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Abstract	
 
Wetlands and coastal wetlands are important ecosystems for many aquatic and terrestrial 
flora and fauna as well as for the sustainable development of humans. Unfortunately, many of 
the world’s wetlands and coastal wetlands are subjected to degradation due to both natural 
processes and human activities changing the hydrodynamics of the area. As such, many 
coastal wetlands have been affected by hypersaline conditions consequently contributing to 
the degradation of both flora and fauna. This has also been true for the wetland complex of 
Ciénaga Grande de Santa Marta (CGSM), Colombia, where hypersalinity has been associated 
to constructions reducing freshwater inputs to the lagoon. As hydrological processes build up 
wetlands, it is crucial to understand how these processes impact wetlands and specifically the 
occurrence of hypersaline conditions. At the same time, not much is known about the 
hydrological conditions of wetlands, which is also the case for the wetland complex of 
CGSM. As such, this study focuses on disentangling the hydrological processes affecting the 
salinity levels of the wetland complex of CGSM by analysing the seasonal salinity patterns in 
both time (from the year of 2000 until 2015) and space. The analysis of the temporal pattern 
of salinity was also analysed statistically in relation to climatological data. The results from 
the temporal pattern of salinity showed a minor trend in increased salinity levels for the 
wetland in general, and by season, throughout the studied period. A rather strong correlation 
between salinity and climatological factors could also be identified. Moreover, the salinity for 
some areas within the wetland complex were higher during the wet season for some years, 
compared to the dry season. The results from the spatial patterns of salinity showed that the 
salinity of the wetland was generally higher further away from the fresh water sources, by the 
outlet to the open sea, and especially for the area of Ciénaga de Ahuyama. The salinity 
patterns in space changed as the rain period started creating a division of the wetland 
complex into a high-salinity western area (main lagoon) and a low-salinity eastern area. This 
could be due to the relatively higher amount of fresh water inputs from rivers fed by 
precipitation on the mountains of Sierra Nevada de Santa Marta, east of the wetland complex, 
compared to the relative small amount of freshwater from the channel of Aguas Negras in the 
western part of the wetland complex. Lack of correlation between salinity and channel 
dredging efforts questions the effectiveness of ongoing remediation strategies in the western 
section of the CGSM, while salinity levels in the eastern section are mainly regulated 
naturally via unrestricted freshwater inputs. 
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1.	Introduction	
Wetlands make up about 9 % of the global land area and are important environmental and 
economical ecosystems that can be found in every climate zone of the world (Zedler & 
Kercher, 2005). As such, there are various types of wetlands and they all functions as natural 
disaster reducers and erosion protectors as well as they help maintain steady flows. Wetlands 
are also important habitats for many aquatic and terrestrial flora and fauna as well as they 
contribute to good water quality (Wetlands International, 2016).  Moreover, wetlands serve as 
storages for floodwater and maintain surface water flows during dry seasons (Environmental 
Protection Agency, 2016). Hence, wetlands are important ecosystems for humans as they 
protect human settlements from natural processes but also serve as important economic 
resources with their ecosystem services, e.g. fisheries (Mitsch & Gosselink, 2000). Coastal 
wetlands are ecosystems located in the interface of the marine and terrestrial zones strongly 
influenced by tidal inundation and encompass salt and fresh marshes as well as mangrove 
swamps. Similar to other types of wetlands, coastal wetlands are important flood protectors 
and habitats for wildlife but they also contribute to good water quality and carbon 
sequestration as well as commercial fisheries. Coastal wetlands are therefore often considered 
as the most valuable ecosystems in the world (Morzaria-Luna et al., 2014; Bellio & 
Kingsford, 2013; Environmental Protection Agency, 2016; Kaplan, 2010).  
 
Regarding the fact that wetlands are important ecosystems, many of the world’s wetlands 
have been degraded and are still affected by deterioration due to both natural processes and 
human activities. It has also been identified that half of the global wetland areas has been 
lost. Additionally, 30% of all the world’s coastal wetlands are predicted to be lost in the 
future (Zedler & Kercher, 2005; Duarte, 2009). The reasons behind the deterioration of 
wetlands and particularly coastal wetlands are many and a large number of studies on 
wetland degradation identify human impact as the main source of the problem along with 
climate change (Chatterjee et al., 2015; Zhang, 2010). Insufficient water replenishment, soil 
salinization, irrational land use and pollution are some of the causes behind wetland 
degradation (Luo et al., 2016). These issues have been the reason for the degradation of the 
wetland located in the Yellow River delta in China together with substantial population 
growth and urbanization (Zhang, 2014; Wang et al., 2011). In India, many wetland 
ecosystems are also subjected to rapid urbanization, industrialization and intensified 
agriculture leading to the increase of pollution and exploitation of natural resources (Bassi, 
2014; Chatterjee et al., 2015). Wetlands located in Portland, USA, and the surrounding 
counties have also been affected by rapid urbanization (Holland et al., 1995) as the Indian 
wetlands have been.  

1.1	Background		

1.1.1	Wetland	hydrology		
 
Wetlands are build up by hydrological processes (Zedler & Kercher, 2005). Thus, before 
considering the impacts of human activities or climate change on wetlands, the understanding 
of wetland hydrology needs to be taken into account since the hydrodynamics of these 
ecosystems are crucial to the structure and function of the ecosystem and biochemical 
processes of wetlands. Moreover, understanding the hydrology of wetlands enables the 
comprehension of how wetlands develop and remain in the landscape (Wolf et al., 2013; 
Bedford, 1996). As such, many of the problems that have been encountered with wetlands are 
considerably connected to hydrological factors, as they tend to change the hydrodynamics 
and conditions of wetlands (Kaplan, 2010). Additionally, the hydrology of wetlands is often 
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given least attention, especially in studies regarding wetland ecosystem degradation 
(Bedford, 1996).  
Wetland hydrology depends on both climatic conditions and geological characteristics. 
Hence, the hydrological processes work differently for different types of wetlands. However, 
some hydrological processes are similar for all wetlands, such as surface water and 
groundwater interactions, direct and indirect precipitation as a primary source of freshwater, 
temperature and evaporation as well as evapotranspiration (Bedford, 1996). Three main 
components brought up by Bedford (1996) as important variables to the development and 
maintenance of wetlands are the different water sources, mineral and nutrient compositions as 
well as spatial and temporal hydrological dynamics. The primary freshwater supplies come 
from precipitation. Surface water from rivers and groundwater also contributes to freshwater 
inputs into wetlands. The proportion of the mentioned freshwater inputs depends on the 
physiographic conditions of the environment where the wetland is located. As an example, 
wetlands that are located in riverine valleys receive a relative bigger amount of freshwater 
from streams than from groundwater, depending on the river characteristics and valley walls. 
Wetlands located in coastal lowlands receive additional water inputs from the sea as tidal 
processes raise the sea level. The hydrology of coastal wetlands is also affected by wind and 
temperature (Dussaillant et al., 2009). Crucial to the ecology of wetlands is the water quality, 
as satisfying amount minerals and nutrients are transported with the water into wetlands 
contributing to healthy ecosystems. Hence, the amount of minerals and nutrients depends on 
the interaction between the amount of surface water and groundwater inflow to the system, 
but also on precipitation. Moreover, the spatial and temporal hydrological dynamics 
contribute to the understanding about water movement within wetlands, the interactions 
between wetlands and neighbouring hydrological systems as well as the exchange of 
materials, such as nutrients and sediments, between wetlands and adjacent hydrological 
systems (Bedford, 1996).  
 
Considering the complexity of the hydrological processes of wetlands, it is sometimes 
difficult to quantify the water flows as well as the movement of minerals, nutrients and 
sediments. However, numerical modelling can be used to describe the interaction between 
surface water and groundwater, as has been done by Langevin et al. (2005) for a coastal 
wetland in Florida, namely the southern Everglades. By simulating a two-dimensional 
overland flow and a three-dimensional fully saturated groundwater flow, the understanding of 
how water flows between the two systems was achieved, but also on the quantification of the 
salinity patterns. Results from this study show that there is a downward flow in most part of 
the southern Everglades from surface water into groundwater. As such, upward water flow 
from groundwater to surface water occurs only in areas where the bedrock is permeable and 
where the bedrock is uncovered by soil trapping the water within the layer. Moreover, 
downward water flows from surface water tend to occur when freshwater and saline water 
meet. Consequently, fresh groundwater mixes with saline groundwater as saline surface water 
infiltrates. The driving factors to the discussed processes in the southern Everglades are 
partly due to seasonality and climate conditions. Hence, salinity can be correlated to 
seasonality. Further results from the study by Langevin et al. (2005) show that the salinity 
increases by the end of the dry season and decreases in the beginning of the wet season. 
Additionally, local wind has proven to also have an effect on salinity. The study by Langevin 
et al. (2005) well exemplifies the complexity of wetland systems and the need to account for 
several factors when predicting water quality patterns, such as salinity. 
 
Further studies on hydrological processes in coastal wetlands have been made on the coastal 
lagoon of El Yali in Chile (Dussaillant et al., 2009). The interaction between the lagoon of El 
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Yali and the ocean was studied and the results showed the importance of tides as they affect 
the sea level rise and consequently the water level in the lagoon. Another factor shown to be 
important to the water level fluctuation of the El Yali lagoon are wind patterns, which 
influence 
the water level the most while the lagoon was disconnected to the sea. The results also 
showed that the meteorological component that had least impact on the water levels of the 
lagoon was precipitation. However, the results showed that precipitation had an impact on the 
groundwater levels between the lagoon and the sea presumably due to high permeability of 
the bedrock and soil. By assimilating the hydrological and climatological processes affecting 
the water fluctuation of the El Yali lagoon, it could be concluded that the increase in salinity 
was partly due to seawater intrusion and partly due to high evaporation rates in shallow 
systems (Dussaillant et al., 2009). The Punta Cabullones coastal wetland located in Puerto 
Rico has also been subjected to a hydrological study due to the scarce knowledge of the local 
hydrogeological conditions of the area (Rodríguez-Martínez & Soler-López, 2014). The 
study by Rodríguez-Martínez & Soler-López (2014), aiming to define the hydrogeological 
conditions, showed that seasonal variations of precipitation and evaporation are the primary 
factors altering the hydrology of the wetland along with storms enabling the interaction 
between seawater and freshwater. Groundwater also plays an important role in the hydrology 
of the coastal wetland of Punta Cabullone. The groundwater movement in this area was 
shown to be towards the coast and that some fresh groundwater could have an upward 
movement into the wetland. The main driving factors to the vertical movement of the 
groundwater were due to density variations but also due to spatial and temporal variations in 
rainfall recharge. Moreover, the connection between groundwater and surface water turned 
out to be relatively high and influenced by sea waves and tidal processes. Punta Cabullones is 
also a coastal wetland with high salinity levels affecting the agriculture of the region. As 
such, the study by Rodríguez-Martínez & Soler-López (2014) also analyzed the origins of the 
salt concentration from a hydrological perspective. The analyses showed that the salinity was 
mainly caused by high evaporation rates and hypersaline groundwater due to downward flow 
of saline surface water to subsurface water. Seawater intrusion was also considered having an 
impact on the salinity levels of the lagoon, although seawater was considered as the least 
affecting source to hypersalinity. Hypersalinity related to hydrological variability is also 
discussed in the article by Hughes et al. (2012) for the North Inlet Salt Marsh in Georgetown, 
South Carolina, as oligohaline grass species have perished. The study clarifies the important 
correlation between porewater salinity due to high evapotranspiration, tidal processes, rainfall 
and evaporation but also to climate change generating long and intense drought periods.  
 
