pathogens from animal agriculture
(Camp Hill, PA: Natural Resource, Agriculture, and Engineering Service), pp.28–
pp.30.

Meybeck, M., Dürr, H. H., and Vörösmarty, C. J. (2006). Global coastal
segmentation and its river catchment contributors: A new look at land-ocean
linkage. Global Biogeochem. Cycles 20 (1). doi: 10.1029/2005GB002540

MinCIT (2021) Citur | centro de información turıśtica de Colombia (Ministerio
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diversidad, conservación y uso sostenible. Eds. L. Jiménez-Segura and C. A. Lasso
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2018, mintransporte. Available at: https://www.supertransporte.gov.co/index.php/
superintendencia-delegada-de-puertos/estadisticas-trafico-portuario-en-colombia/
(Accessed 28 February 2022).

Tejeda-Benitez, L., Flegal, R., Odigie, K., and Olivero-Verbel, J. (2016). Pollution
by metals and toxicity assessment using caenorhabditis elegans in sediments from
the Magdalena river, Colombia. Environ. pollut. 212, 238–250. doi: 10.1016/
j.envpol.2016.01.057

Teubner Junior, F. J., Lima, A. T. M., and Barroso, G. F. (2018)Emission rates of
nitrogen and phosphorus in a tropical coastal river basin: a strategic management
approach (Accessed 13 November 2022).

Toming, K., Kutser, T., Uiboupin, R., Arikas, A., Vahter, K., and Paavel, B.
(2017). Mapping water quality parameters with sentinel-3 ocean and land colour
frontiersin.org

https://experience.arcgis.com/experience/dbbec24c96054e199a25b8709dc7099a/
https://experience.arcgis.com/experience/dbbec24c96054e199a25b8709dc7099a/
https://doi.org/10.1080/10889868.2021.1964426
https://biblat.unam.mx/hevila/Derrotero/2014/no8/5.pdf
https://biblat.unam.mx/hevila/Derrotero/2014/no8/5.pdf
https://doi.org/10.1029/2005GB002540
https://www.citur.gov.co/pages/1#gsc.tab=0
https://www.citur.gov.co/pages/1#gsc.tab=0
https://doi.org/10.1016/j.ecss.2011.07.012
https://doi.org/10.1016/j.ecss.2011.07.012
https://doi.org/10.1016/j.rser.2015.09.057
https://www.dane.gov.co/files/investigaciones/planes-desarrollo-territorial/180220-Info-Gobernacion-Atlantico.pdf
https://www.dane.gov.co/files/investigaciones/planes-desarrollo-territorial/180220-Info-Gobernacion-Atlantico.pdf
https://www.dane.gov.co/files/investigaciones/planes-desarrollo-territorial/180220-Info-Gobernacion-Atlantico.pdf
https://oxfordbusinessgroup.com/analysis/out-sea-government-and-sector-stakeholders-join-forces-make-barranquilla-offshore-energy-hub
https://oxfordbusinessgroup.com/analysis/out-sea-government-and-sector-stakeholders-join-forces-make-barranquilla-offshore-energy-hub
https://oxfordbusinessgroup.com/analysis/out-sea-government-and-sector-stakeholders-join-forces-make-barranquilla-offshore-energy-hub
https://www.elheraldo.co/barranquilla/el-puerto-de-barranquilla-explicado-para-dummies-658705
https://www.elheraldo.co/barranquilla/el-puerto-de-barranquilla-explicado-para-dummies-658705
https://doi.org/10.1016/j.jaridenv.2019.01.001
https://doi.org/10.1016/j.jaridenv.2019.01.001
https://doi.org/10.1016/j.ecss.2015.03.020
https://doi.org/10.1016/j.jaridenv.2021.104446
https://doi.org/10.1016/j.jaridenv.2021.104446
https://doi.org/10.2112/SI95-031.1
https://www.puertodebarranquilla.com/index.php/cifras-del-sector-y-la-ciudad/?lang=en
https://www.puertodebarranquilla.com/index.php/cifras-del-sector-y-la-ciudad/?lang=en
https://doi.org/10.1111/jam.13926
https://doi.org/10.1016/j.marpolbul.2020.111837
https://doi.org/10.1016/j.marpolbul.2020.111837
https://www.minenergia.gov.co/documents/10192/24332217/FV+English+Colombia+Offshore+Wind+Roadmap.pdf/a09ab071-ff1e-4df2-86c8-a48143a004f2
https://www.minenergia.gov.co/documents/10192/24332217/FV+English+Colombia+Offshore+Wind+Roadmap.pdf/a09ab071-ff1e-4df2-86c8-a48143a004f2
https://www.minenergia.gov.co/documents/10192/24332217/FV+English+Colombia+Offshore+Wind+Roadmap.pdf/a09ab071-ff1e-4df2-86c8-a48143a004f2
https://doi.org/10.2112/JCOASTRES-D-14-00263.1
https://doi.org/10.1016/j.geomorph.2016.11.007
https://doi.org/10.1016/j.ecss.2020.107020
https://doi.org/10.2112/JCOASTRES-D-14-00263.1
https://pubs.usgs.gov/sir/2006/5012/pdf/sir2006_5012.pdf
https://pubs.usgs.gov/sir/2006/5012/pdf/sir2006_5012.pdf
https://doi.org/10.1016/j.jclepro.2019.02.174
http://sepec.aunap.gov.co/Estadisticas/SeriesHistoricas
https://doi.org/10.3390/jmse9020122
https://www.supertransporte.gov.co/index.php/superintendencia-delegada-de-puertos/estadisticas-trafico-portuario-en-colombia/
https://www.supertransporte.gov.co/index.php/superintendencia-delegada-de-puertos/estadisticas-trafico-portuario-en-colombia/
https://doi.org/10.1016/j.envpol.2016.01.057
https://doi.org/10.1016/j.envpol.2016.01.057
https://doi.org/10.3389/fmars.2022.1057426
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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