The previous hydrological studies on the El Yali and Punta Cabullones coastal wetland, 
Southern Everglades and North Inlet Salt Marsh in Georgetown, confirm the importance of 
understanding the hydrological and hydrogeological processes in wetlands to gain better 
knowledge of biochemical, ecological and sediment transport processes within wetlands, as 
they are strongly correlated. To exemplify this, research has been conducted on the degree of 
connection between surrounding hydrological systems and wetlands, to be able to understand 
the nitrogen and phosphorus inputs, in floodplain wetlands located in northern Virginia, 
United States (Wolf et al., 2013). The study by Wolf et al. (2013) shows that open 
hydrological systems, where streams are the main water supply to wetlands and carrying a 
significant amount of nutrients in sediment, often affect the amount of nutrient in solutions. 
Hence, closed hydrological systems, where precipitation and groundwater are the main water 
supplies, are less prone to nutrient accumulation (Wolf et al., 2013). Interferences with the 
natural hydrological system, such as irrigation, also have an effect on water chemistry and 
particularly on salinity levels. As a consequence of changes in the water chemistry, the flora 
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and fauna will also be affected, which has been the case in the Axios River delta wetland in 
Greece (Zalidis, 1998). Due to high salinization in the summer periods, the Axios River delta 
has been subjected to a critical degradation of the ecological system and the major driving 
forces of the hypersaline water have been the interruption of river flows by irrigation systems 
decreasing the freshwater discharge into the wetland. As a consequence, seawater has been 
moving more upstream with tides triggering further increase in salinity levels (Zalidis, 1998). 
However, irrigation is not the only aspect of agriculture disturbing wetland ecosystems. In 
fact, as agricultural fields replace the initial land cover, the hydrology and vegetation as well 
as soils characteristics of the wetland changes simultaneously. The reason for this is that 
agricultural activities often include digging of ditches and channels as well as drainage and 
deforestation of existing plants, leading to transformation of the vegetation composition and 
distribution. For the wetlands in the Tensas River basin in north eastern Louisiana, also 
strongly affected by agriculture, a decrease in the population of herbaceous vegetation have 
been noticed following a decline in soil and litter characteristics and quality (Hunter et al., 
2008).  
 
Previous studies presented in this section (Bedford, 1996; Dussaillant et al., 2009; Langevin 
et al., 2005; Rodríguez-Martínez & Soler-López, 2014; Hughes et al., 2012) also 
acknowledge climate as an important element in wetland hydrology. Climate is in fact one of 
the main factor controlling hydrological processes. It is therefore important to highlight the 
impacts of climate change on freshwater availability, variability in precipitation and on 
evaporation as well as on seasonality. For some areas in the world, such as the transboundary 
Brahmaputra basin in the region of Mumbai and the Quiroz-Chipillico watershed in Peru, 
studies indicated an important increase in temperature and precipitation for both catchments 
(Pervez & Henebry, 2014; Flores-López et al., 2016; Rana et al., 2014). For other regions of 
the world, climate change will most probably lead to a decrease in precipitation and 
freshwater availability as well an increase in temperature, which can be seen for the Colorado 
River basin (Christensen et al., 2004). In the tropics, an increase of the interannual variability 
of seasonality could have been identified due to climate change (Feng et al., 2013), which 
would increase the levels of uncertainties of the intensity, arrival and duration of the seasons. 
The predicted effects of climate change, changing the availability and quantity of freshwater 
unfavourably for many regions of world, are considered to trigger a considerable increase of 
evaporation rates. Moreover, climate change is predicted to cause a decrease of freshwater 
inputs consequently affecting ecological systems, e.g. wetlands and coastal wetlands, 
vulnerable to substantial hydrological changes. 

1.1.2	Mangroves	
 
Mangrove forests are essentially tropical ecosystems that are spread in coastal areas in 
different parts of the world. As such, mangroves are geographically spread over 240 000 km2 
of the tropical and subtropical coastal areas of East and West Africa, Central America, South 
East Asia, Australia and Western Pacific as well as in the Caribbean and in Florida. The 
terminology of mangroves is usually defined by the plant community along with the 
ecological group. Moreover, different species of mangroves have been identified throughout 
the world. The distribution of mangrove species is correlated to the geomorphological aspects 
of the region they inhabit but also strongly connected to sea-surface temperatures and to 
coastal aridity (Stringer et al., 2010; Tomlinson, 1986; Lugo & Snedaker, 1974; Ellison, 
2000). Hence, mangroves thrive in regions where sea-surface temperatures are greater than 
20oC during the coldest month. Mangroves can also be found in areas where temperature is 
below 20oC, e.g. as low as 5 oC, even though the growth of the plants will be limited and they 
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tolerate very little or no frost at all. The substantial diversity of the mangrove species is also 
found in regions where there is a high level of rainfall, heavy runoff and seepage but also in 
areas with high sediment transports carrying nutrients. Two other factors that are crucial for 
mangroves are tidal processes and water chemistry. Tides are a source of oxygen to the root 
system and of physical exchange of soil water. Tides control the sediment deposition and 
erosion rates as well as contribute to the vertical movement of groundwater, rich in nutrients, 
into the root zone. As such, the water chemistry is important for mangroves, as the level of 
salt in the water will influence the osmotic pressure, which will consequently affect the 
transpiration rate of the leaves. Furthermore, high nutrient content in the water enables a high 
productivity in mangrove ecosystems (Stringer et al., 2010; Tomlinson, 1986; Lugo & 
Snedaker, 1974).  
 
Mangrove forests are ecologically and economically important. Mangroves are important 
habitats and refugees for several benthic invertebrate communities, birds, mammals, fish and 
reptiles (Vilardy et al., 2011). Mangrove ecosystems are also important for the sustainable 
development of humans as they have been and are providing humans with timber, food, fuel 
and medicine. Moreover, mangroves are important for the protection of coastal areas as they 
act as a barrier against waves, tides, erosion and tropical cyclonic storms. Mangroves are 
therefore considered to be resilient to disturbances as they possess key features to resist and 
recover from environmental disturbance and long-term climate changes such as subsurface 
nutrient reservoirs, rapid biotic turnover, biotic control allowing reuse of resources and rapid 
reconstruction, and rehabilitation (Alongi, 2008; Ellison, 2000). Although mangroves are 
known for their resilience to environmental changes and degradation, they have been and still 
are subjected to geological, physical, chemical and biological disturbance in both time and 
space. Mangrove degradation has been encountered in different part of the world mainly due 
to extensive manipulations and changes of hydrological processes, such as channelization and 
drainage. Climate change, overexploitation of biological resources and land-based pollution 
are other significant factors to mangrove degradation (Lugo & Snedaker, 1974; Alongi, 2008; 
Peng et al., 2013).  
 
Mangroves are known to be salt tolerant as their habitats are characterized by saline water. 
Mangroves have therefore developed the capacity of being relatively insensitive to salt 
toxicity as well as maintaining high cellular water potential. Hence, most mangroves thrive 
well in both brackish and freshwater, and some species are found in areas where tidal effects 
are small and where freshwater inputs are high. This means that different mangrove species 
tolerate different level of salt concentrations. Different suggestions have been made for how 
high salinity in soil mangrove can tolerate and a level between 90 to 155 ppt has been 
identified as a limit (Tomlinson, 1986). Different studies on the effect of salinity on 
mangroves have already been conducted, as mangrove degradation has become an issue in 
many of coastal ecosystems around the world. In a study carried out by Chen & Ye (2014), 
the effect of salinity on seed germination and growth on a mangrove species found in 
Southeast China, Excoecaria agallocha, was assessed. The results showed that the seedlings 
of E. agallocha thrived and began to develop a root system when salinity levels where 
between 0 to 5 ppt and even at 15 and 25 ppt. When salinity levels increased above 25 ppt, E. 
agallocha was starting to decline in growth and a decrease in leaf number and leaf area as 
well as basal diameter could be identified. Not only for the case of mangrove in China (Chen 
& Yen, 2014) is hypersalinity affecting mangrove productivity and health. Examples of 
mangrove degradation due to hypersalinity can be found on the east central coast of Florida 
(Stringer et al., 2010) and in the mangrove-fringed Konkoure River Delta in Guinea 
(Wolanski & Cassagne, 1999). However, in the case of mangrove degradation in the east 
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central coast of Florida, the interaction between saline water, high evaporation rates and the 
plants ability to evapoconcentrate water has been contributing to the hypersaline conditions 
in the subsurface below mangroves, which had led to further degradation of mangroves 
(Stringer et al., 2010). In the case of the mangrove-fringed Konkoure River Delta in Guinea, 
hypersalinization occurs during the dry season and especially for dry years. As such 
conditions, mangroves are effected negatively, but start to recover as the drought period ends. 
Parallel to the natural conditions affecting the mangrove of the Konkoure River Delta, rice 
farming also had an impact on the hydrological and ecological conditions of the wetland 
since rice farms often include constructions of dikes and channels to protect the cultivations 
and provide them with freshwater. Consequently, less freshwater inflows to the mangrove 
area will contribute to an increase in seawater intrusion and therefore to higher salinity levels. 
Combining the climatic dynamics, namely the drought periods, and the increased rice 
farming, the mangrove population was considered to be highly at risk after drought periods 
and for the changes of the freshwater input (Wolanski & Cassagne, 1999).  
 
Mangrove degradation due to hypersaline conditions has been and still is a current problem in 
the coastal wetland of Ciénaga Grande de Santa Marta (CGSM), Colombia (Rivera-Monroy 
et al., 2011; Konnerup et al., 2014; Ibarra et al., 2014; Elster, 1999), which is the focus of this 
study. About 360 km2 of mangrove forest (about 70% of the original cover of 520 km2) has 
died out due to extensive anthropogenic activities (such as construction of dikes, berms, roads 
and dams) that started in the year of 1956 provoking a significant environmental degradation. 
Consequently, major effects on the hydrology of the area were identified, especially on water 
quality and salinity levels, and the consequences can still be observed today (Blanco et al., 
2006; Elster, 1999). Previous studies show that salinity, sediment load and nutrient 
concentrations increased when the water input to the wetland complex of CGSM was 
regulated, thereby affecting the mangrove forest (Botero & Salzwedal, 1998). Restoration 
attempted have been made to reestablish the mangrove population and the water quality in 
the year of 1974 by digging channels to enable freshwater inflow from the Magdalena River 
to the west side of the wetland complex of CGSM. Between the years of 1989 and 1998, 
further restoration attempts were made through monitoring and reopening of the obstructed 
channels as well as installing box-culverts at different points under the highway connecting 
the cities of Ciénaga and Baranquilla to enable the exchange between seawater and water 
from the lagoon (Elster, 1999; Perdomo et al., 1998; Konnerup et al., 2014). However, the 
restoration programs were partly unsuccessful due to the lack of hydrological knowledge 
(Hylin, 2014). Furthermore, the spatial and temporal distribution of salinity levels of the 
lagoon of CGSM and the temporal variability of salinity for the area of Complejo de 
Pajarales have been studied for the period of 1999 to 2001 (Rivera-Monroy et al., 2011). 
Results from this study showed that the salinity levels for the CGSM lagoon is mostly 
controlled by freshwater discharge from the connecting rivers and that the ENSO-La Niña 
had a decreasing effect on salinity for both studied areas of the wetland complex of CGSM 
(Rivera-Monroy et al., 2011). Moreover, Elster (1998) acknowledged the importance of 
seasonality as a primer influence on the mangrove for the wetland complex of CGSM and not 
the tides and consequently the seawater inflow.  
 

1.2	Objectives	and	research	questions	
	
As discussed above, previous studies show the importance of the survival and good health of 
wetland ecosystems as a key element for sustainable development. However, many wetlands 
and coastal wetlands have been and are subjected to extensive degradation due to both human 
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activities and climate changes, mainly affecting the hydrology of these ecosystems. At the 
same time, little is known about wetland hydrology and coastal wetland hydrology in 
particular. This is also the case for the wetland complex of CGSM, where significant 
mangrove degradation has been identified as a result of hypersaline water. Hence, studies on 
the salinity of the wetland complex of CGSM indicate that there is a link between 
hypersalinity leading to mangrove degradation and changes of the hydrological conditions. 
Moreover, there also seems to be a link between the mortality and degradation of the 
mangrove forest and extreme climatic events (droughts), long-term climate change in the area 
and possibly the inflow of organic and inorganic pollutions. These compound of 
anthropogenic, climatic and ecological factors are difficult to disentangle, and to date the 
mangrove mortality events cannot be unequivocally attributed to only one of these factors. 
This lack of knowledge, and particularly the lack of hydrological knowledge of the wetland 
complex of CGSM, prevents the development of suitable adaptation and restoration strategies 
to protect this endangered environment.  

The purpose of this study has therefore been to disentangle the hydrological processes 
affecting the salinity level by analyzing the seasonal salinity patterns of the wetland complex 
of CGSM in time (from the year of 2000 until the year of 2015), and space. In addition, 
patterns in the salinity data have been studied statistically in relation to climatological data. 
The research questions relating the hydrological processes and the salinity have therefore 
been: 

- How do salinity patterns change in time and how are they correlated to climatological 
factors? 

- How do salinity patterns change in space and which hydrologic drivers can be 
identified that explain these spatial patterns? 

The first question is addressed in section 4.1 and the second one in section 4.2. The results 
are placed into a broader context and interpreted to support possible restoration efforts in 
section 5. 

 

 

 

 

 

 

 

 

 



	 12	

Figure	1.	Geography	of	the	wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	(source:	INVEMAR	2015,	translated	by	
Imenne	Åhlén).	

2.		Study	area	
 

The wetland complex of CGSM, located in the Caribbean coast of Colombia (Between 
10o37’ to 11o07’ north and 74o15’ to 74o51’ west), is the largest and most important lagoon-
delta ecosystem in the Caribbean coast (Rivera-Monroy et al., 2011; Figure 1). The wetland 
complex of CGSM is part of the exterior delta of the largest river in Colombia, Magdalena 
River, and three other major rivers, Aracataca, Fundacíon and Sevilla that drains into the 
wetland from the mountain of Sierra Nevada de Santa Marta (SNSM). The wetland complex 
of CGSM is positioned on an alluvial plane overlapping the lateral floodplain of the 
Magdalena River and bordering the high alluvial terrace of the SNSM (Garay et al., 2004; 
Ramsar Wetlands, 1998). The wetland complex of CGSM is composed by several water 
bodies, where the major lagoon, Ciénaga Grande de Santa Marta (with an area of 450 km2), is 
located close to the mountain of SNSM and the second largest lagoon of the wetland 
complex, Complejo de Pajarales (with an area of 120 km2), is located to west of the main 
lagoon. Moreover, several smaller lagoons are located south of Complejo de Pajarales and 
some to the north (Figure 2). Isla de Salamanca is an additional lagoon in the composition of 
the wetland complex of CGSM. Apart from the rivers that drain into to the wetland, channels 
connect the Magdalena River and Isla de Salamanca to the wetland complex, such as Caño 
Aguas Negras, Caño Clarin and Caño Bristol (Figure 2). Human infrastructure such as roads 
and settlements are also part of the geography of the wetland complex of CGSM, such as the 
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Figure	 2.	Land	Cover	and	geography	of	 the	wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	 for	 the	year	of	2015	
(source:	INVEMAR	2015,	translated	by	Imenne	Åhlén). 

villages of Nueva Venecia and Buena Vista located in Complejo de Pajarales, as well as the 
road that connects the city of Baranquilla to the smaller city of Ciénaga (Figures 1 & 2). 
Moreover, fisherman towns occupy the barrier coast on the north coast of the main lagoon 
(Botero & Salzwedel, 1999). 
 
The wetland complex of CGSM is located in a tropical arid climate zone. Heavy precipitation 
periods occur from May to November, whereas rainfall peaks in October. As such, a dry 
period follows the rain period from December to April. Average annual temperature is 
around 28oC and relative humidity varies between 70% and 80%, depending on the season. 
The land cover of the wetland of CGSM is mainly composed by mangrove forest and other 
type of floodplain vegetation. Agriculture and pasture dominate the alluvial plain on the east 
side of the wetland complex of CGSM (Figure 3). Furthermore, many different species of 
reptiles, birds, mammals, molluscs and fish can be found within the ecosystem (Ramsar 
Wetland, 1998). Hence, the wetland complex of CGSM is considered as a social-ecological 
important ecosystem for the sustainable development of the region as the wetland provides 
the local people with food, timber and commercial fisheries as well as drinkable water and 
traditional use of fauna and flora (Vilardy et al., 2011). 
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Figure	3.	Map	over	the	natural	processes	and	human	activities	considered	having	an	impact	on	the	wetland	complex	of	
Ciénaga	Grande	de	Santa	Marta	(source:	INVEMAR	2015,	translated	by	Imenne	Åhlén). 

As described before, the wetland complex of CGSM has been and still is subjected to 
substantial environmental changes and degradation, affecting the ecosystem services 
generated by the wetland. In the 1950s, the highway connecting the city of Barranquilla to the 
smaller town of Ciénaga was build, which blocked the interaction between seawater and the 
lagoon water. Additionally, constructions of dikes and berms along the rivers as a protection 
from floods and for irrigation purposes were also constructed. Hypersalinization, mangrove 
degradation and decrease in fish population where some of the subsequential issues 
encountered which were considered as an effect of the infrastructure previously established in 
the area (Botero & Salzwedel, 1999; Perdomo et al., 1998; Konnerup et al., 2014). Mangrove 
degradation of the wetland complex of CGSM is still a problem today and the area where the 
degradation has been preeminent is in Complejo de Pajarales and particularly in Ciénaga de 
Ahuyama (Ibarra et al., 2014; Figures 2 & 3).  
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The major problems, illustrated in figure 3, considered impacting the wetland complex of 
CGSM today, are due to both natural processes and human activities. On the coastal area of 
the wetland, coastal erosion and aeolian processes are the main factors considered impacting 
on the barrier coast. Timber extraction, fish mortality and hypersalinization have also been 
identified as major issues within the wetland complex of CGSM. Moreover, irrigation and 
construction of dikes are assumed to disturb the natural water flow of the rivers into the 
lagoon, and sedimentation of the channels is assumed to reduce the water exchange. 
Additionally, the expansion of agricultural land is also considered affecting the surrounding 
environment of the wetland complex of CGSM (Figure 3). 
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3.	Methods	and	Materials		
As hydrological conditions are connected to wetland development and conditions  
(Bedford, 1996), there are reasons to believe that the hypersalinity of the wetland complex of 
CGSM is connected to the hydrological processes. However, the understanding of the 
hydrology of the wetland complex of the CGSM is limited (Hylin, 2014) and only little 
information is available regarding the water movement within the wetland complex of CGSM 
and water movement between adjacent hydrological systems and the wetland complex of 
CGSM. As such, this study takes on an ecohydrological perspective of the factors 
contributing to the hypersalinity of the wetland complex of CGSM. Two main analyses have 
therefore been carried out, namely studies of salinity patterns in both space and time.  
 
Another important part of this study has been the collaboration with Instituto de 
Investigaciones Marinas y Costeras (INVEMAR) that has been an asset for collection of 
information on the wetland complex of CGSM. INVEMAR has been providing access to 
different maps and articles as well as consultation and dialogue concerning the ecological 
problems that the wetland complex of CGSM has been facing and is facing today. 

3.2	Salinity	data	(historical)	

 
 
 

Figure	4.	Map	over	the	sampling	zones	of	the	wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	(source:	INVEMAR,	
translated	by	Imenne	Åhlén). 
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The analysis of salinity patterns in time has been done by studying the salinity levels from the 
year of 2000 until the year of 2015. The salinity data has been analysed according to the two 
distinctive seasons that characterises the climate of the region (Rivera-Monroy et al., 2011; 
Perdomo et al., 1998). As such, the dry season (December to April) has been analysed both 
separately and in comparison to the rain season (May to November). The salinity data has 
been retrieved from INVEMAR and the studied period was chosen by the availability of the 
data.  
 
Salinity data from INVEMAR are expressed in parts per thousand (ppt) and collected once a 
month for different points for six different sampling zones of the wetland complex of CGSM 
(Figure 4): 0. Marina, 1. Rio SNSM, 2. CGSM, 3. Complejo de Pajarales, 5. Rio Magdalena 
and 6. Salamanca.  
 
Additionally, the salinity data retrieved from INVEMAR contained missing data for some 
years and sampling zones (Appendix A). For this study, the salinity data was analysed both 
by sampling zone (an average was made for each sampling zone) and at wetland scale (an 
average of salinity for all sampling zone within the wetland complex of CGSM was made). 
Throughout the analysis of this study, the sampling zones established by INVEMAR have 
been used to facilitate the analysis. Moreover, to enable the understanding of salinity patterns 
in space through human activity, such as channels, dredging data of the freshwater channel of 
Aguas Negras was retrieved from Corporación Autónoma Regional del Magdalena 
(CORPAMAG). Only one channel was studied since the availability of dredging data for 
other neighbouring channels was extremely limited. Additionally, the channel of Aguas 
Negras is the main connection between the Magdalena River and Complejo de Pajarales 
bringing freshwater. As the mangrove degradation has been highest due to hypersalinity in 
the area of Complejo de Pajarales, the data concerning the dredging of the channel of Aguas 
Negras was considered essential to the understanding of hypersalinity.  

3.2	Climatological	data	
The climatological data, such as precipitation and proxies to characterize the southern 
oscillation cycles, was analysed for the same period as the retrieved salinity data as both 
climatological components plays an important role in the hydrological processes of wetlands. 
The southern oscillation cycles influence the seasonality of the precipitation and 
consequently the amount of freshwater entering the wetland complex of CGSM. Therefore, 
looking at the climatological factors for a longer period and link them to the salinity for the 
same period would increase the understanding of the causative factors behind the 
hypersalinity of the wetland. 
 
Monthly precipitation data from seven meteorological stations representative for the wetland 
complex of CGSM was collected from Instituto de Hidrología, Meteorología y Estudios 
Ambientales (IDEAM) (Appendix A) for the same period as the retrieved salinity data. Some 
missing data for the year of 2015 had to be taken in consideration while putting together the 
precipitation data. The missing data for the concerned months of the year of 2015 was 
estimated by using the normal-ratio method (Dingman, 2002) (Equation 1): 
 

𝑃! =  !
!

 !!
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!!
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𝑃!   Equation 1
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Were, X is the station with missing precipitation, P is the precipitation, 𝑚 is the amount of 
surrounding gauges, Nx is the average annual rainfall at station X and N1, N2, …, Nm  are the 
average annual rainfall values at the m surrounding gauging stations. The normal ratio 
method has been used to estimate missing rainfall values as it calculates the weighted 
precipitation by the ratio of the normal rainfall of the surrounding stations. Furthermore, as 
precipitation has been studied according to the seasonality of the area, the seasonal 
precipitation was estimated by summing up the monthly precipitation for the respective 
season and year.  
 
To be able to calculate the representative amount of precipitation from each gauging stations 
according to the studied area, the Thiessen polygon method (Equation 2) was used for the 
wetland complex of CGSM (Figure 5). The Thiessen polygon method facilitates the 
estimation of precipitation for a specific area of interest by defining the area of influence 
around the gauging station. As such, it enables the calculation of the weighted precipitation 
by taking the area in consideration (Dingman, 2002): 
 

𝑃 =  !!!!
!
!!!

!!!
!!!

  Equation 2 

 
Were, 𝑃 is the average precipitation, 𝑃! is the precipitation for each polygon, 𝐴! is the 
polygon area.  

Figure	 5.	Map	over	 the	wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	showing	the	meteorological	 stations	and	
the	Thiessen	polygons	(Shape	file	by	INVEMAR,	Thiessen	polygons	calculated	by	Imenne	Åhlén). 
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The precipitation for each sampling zone was also estimated using the Thiessen polygon 
method (Figure 5). As such, the precipitation for sampling zones located within a polygon 
will have values related to the precipitation station associated to that polygon. However, 
precipitation for sampling zones located within several polygons will have an average value 
from the precipitation stations associated with those polygons. For example, the precipitation 
for the sampling zone of SNSM will have an average precipitation values from the station no. 
3,4,5 and 6 (Figure 5). Moreover, the precipitation for the sampling zone of Salamanca is 
estimated from the precipitation station no. 1, even though it is not located within the 
polygon, since the precipitation for that zone is not considered to be particularly different 
from the precipitation values at station no. 1 (Figure 5). 
 
The Southern oscillation data was obtained from the Centre for Weather and Climate 
Predictions of the National Oceanic and Atmospheric Administration (NOAA) and studied 
for the same period as the salinity and precipitation data. From this data set, information 
about Sea Surface Temperature (SST) anomalies was gained which enabled the study of the 
variation between El Niño and La Niña periods.  

3.3	Field	study	and	salinity	measurements	
The analysis of salinity patterns in space has been conducted by sampling over the wetland 
complex of CGSM at two occasions using an CTD-10 water depth, electrical conductivity 
(EC) and temperature sensor (Decagon Devices). The CTD-10 records the electrical 
conductivity within a range of 0 to 120 dS/m, with an accuracy of ± 0.01 dS/m. As such, it is 
an appropriate tool to measure salinity as it uses the electrical conductivity to estimate the 
concentration of salt in water and gives information about dissolved solid. Moreover, the 
CTD-10 measures temperature up to 49oC with an accuracy of ± 1oC. To enable the spatial 
recording of salinity across the wetland complex, a Garmin GPS 60 was used to record the 
geographical position for each salinity sample point. The measurements were taken in many 
of the sampling zones of the wetland complex of CGSM (Figures 18, 19 & 20) to enable the 
analysis of salinity patterns in space. For each sample point several measurements have been 
taken and later averaged to get representative conductivity estimates. As such, the 
measurements in the sampling zone of CGSM where taken with an approximated interval of 
5 km between the measurements. Additionally, some measurements were taken in the middle 
of the main lagoon as an important part of the analysis of the variability of salinity in space. 
Furthermore, many measurements were taken in the sampling zone of Complejo de Pajarales 
and in the area of Ciénaga la Ahuyama, which is the area where the degradation of mangrove 
has been the highest. Sampling was executed in the same way in the zones of Complejo de 
Pajarales and Ciénaga la Ahuyama as it had been done for the sampling zone of CGSM. 
Moreover, measurements were also taken in the area connecting the rivers and channels to 
the wetland complex of CGSM and in the 
rivers and channels feeding the wetland complex. The objective with measuring the salinity 
across the wetland complex has been to analyse how salinity varies among the sampling 
zones to enable the understanding of how water moves across the wetland complex.  
 
The gathering of salinity data has been done on two different occasions, one in the end of the 
dry season and another one in the beginning of the rain season. The process of gathering 
salinity data was done the same way for both sampling periods, although fewer sampling 
points where taken during the second campaign as the possibility of collecting more data was 
limited by time. Therefore, sampling in the southern part of the lagoon of CGSM and near by 
the river Aracataca as well as by the channel of Aguas Negras was not conducted on the 
second sampling campaign due to time limitation. Furthermore, some problems with the 
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CTD-10 device at the end of the second sampling campaign occurred which was solved by 
using salinity data taken by the water quality group of INVEMAR, with whom the second 
sampling campaign was performed. The device used by the water quality group of 
INVEMAR was a ProfiLine Cond 3110 that measures electrical conductivity, salinity and 
temperature. The ProfiLine Cond 3110 measures the electrical conductivity up to 1000 dS/m 
with an accuracy of ± 0.5 % as well as temperature up to 105oC with an accuracy of ± 0.1oC 
(WTW device).  
 
Additionally, the gathering of salinity data of the sampling zone of Isla de Salamanca was 
only possible during the first sampling occasion. However, the salinity data collection of Isla 
de Salamanca facilitates the analysis of differences between hypersalinity in an area where 
the degradation of mangrove has been the smallest and hypersalinity in the area of Complejo 
de Pajarales where the degradation of mangrove has been the highest. The salinity data have 
been collected in the same way for Isla de Salamanca as for the wetland complex of CGSM.  
 
As the salinity data was collected indirectly by measuring electrical conductivity, a 
conversion had to be made to obtain the salinity in the same units as the historical data, i.e., 
in ppt. As such, the electrical conductivity was converted to salinity in ppt using an empirical 
equation (Equation 3) derived from a linear regression modelling of the relation between 
salinity and electrical conductivity for the Punta Cabullones wetland located in Puerto Rico 
(Rodríguez-Martínez & Soler-López, 2014). As the Punta Cabullones wetland is located in 
the same climate zone with similar hydrological conditions as the wetland complex of 
CGSM, the following equation was considered applicable for this study:  
 

   𝑆 = 0.0007 ∗ 𝐸𝐶 − 2.7  Equation 3 
 
Where, S is the salinity expressed in parts per thousand (ppt), EC is the electrical conductivity 
expressed in microsiemens per centimetre (µS/cm), 0.0007 is the constant of proportionality 
of the equation and -2.7 is the correction factor.  
 
To enable the visualization of the salinity patterns in space, the sampled salinity data has 
been interpolated in a map. The interpolation has been carried out with an Inverse Distance 
Weighting (IDW) method, which assumes that areas near the sample point are more alike to 
have the same or similar values equal to the adjacent sample point than sample points further 
away. As such, areas closer to one sample point will be more influenced by that point and 
will therefore get a relative value as the neighbouring point. Areas between two or several 
sampling points will therefore get values more accurate when close to the sampling point. For 
this reason, the IDW method is considered the most suitable method for the type of data 
collected in this study.  

3.4	Statistical	analyses	
To complete the analysis of salinity patterns in time, the long-term salinity data retrieved 
from INVEMAR has been analysed statistically. A regression analysis has been carried out to 
evaluate the strength of the relationships between different variables. The regressions provide 
correlation coefficients (r). The correlation has been analysed among salinity, year, SST-
anomalies and precipitation for two different scales of the wetland complex to enable the 
understanding of which variables influences salinity at different scales. First, the correlation 
between the average salinity for the whole wetland complex and year, SST-anomalies and 
average precipitation for the whole wetland complex was carried out. Second, correlation 
analysis between the salinity for each zone and year along with precipitation was performed.  
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Moreover, a multiway (N-way) Anova test has also been carried out using the mathematical 
computing software MatLabTM to enable a statistical analysis between salinity as the tested 
variable against year, SST-anomalies, precipitation and samplings zones. The Anova test 
determines the significant differences between the means between more than two groups. As 
such, the Anova test analyses the variance of each group to identify if the averages of each 
groups are significantly different. The test consists of comparing the variance and averages 
between the groups to analyse if the different groups make part of a bigger group or distinct 
groups by testing the null hypothesis of no difference among groups with a 95 % confidence 
interval. When the null hypothesis is rejected, conclusions can be made that the means of 
some groups are not the same, i.e. significantly different (Onlinestatbook & MathWorks, 
2016). As such, the N-way Anova test provides a table with the analysis of variance showing 
the degrees of freedom (d.f.), sum of squares (Sum.Sq.), mean square (Mean. Sq.), the ratio 
calculated by dividing the mean square with the error of the mean square (F) and the 
probability (p-value) of getting a value equal to F or larger (Prob>F) for each source of 
variation, namely the variables tested against salinity. Consequently, when the p-value is 
higher than 0.05 the null hypothesis cannot be rejected but when the p-value is lower than 
0.05 conclusions can be made that the groups are significantly different which means that the 
variable has no significant impact or is not linked to the comparative factor, in this case 
salinity (OnlineStatbook, 2016). 
 
The Anova test has been run two times with salinity as the comparison factor for the two 
different scales used as for the regression analyses. As such, one test has been run with 
average salinity for the whole wetland complex (wetland scale) as the comparison factor 
against four other variables such as average rainfall for the whole wetland complex, year, 
SST anomalies and seasonality. Another test has been run by sampling zone (zone scale), 
which means that the comparison factor is the average salinity for each sampling zone against 
average rainfall by zone, year, sampling zone and seasonality. Testing the salinity at different 
scales against rainfall, year, SST anomalies, sampling zones and seasonality, increases the 
understanding of the significant differences of salinity across years, zones and seasons as 
well as the relationship between salinity, at wetland and zone scale, and rainfall as well as 
SST-anomalies. 
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Figure	6.	Average	salinity	for	the	dry	season	from	the	year	of	2000	until	the	year	of	2015	for	the	different	sampling	zones	of	
the	wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	(source:	INVEMAR,	2015).	

4.	Results	

4.1	Salinity	patterns	in	time		
Figure 6, representing the salinity patterns for the dry season, shows clearly that the salinity 
levels are constantly higher at the outlet of the wetland complex of CGSM to the sea, namely 
for the sampling zone of Marina, with peaks over 35 ppt for the years of 2004 and 2010. The 
salinity for the dry season is constantly lower in the rivers, that is for the sampling zones of 
Rio Magdalena and Rio SNSM, compared to the sampling zones located within the wetland 
complex. The sampling zone of Salamanca also shows a low salinity levels (Figure 6). 
Similar salinity patterns can be identified for the rain season with the exception that the 
sampling zone of Complejo de Pajarales together with Marina has the highest salinity levels 
(Figure 7). However, between the years of 2006 and 2013, the sampling zone of Marina 
maintains the highest salinity levels (Figure 7). For both seasons, the salinity levels fluctuate 
considerably for all sampling zones except for the sampling zone of Rio Magdalena in the dry 
season and for the sampling zones of Salamanca and Rio Magdalena in the rain season 
(Figures 6 & 7).   
   
Moreover, the level of salinity for most of the sampling zones in the wetland complex of 
CGSM follows the same patterns for both dry and rain season from the year of 2000 to the 
year of 2015, with exception for the sampling zones of Salamanca and Rio Magdalena 
(Figures 6 & 7). The highest levels of salinity in the dry season are the years of 2003 and 
2004, 2010 and 2015 for all sampling zones except for Salamanca and Rio Magdalena. 
Complejo de Pajarales is the sampling zone that has the second highest salinity levels for the 
years of 2003, 2010 and 2015 (Figure 6). The sampling zone of CGSM shows a higher 
salinity level compared to the sampling zone of Complejo de Pajarales for the residual years 
(Figure 6).  
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While figure 6 shows the average salinity in the dry season for the different sampling zones 
trough time, table 1 shows the standard deviation of the salinity data for all the sampling 
zones through the studied period, with the highest standard deviation for the whole period 
marked in grey. Moreover, the standard deviation represented in table 1 refers to the spatial 
variation of salinity for each zone. High standard deviation can be seen for all sampling zones 
but for different years. The standard deviation for the sampling zone of Marina is relatively 
high for all studied years except for the years of 2003, 2004, 2010, 2014 and 2015. As such, 
the salinity for the other years for the Marina deviates strongly from the average, which is 
particularly the case for the years of 2008, 2009 and 2011 (Table 1). For the sampling zone of 
Rio SNSM and CGSM the standard deviation is high for the year of 2010, as well as for the 
year of 2015 for Rio SNSM and for the year of 2010 for CGSM. The salinity data for 
Complejo de Pajarales deviates considerably from the average for the year of 2003 in 
particular and relatively more for the year of 2013 and 2015. The standard deviation for the 
sampling zone of Rio Magdalena and Salamanca is relatively low for all the studied years 
except for the years of 2000 and 2005 (Table 1). 
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YEAR	

Marina	 Rio	SNSM	 CGSM	 Complejo	de	Pajarales	 Rio	Magdalena	 Salamanca	

Dry	season 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Marina NODATA NODATA NODATA 0.15 0.26 12.47 12.68 11.47 13.36 13.89 5.05 13.98 12.03 7.95 4.06 5.36
Rio	SNSM 3.40 5.70 5.01 1.15 2.45 9.08 4.69 6.91 4.58 4.72 11.42 0.15 4.05 10.32 11.30 11.43
CGSM 5.43 11.35 0.61 1.28 5.37 8.57 7.55 9.34 8.73 6.95 10.40 6.93 6.36 9.87 10.26 9.45
Complejo	de	Pajarales 3.30 4.13 7.47 11.74 4.06 6.86 4.84 7.98 5.10 4.58 7.40 3.50 3.82 9.09 9.14 9.93
Rio	Magdalena 9.49 0 NODATA 0 0 0.05 0.00 1.83 0.00 0.05 2.26 0.04 0.06 0.90 0.80 3.32
Salamanca NODATA NODATA 0.78 3.87 1.59 11.52 9.81 0.71 5.29 0.76 0.09 5.53 0.30 0.21 1.11 3.02

Table	1.	Standard	deviation	of	salinity	data	for	the	dry	season	for	each	sampling	zone	and	year	from	the	year	of	2000	until	
2015	(source:	INVEMAR,	2015). 

Figure	7.	Average	salinity	for	the	rain	season	from	the	year	of	2000	until	the	year	of	2015	for	the	different	sampling	zones	of	the	
wetland	complex	of	Ciénaga	Grande	de	Santa	Marta	(source:	INVEMAR,	2015).	
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In comparison to the dry season, all sampling zones show generally lower salinity values in 
the rain season throughout the years of 2000 to 2015 except for the sampling zone of 
Complejo de Pajarales, showing a strong fluctuation in salinity (Figure 7). However, salinity 
values in the rain season for all sampling zones increases from the year of 2012 to 2015, 
reaching salinity values close to 40 ppt. The salinity level for the sampling zone of Marina is 
lower in the rain season compared to the dry season and is lower than for the sampling zone 
of Complejo de Pajarales for the years of 2003 to 2005 and for the years of 2014 and 2015. 
The salinity level of Complejo de Pajarales is highest compared to the other sampling zones 
for the years of 2002 to 2005, 2014 and 2015, with a salinity level over 35 ppt (Figure 7). 
 
Figure 7 also shows that an increase in salinity for all sampling zones can be seen for the 
years of 2002 and 2003 as well a s for the years of 2009 and 2015 except for the sampling 
zones of Salamanca and Rio Magdalena. However, the two last zones show a distinct 
increase in salinity for the year of 2015. Moreover, the salinity level for the sampling zone of 
Complejo de Pajarales peaks remarkably for the years of 2002 and 2015 as having the highest 
salinity in comparison to the other sampling zones (Figure 7). 
 

 
By adding the standard deviation, shown in table 2, to the salinity data for the rain season for 
all studied years, a considerably higher standard deviation can be identified for the sampling 
zone of Marina for the year of 2010 compared to the other studied years. For the sampling 
zone of Rio SNSM, the standard deviation of the salinity is high for almost all years and 
especially for the year of 2015. This is also true for the sampling zones of CGSM and 
Complejo de Pajarales, with the exception that the standard deviation is highest for CGSM 
for the years of 2010 and for Complejo de Pajarales for the year of 2003 (Table 2). As for the 
sampling zone of Rio Magdalena and Salamanca, the standard deviation is relatively low 
compared to the other zones except for the year of 2015 and 2002. Considering the 
differences between the standard deviation of salinity data for the rain and dry season, the 
standard deviation is generally higher for the salinity data in the rain season than for the 
salinity data in the dry season (Tables 1 & 2). 
 
The salinity levels for both seasons (Figures 6 & 7) can be compared to the seasonal 
precipitation, presented in figure 8, of the wetland complex of CGSM from the year of 2000 
to 2015. The precipitation for both seasons follows a similar pattern of salinity. As 
precipitation increases in the rain season, the precipitation in the dry season also increases 
(Figure 8). A considerable increase in precipitation can be seen for both seasons for the years 
of 2007 and 2010, when changes in precipitation for the rain season were larger. However, 
the precipitation in the rain season has decreased since the year of 2010 (Figure 8). As the 
precipitation for the rain season increases, the salinity levels for all sampling zones tend to 

Rain	season 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Marina NODATA NODATA NODATA 11.81 8.43 9.09 8.31 6.30 12.14 5.65 37.84 8.98 7.69 6.83 7.83 0.44
Rio	SNSM 2.14 11.76 11.33 11.23 5.22 6.67 0.80 0.34 5.53 4.52 5.72 0.11 6.69 7.39 12.01 12.14
CGSM 6.93 6.17 6.56 10.67 7.02 8.13 5.14 5.80 9.68 7.25 12.23 4.74 8.79 10.02 9.69 2.29
Complejo	de	Pajarales 8.44 13.74 8.27 16.41 10.06 9.28 5.45 7.26 8.68 5.57 13.72 2.41 8.00 9.18 10.84 15.50
Rio	Magdalena 0 0 NODATA 0 0.04 0.00 0.02 0.05 0.08 0.05 1.46 0.93 1.82 0.80 4.30 8.83
Salamanca NODATA NODATA 6.67 3.51 3.03 3.82 4.14 1.67 0.71 0.14 0.14 2.93 0.50 0.53 1.90 5.61

Table	 2.	 Standard	deviation	of	salinity	data	 for	 the	rain	season	 for	each	sampling	zone	and	year	from	the	year	of	2000	
until	2015	(source:	INVEMAR,	2015)	
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decrease. In contrast, when the precipitation is decreasing, the salinity increases (Figures 7 & 
8). The salinity levels for the dry season do not seem to follow the exact same pattern as the 
precipitation for the dry season. Even though the precipitation increases distinctively for the 
year of 2010, the salinity for the dry season also increases for the same year (Figures 8 & 6).  

	
Considering the previous description of the correlation between seasonal salinity and 
seasonal precipitation, comparison can also be made between seasonal precipitation and El 
Niño along with La Niña periods. Figure 9 shows when El Niño and La Niña years occur 
during the 2000 to 2015 period, by looking at SST anomalies. The stronger the El Niño or La 
Niña, the larger the anomaly will be. As such, the periods of intensified El Niño phenomenon 
are from April 2002 to April 2003, from June 2009 to May 2010 and from April 2015. The 
periods of intensified La Niña phenomenon are from December 2000 to February 2001, from 
May 2007 to August 2008 and from August 2010 to May 2011 (Figure 9). These intensified 
El Niño and La Niña phenomenon can be compared to the precipitation in figure 8 for the 
same years. The precipitation for the same period as the El Niño phenomenon follows a 
consistent pattern with the observed SST anomalies. As such, the precipitation for both 
seasons tends to increase parallel to the strong El Niño phenomenon except for the year of 
2015 (Figures 8 & 9). In contrast, the precipitation tends to decrease for both seasons 
according to La Niña periods as an expected pattern driven by the SST anomalies. An 
exception can be made for the year of 2001 for the dry season where precipitation is showing 
a minor increasing trend in precipitation (Figures 8 & 9).  
 
Additionally, the salinity for the same periods can be analyzed according to the El Niño and 
La Niña phenomenon. For all El Niño periods, the salinity in the rain season for the sampling 
zones of Marina and Complejo de Pajarales reaches levels above 20 ppt and above 14 ppt for 
the sampling zone of CGSM (Figure 7). The salinity levels in the dry seasons for El Niño 
periods reach above 23 ppt for the sampling zone of CGSM and above 30 ppt for the 
sampling zones of Marina and Complejo de Pajarales. The salinity of the sampling zone of 
Rio SNSM increases as well as the other discussed sampling zones, but only in the dry 
season, showing values above 14 ppt for El Niño periods. The salinity of the sampling zones 
of Salamanca and Rio Magdalena do not follow the same pattern as the other sampling zones 

Figure	8.	Average	precipitation	for	both	rain	and	dry	season	for	the	whole	wetland	complex	of	Ciénaga	Grande	de	Santa	
Marta	from	the	year	of	2000	until	the	year	of	2015	(source:	IDEAM,	2015).	
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for the dry season and for El Niño periods (Figure 6). The salinity of Rio Magdalena stays 
more or less constant throughout the years for both seasons and the salinity of the sampling 
zone of Salamanca show its highest levels for the year of 2005 in the dry season but remains 
constant in the rain season (Figures 6 & 7). However, the salinity for the sampling zones of 
Marina, CGSM, Complejo de Pajarales and Rio SNSM decreases the following year as the El 
Niño period ends (Figures 6 & 9).  
 
During La Niña period for the year of 2000 and 2001, the salinity levels for the sampling 
zones of Marina, CGSM and Complejo de Pajarales starts to increase (Figures 6, 7 & 9). This 
is true for both the dry and the rain season. For La Niña period for the year of 2007, the 
salinity levels decreases towards a salinity level of 5 ppt in the rain season for the sampling 
zones of Marina, CGSM and Complejo de Pajarales but increases the following year. In 
contrast to the same period and for the same sampling zones, the salinity increases for La 
Niña period in 2007 and decreases in the following year (Figures 6, 7 & 9). As for La Niña 
period in the year of 2010 and 2011, the salinity levels for both seasons and for all sampling 
zones decreases and show relatively low values compared to other years (Figures 6, 7 & 9).  
 

	
 

Going deeper into the analysis by studying the statistical results, namely the Anova test at the 
two different scales (i.e. for the whole wetland and by sampling zone), the different sources 
of variation show different levels of significance at different scales (Tables 3 & 4). The 
results show that the SST-anomalies have a significant effect on salinity at the wetland scale 
(Table 3) as the p-value is lower than 0.05 and that seasonality, zones and precipitation are 
the factors that have significant effect on salinity at the zone scale since the p-value for these 
sources are lower than 0.05 (Table 4). On the contrary, the results also show that the factors 
that have no significant effect on salinity at wetland scale are seasonality, years and 
precipitation because the p-values for these variable are higher than 0.05 (Table 3). As such, 
seasonality and precipitation are autocorrelated due to the definition of wet and dry seasons. 
Hence, it is not surprising that they both show similar results when testing their significance 
to salinity (Tables 3 & 4). Furthermore, time (years) has no significant importance to salinity 
at the zone scale because the p-value is greater than 0.05 (Table 4).  

Figure	 9.	 	El	Niño	and	La	Niña	periods	 from	the	year	of	2000	until	the	year	of	2015	based	on	a	threshold	of	+/-	0.5	°C	 for	the	
Oceanic	Niño	 Index	(ONI).	ERSST.v4	SST	anomalies	for	a	period	of	three	months	average	of	surface	water	temperature	(source:	
NOAA,	2016)	
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Table	3.	N-way	Anova	test	showing	the	significant	effect	of	the	sources	of	variations	(seasons	(x1),	year	(x2),	SST-
anomalies	(x3)	and	precipitation	(x4))	on	salinity	at	wetland	scale.		

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Table	4.	N-way	Anova	test	showing	the	significant	effect	of	the	sources	of	variation	(seasons	(x1),	year	(x2),	zone	(x3)	and	
precipitation	(x4))	on	salinity	at	zone	scale.	
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Figure	10.	Regression	analysis	among	salinity,	year,	SST-anomalies	and	precipitation	for	the	dry	season	at	wetland	scale.	
The	panels	on	the	diagonal	show	histograms	for	each	variable	indicating	how	many	data	points	are	available	for	each	year,	
while	 the	other	panels	are	scatterplots	of	variable	pairs	 (points),	 including	linear	least	 square	regression	(lines)	(source:	
INVEMAR,	IDEAM	and	NOAA,	2015).	

 
The regression analysis among salinity, year, SST-anomalies and precipitation for both 
seasons at wetland scale is shown in figures 10 and 11. The plots presenting the relationship 
among salinity, year and SST-anomalies for both dry and rain seasons show similar patterns 
with similar r-values (Figures 10 &11). As such, an indistinct increase of the average salinity 
for the whole wetland since the year of 2000 can be seen for both seasons with r-values equal 
to 0.20 for the dry season and 0.23 for the rain season. At the same time the SST-anomalies 
tend to increase through time but only marginally with an r-value equal to 0.12 and 0.16 for 
dry and rain season respectively. However, the precipitation remains stable throughout the 
years for the rain seasons, as the r-value is equal to 0.03, but tends to decrease in the dry 
season. There is a clear correlation between salinity and SST-anomalies for both seasons with 
an r-value of 0.84 for the dry season and 0.76 for the rain season (Figures 10 & 11).  
 
The high correlation coefficients from the analysis between salinity and SST-anomalies, from 
figures 10 and 11, are also consistent with the p-values < 0 in table 3 for the source of 
variation x3. Furthermore, there is only a little correlation between salinity and precipitation 
for the dry season, with an r-value equal to 0.21, but a strong negative correlation in the rain 
season with an r-value of -0.62. As such, the correlation plots between salinity and 
precipitation show that salinity tends to increase slightly as precipitation increases and 
decrease as precipitation increases (Figures 10 &11). Additionally, the relationship between 
precipitation and SST-anomalies tend to have no significant correlation in the dry season as 
the r-value is equal to 0.17 but a stronger negative correlation in the rain season, as r-value is 
equal to -0.63 (Figures 10 & 11).  
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Figure	11.	Regression	analysis	among	salinity,	year,	SST-anomalies	and	precipitation	for	the	rain	season	at	wetland	scale.	
The	panels	on	the	diagonal	show	histograms	for	each	variable	indicating	how	many	data	points	are	available	for	each	year,	
while	the	other	panels	are	scatterplots	of	variable	pairs	(points),	including	linear	least	square	regression	(lines)	(source:	
INVEMAR,	IDEAM	and	NOAA,	2015).	

Figure	12.	Regression	analysis	among	salinity,	year	and	precipitation	for	the	dry	season	at	the	zone	scale.	The	panels	on	
the	diagonal	show	histograms	for	each	variable	indicating	how	many	data	points	are	available	for	each	year,	while	the	
other	 panels	 are	 scatterplots	 of	 variable	 pairs	 (points),	 including	 linear	 least	 square	 regression	 (lines)	 (source:	
INVEMAR,	IDEAM	and	NOAA,	2015). 
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Figure	 13.	 Regression	 analysis	 among	 salinity,	 year	 and	 precipitation	 for	 the	 rain	 season	 at	 the	 zone	 scale.	 The	
panels	on	 the	diagonal	 show	histograms	 for	each	variable	 indicating	how	many	data	points	are	available	 for	each	
year,	while	the	other	panels	are	scatterplots	of	variable	pairs	(points),	including	linear	least	square	regression	(lines	
(source:	INVEMAR,	IDEAM	and	NOAA,	2015). 

	
The correlation among salinity, year and precipitation for both dry and rain season at zone 
scale is represented in figures 12 and 13. The salinity for both seasons shows little temporal 
trend, with an r-value equal to 0.04 for the dry season and 0.12 for the rain season. The 
correlation between salinity and precipitation is also low showing r-values equal to 0.09 for 
the dry season and -0.28 for the rain season (Figures 12 & 13). As such, there is no 
considerable increasing trend of the salinity for the different sampling zones from the year of 
2000 to the year of 2015. These results can also be compared to the Anova test in table 4 
showing that precipitation has a significant effect on salinity. 
 
A more focused correlation between salinity, precipitation and SST-anomalies can be 
observed from figure 14 at wetland scale and from figure 15 at zone scale. The figures also 
show the differences between the seasons for all variables. As such, the graph plotting the 
correlation between salinity and SST-anomalies in figure 14A, shows that the salinity 
increases when SST-anomalies increases. This is true for both seasons. However, the salinity 
does not correlate much with precipitation at wetland scale for neither season (Figure 14B), 
even though salinity decreases slightly as precipitation increases in the rain season. 
Furthermore, there is no distinct correlation between precipitation and SST-anomalies except 
an extremely small decrease in precipitation as the SST-anomalies increases (Figure 14C). 
Nonetheless, this small correlation is clearer for the rain season than for the dry season 
(Figure 14C). The last graph in figure 14 (D) shows the relationship between the salinity in 
the rain season and the dry season. In normal circumstances the salinity data should be 
plotted under the trend line, as salinity during the rain season should be lower compared to 
the salinity in the dry season, which should be comparatively higher. Although, this is not the 
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Figure	14.	Correlation	plots	among	salinity,	precipitation	and	SST-anomalies	for	both	dry	and	rain	season	at	wetland	
scale	(source:	INVEMAR	&	IDEAM,	2015). 

case for the salinity data in this study as some points are positioned above the 1:1 line (Figure 
14D). The salinity for the rain season can therefore be considered as high (Figure 15A). 

	
	
	
 
 
Figure 15 also show a more focused correlation between salinity and precipitation at zone 
scale and across seasons. The correlation between salinity and precipitation is not 
considerably significant, especially for the dry season. However, the salinity in the rain 
season has a rather small correlation with precipitation, as the salinity tends to decrease when 
precipitation increases. The correlation plot between salinity in the rain season and salinity in 
the dry season in figure 15B shows the same pattern as the correlation plot for the same 
variables in figure 14C at wetland scale. Surprisingly, salinity during the rain season is often 
higher compared to the salinity in the dry season even though it also can be observed that 
salinity generally increases consistently in both seasons (Figure 14C).   
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Figure	15.	Correlation	plots	between	salinity	and	precipitation	for	both	dry	and	rain	season	at	zone	scale	(source:	
INVEMAR	&	IDEAM,	2015).	

	
As shown in figure 16, the salinity for the sampling zones of Marina (0) and Rio SNSM (1) 
shows a higher mean value in the dry season compared to the rain season. The variation in 
salinity for Marina (0) is higher in the rain season while the variation in the salinity for Rio 
SNSM is higher in the dry season (Figure 16). The distribution of salinity for the sampling 
zones of CGSM (2) and Complejo de Pajarales (3) is larger for the rain season compared to 
the dry season. However, the mean salinity for Complejo de Pajarales is higher for the rain 
season than for the dry season. The opposite is true for CGSM (Figure 16). The variation in 
salinity for the two last sampling zones, namely Rio Magdalena (5) and Salamanca (6), is 
very small compared to the other sampling zones and the mean salinity for both Rio 
Magdalena and Salamanca do not differ much between the seasons (Figure 16).  
 
	

R2 = 0.0081 R2 = 0.0784 

R2 = 0.54712 
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Figure	 16.	 Boxplot	 showing	 the	 statistical	 distribution	 of	 the	 salinity	 data	 for	 each	 sampling	 zone	 and	 season.	 The	
boxplot	 shows	 the	median	(red	 line),	 the	 first	and	 third	quartiles	 (blue	box),	 the	minimum	and	maxim	values	 (dashed	
line)	and	outliers	(red	cross)(source:	INVEMAR,	2015).		

 

In addition to the correlation plot showing the relation between salinity and precipitation at 
zone scale (Figure 15), table 5 presents the coefficient of determination values between the 
salinity for each sampling zone and the respective precipitation, for both seasons. Thereby, 
the r2-values show that the correlation between precipitation and salinity in the rain season is 
higher than for the dry season as r2-value is higher for the rain season compared to the dry 
season (Table 5). Additionally, the correlation between precipitation and salinity is highest 
for the sampling zones of Marina and CGSM, but only for the rain season. In general, 
correlation between salinity by zone and precipitation is very low (Table 5).  
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Table	5.	Regression	analysis	between	the	salinity	and	the	precipitation	for	each	sampling	zone	and	for	both	rain	and	dry	
season	showing	the	coefficient	of	determination	(r2)	(source:	INVEMAR	&	IDEAM,	2015)	

 
 
Salinity changes could also be linked to human activities opening up or closing waterways 
that connect freshwater rivers to the lagoon. In general, deepening channels via dredging is 
expected to increase freshwater inputs thereby decreasing salinity. However, the relationship 
between the amount of dredging of sediment of the freshwater canal of Aguas Negras and the 
salinity levels is not clear (Figure 17). The dredging of sediment in the canal does not seem to 
have an effect on the salinity level in the sampling zone of Complejo de Pajarales, since the 
salinity does not change according to the volume of dredged sediment in the canal (Figure 
17).  
 
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
 
 
 
 

 
 
 
 
 

Sampling zone  R2 (Rain season) R2 (Dry season) 
Marina 0.574 0.012 
Rio SNSM 0.358 0.003 
CGSM 0.372 0.012 
Complejo de Pajarales 0.295 0.104 
Rio Magdalena 0.210 0.003 
Salamanca 0.205 0.079 

y	=	7.2208e3E-06x	
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Figure	17.	Relationship	between	the	annual	amount	of	dredging	of	sediment	of	Caño	Aguas	Negras	and	the	annual	average	
salinity	level	of	Complejo	de	Pajarales	(source:	 INVEMAR	&	CORPAMAG,	2015).	The	solid	line	represents	an	exponential	least	
square	regression	curve	of	the	data.	
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4.2	Salinity	patterns	in	space		
	
The spatial distribution of salinity for the wetland complex of CGSM is shown in figure 18 at 
the first sampling campaign and in figure 20 for the second sampling campaign. Figure 19 
shows the spatial distribution of salinity for the sampling zone of Salamanca for the same 
period as the first sampling campaign was conducted.  
 
The salinity levels for both sampling campaigns for the wetland complex of CGSM tend to be 
lower near the freshwater inputs (as shown also by the historical data), such as by the rivers 
discharging into the wetland showing salinity levels lower than 33 ppt. For most part of the 
wetland complex except for the sampling zone of Complejo de Pajarales, the salinity levels 
tend to be lower than 44 ppt (Figures 18 & 20).  
 
	

 
 
 
 

Figure	18.	Salinity	distribution	in	space	in	the	wetland	complex	of	CGSM	for	the	first	sampling	campaign	(15	March	2016)	by	the	end	
of	the	dry	season	(source:	Shape	file	by	INVEMAR,	2015	&	Interpolation	made	by	Imenne	Åhlén).	
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Only the sampling zone of Complejo de Pajarales shows hypersaline water with salinity 
levels above 46 ppt for both measuring dates (Figures 18 & 20). The interpolation map 
showing the measured salinity on the first sampling campaign shows salinity levels between 
34 and 38 ppt for the majority of the sampling zones of the wetland complex of CGSM with 
some areas near the rivers and the connecting area with the Caribbean Sea showing salinity 
values lower than 33 ppt (Figure 18). As for the sampling area of Complejo de Pajarales, the 
salinity values differ largely. As such, the salinity is lowest near the channel of Aguas Negras 
with levels lower than 27 ppt but increases towards the Ciénaga de Ahuyama, reaching levels 
above 44 ppt (Figure 18).  
 
The salinity for the area of VIPIS (Figure 16) is higher further away from the sea with 
salinity levels above 45 ppt. However, the salinity levels are lowest in water bodies near the 
sea with values lower than 33 ppt and even reaching lower values under 15 ppt in water 
bodies near the channel of Caño Clarin, where freshwater flows through the area (Figure 16).  
 
The salinity levels differ between the two measuring date (compare Figures 15 & 17). The 
salinity levels in the eastern part of the sampling zone of CGSM, towards the connecting 
rivers of Sevilla and Aracataca, tend to be lower than 38 ppt compared to the western part of 
the sampling zone, towards Complejo de Pajarales, where the salinity levels are between 38 
and 44 ppt. As for the sampling zone of Complejo de Pajarales, the salinity levels tend to 
increase towards 49 ppt and as much as 61 ppt in the area of Ciénaga de Ahuyama (Figure 
17).  
 
 

Figure	19.	Salinity	distribution	in	space	in	the	sampling	zone	of	Salamanca	at	the	same	period	as	the	first	sampling	campaign	
(source:	Shape	file	by	INVEMAR,	2015	&	Interpolation	map	by	Imenne	Åhlén).	
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Overall, compared to the first sampling campaign, the second sampling campaign shows a 
decrease in salinity in the western areas of the lagoon, namely in the sampling zone of 
CGSM, but increased in the eastern areas that had not been reached by riverine freshwater 
inputs yet (Figure 20). Additionally, salinity levels are generally higher in most part of the 
sampling zone of Complejo de Pajarales showing levels higher than 39 ppt compared to the 
first measuring campaign, where salinity levels in the same sampling zone are lower than 38 
ppt for most part of the area except for areas close to Ciénaga de Ahuyama (Figure 20). 
Moreover, the salinity levels are generally higher for all the area of Ciénaga de Ahuyama for 
the first sampling campaign with levels between 60 and 67 ppt compared to the second 
sampling campaign, where salinity levels tend to decrease to values between 46 to 61 ppt 
(Figures 18 & 20). As such, the salinity levels seem to be more similar within the different 
sampling zones for the first sampling date (Figure 18). However, there is a distinct difference 
in salinity between the area of Ciénaga de Ahuyama and the rest of the wetland complex 
(Figures 18 & 20). The salinity patterns in space seems to change between the first and the 
second sampling campaign in such a way that the eastern part of the wetland complex shows 
salinity levels lower than 38 ppt while the western part of the lagoon complex show salinity 
values above 39 ppt (Figure 20).  
	

Figure	20.	Salinity	distribution	in	space	in	the	complex	of	CGSM	for	the	second	sampling	campaign	(25	April	2016)	for	the	beginning	of	
the	rain	season	(source:	Shape	file	by	INVEMAR,	2015	&	Interpolation	map	by	Imenne	Åhlén).	
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5.	Discussion	

5.1	Salinity	patterns	in	time	
Understanding the drivers of hypersalinity of the wetland complex of CGSM is a matter of 
understanding the hydrological processes that characterise the wetland. However, as previous 
studies emphasize, wetland and coastal wetlands have complex hydrological systems with 
different hydrological processes operating differently in both time and space but also 
interacting differently with each other (Bedford, 1996; Dussaillant et al., 2009; Kaplan, 
2010). Another important factor in wetland and coastal wetland hydrology is the fact that the 
characteristics of different wetlands differ from each other, which means that the 
hydrological and ecological systems also differ. In that sense, the wetland complex of CGSM 
is no exception. It is therefore necessary to analyse the hydrological systems of wetlands case 
by case. Human activities are also important factors contributing to the characteristics of 
wetlands as they tend to impact on both the hydrological and ecological system. Hence, the 
hypersalinity of the wetland complex of CGSM can be tied to changes of different 
hydrological process caused by either climate or human activities or both. Although this is 
known, the extent of each causative factor to changes in the hydrological regime of the 
wetland complex of CGSM is not known as the hydrological components contributing to the 
characteristics of the wetland have not been clearly defined.   
 
The results show that the average salinity level for the wetland complex of CGSM has 
increased between 2000 and 2015 for both the dry and rain seasons at both wetland and zone 
scale (Figures 10, 11, 12 &13). This indicates that there is a possible change of the 
hydrological processes, most probably caused by climatological factors combined with 
human activities, of the wetland complex of CGSM causing the salinity levels to increase. As 
the wetland complex of CGSM is composed by different water bodies with different salinity 
levels, it is also necessary to look at the salinity for each zone to enable the understanding of 
how the changes of the hydrological processes is affecting the salinity levels. As such, the 
results derived from the temporal variability of salinity show that the sampling zones located 
within the wetland, namely Marina, Complejo de Pajarales, CGSM and Rio SNSM follow the 
same pattern for both seasons through time (Figures 6 & 7). These patterns suggest that 
response to changes in the hydrological regime are synchronized across the lagoon, which 
consecutively indicates that the hydrologic and climatological drivers of salinity in the 
wetland complex are rather consistent throughout the different sampling zone. However, 
changes in the hydrological regime seem to affect the salinity differently for the sampling 
zones adjacent to the wetland complex of CGSM, namely Salamanca and Rio Magdalena, for 
both seasons. Hence, the salinity for the later sampling zones follows a different and singular 
pattern for both seasons throughout the years compared to the sampling zones located within 
the wetland, except for the years of 2013 to 2015 where the salinity levels increase similarly 
as for Marina, Complejo de Pajarales and Rio SNSM. The salinity patterns for Salamanca 
indicates that this sampling zone does not respond to hydrological changes the same way as 
the other sampling zones or is affected by changes of same hydrological components. 
Moreover, the stable and indeed very low salinity levels of the Rio Magdalena confirms that 
the river is not affected by factor contributing to high salinity levels and that it is a source of 
freshwater connected to the wetland complex of CGSM (Figures 6 & 7).  
 
Although the salinity of Marina, Complejo de Pajarales, CGSM and Rio SNSM follow the 
same patterns, the extent of changes in salinity levels differs from the sampling zones and 
season (Figures 6 & 7). As such, the result of a hydrological event will turn out to be 
different for the sampling zones, which could be due to the interaction between different 
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hydrological elements specific for that zone. For example, the sampling zone of Rio SNSM is 
characterized by the rivers draining into the wetland complex from the mountain of SNSM. 
Hence, a constant input of freshwater from the mountain area flows into the river system 
most likely influencing the salinity levels (Rivera-Monroy et al., 2011). 
 
Even though it is difficult to detect a clear temporal trend in salinity for both seasons, as few 
salinity peaks would have an impact on the trend analysis and because of the short time 
series, the strong and significant correlation between SST-anomalies and precipitation 
suggests that temperature is a more important driver of salinity at wetland scale than 
precipitation, for both seasons and at both wetland and zone scale (Figures 10, 11, 12 &13). 
Thus, the wetland complex of CGSM can be placed in to the context of hydrological open 
and closed systems, as discussed by Wolf et al. (2013), where wetlands located within a 
hydrological open system are dependent on streams as their main water supplies and where 
wetlands located within a hydrological closed system receive their main freshwater input 
from precipitation and groundwater. Considering that the wetland complex of CGSM is 
located within an alluvial plane and therefore much susceptible to freshwater from streams as 
described by Dussaillant et al. (2009), it is highly accurate to place the wetland into the 
context of being within a hydrological open system. Since SST-anomalies are shown to have 
a stronger correlation to the salinity levels than local precipitation at wetland scale in the 
wetland complex of CGSM (Table 3), it can be surmised that this wetland is more susceptible 
to hydrological and climatic changes at a larger scale. Therefore, hydrological changes 
upstream in the watershed, caused by El Niño or La Niña phenomenon, will have an effect on 
the runoff and discharge of the Magdalena River consequently affecting the hydrological 
system downstream. Since the level of precipitation is relatively uncorrelated to SST-
anomalies, only showing the highest correlation coefficient for the rain season, the 
correlation between salinity and precipitation is also low (Figures 10, 11, 12 &13). This 
indicates that precipitation falling directly into the various areas of the wetland complex of 
CGSM in the rain season is not sufficient to decrease the salinity levels achieved during the 
previous dry season (Figures 10, 11, 12 &13). However, rain season precipitation is inversely 
correlated with salinity at the whole lagoon scale (Figure 10). This indicates that even though 
there is an increase in precipitation in the dry season, the salinity levels will not decrease, but 
an increase in rain season precipitation could help alleviate hypersalinity at large scale and in 
the long-term.  
 
The results discussed in the previous paragraph can be related to the study by Langevin et al. 
(2005), which also discuss the importance of climate and climate change as one of the main 
factors affecting the salinity levels in the Everglades. Furthermore, the results from the 
analysis of the salinity patterns in time can be compared to cases where precipitation have the 
least effect on salinity levels (Dussaillant et al., 2009) and cases where precipitation only 
have an effect on salinity as it interacts with groundwater systems, triggering an upward 
movement of saline groundwater (Langevin et al., 2005; Rodríguez-Martínez & Soler-López, 
2014). Since the results do not show a clear correlation between salinity and precipitation 
(Table 4; Figures 12 &13) and that there is no information about the groundwater system in 
the area, it is not possible to identify any similar patterns as described by Langevin et al. 
(2005), Rodríguez-Martínez & Soler-López (2014) and Dussaillant et al. (2009). However, it 
is possible to deduce that precipitation is the climatological component that has the least 
effect on salinity and therefore assume that temperature, evaporation and evapotranspiration 
are likely to have a bigger impact on the salinity as explained by Hughes et al. (2012).  
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The lack of correlation between salinity and precipitation for each sampling zone of the 
wetland complex of CGSM clarifies the previous statements about precipitation being the 
climatological component having the least impact on salinity, although the regression 
analyses show a stronger correlation for the rain season compared to the dry season and 
especially for the sampling zone of Marina (Table 5). The inverse correlation appearing in the 
rain season can be explained by a dilution effect, while temperature and evaporation rate are 
probably more important drivers of salinity in the dry season (Figure 15a). 
 
However, the Anova test shows that seasonality and precipitation have a significant effect on 
salinity at zone scale (Table 4), which is probably due to the fact that there is a higher 
correlation between precipitation and salinity for the rain season. Moreover, it can be noticed 
that the salinity for some sampling zones does not follow an excepted pattern of seasonal 
salinity, as salinity for the dry season is not always higher than the salinity in the rain season. 
For the sampling zone of Complejo de Pajarales, the average and standard deviation of 
salinity are higher for the rain season compared to the dry season. This is also true for the 
variability of salinity for the sampling zones of CGSM and Marina even though the average 
salinity is lower in the rain season compared to the dry season. Additionally, by looking at 
the correlation plots between salinity in the rain season and in the dry season (Figures 14D & 
15B), there is a higher linear relationship between the salinity for the two seasons at zone 
scale than at wetland scale. As such, a lower salinity in the dry season does not always mean 
that the salinity in the rain season for the same year will be lower at wetland scale. In the 
contrary, the correlation between seasonal salinity at zone scale shows that lower salinity 
levels in the dry season will probably result in lower salinity in the rain season. 
Consequently, changes in the seasonality due to climate change affecting the amount of 
precipitation and freshwater availability, as discussed by Christensen et al. (2004), can be 
taken in consideration in the case of higher salinity levels in the rain season compared to the 
dry season for the wetland complex of CGSM.  
 
It is important to mention that seasonality has a possible significant effect on the salinity 
levels for the wetland complex of CGSM as discussed by Zalidis (1998) and Langevin et al. 
(2005). However, seasonality might not necessary alter salinity in the same way for the 
wetland complex of CGSM as for the southern Everglades (Langevin et al., 2005) or the 
Axios River delta (Zalidis, 1998), where the intensity of the seasons affects the salinity 
levels. Even though intensified seasonality influences the salinity levels rather strongly, it 
seems that the seasonality fluctuations are to some extent also affected by the intensity of 
previous seasons and previous years.  
 

5.2	Limitation	in	the	results	of	salinity	pattern	in	time	
 
It is important to highlight the possible uncertainties in the results from the variability of 
salinity in time in the form of missing salinity data for some sampling zones, months and 
years. This uncertainty could have an effect on the level of accuracy of the salinity data that 
was average by zone, season and year. However, as the results are shown to be rather similar 
to other studies on the salinity for the same wetland, it is not likely that the missing data 
could have a crucial effect on the results (Rivera-Monroy et al., 2011). Nonetheless, by 
averaging the salinity data by zone could impact on the statistical analyses since the standard 
deviation of salinity for each sampling zone and season, as well as the boxplot showing the 
statistical distribution of the salinity data, present rather big variations for some sampling 
zones and years. As such, there is a possibility that the correlation analyses would have 



	 41	

shown a stronger or weaker correlation coefficient between salinity and year, SST-anomalies 
and precipitation. It could therefore have been better to reanalyse the delineation of some 
sampling zones according to the consistency of the salinity levels. Moreover, the N-way 
Anova test at wetland scale seems to pick up the primary effect of SST anomalies, while 
neglecting rain season precipitation effects since precipitation is correlated with SST 
anomalies in the rain season, but not in the dry season. While SST anomalies are always well 
correlated with salinity, precipitation is only (inversely) correlated with salinity in the rain 
season. Hence the overall effect of rainfall is not statistically significant. 
 
Additionally, the delineation of the two main seasons could also have an effect on the 
representation of salinity patterns in time. Even though other studies discuss the distinction 
between the dry and the rain season for the area of the wetland complex of CGSM (Perdomo 
et al., 1998; Rivera-Monroy et al., 2011), it seems from the results that the seasonality is 
more complex and seasons are often difficult to distinguish. As such, analysing salinity 
according to a different seasonal delineation could contribute to other outcomes in the results. 
Finally, a longer study period could also contribute to a better understanding of how salinity 
has been changing trough time.  

5.3	Salinity	patterns	in	space	
	
Similar to the Axios River delta (Zalidis, 1998) or the Tensas river basin (Hunter et al., 
2008), the wetland complex of CGSM is also subjected to different human activities, such as 
agriculture contributing to channel construction and irrigation, as well as construction of 
human infrastructure. According to previous studies from Blanco et al. (2006) and Elster 
(1999) these activities are most likely to affect the salinity levels of the wetland complex of 
CGSM. As such, studying the spatial variability of salinity helps identifying the water 
movement within the wetland and therefore possibly correlates to the extent of human 
activities affecting the water inputs. To begin with, it is clear that the salinity in Complejo de 
Pajarales has been and is generally higher compared to the other sampling zones, and in 
particular in the area of Ciénaga de Ahuyama. Thus, the results from the correlation analysis 
between the salinity levels in Complejo de Pajarales and the amount of dredging of sediment 
in the channel of Aguas Negras connecting the Magdalena River to the wetland area (Figure 
17), show that the amount of freshwater inputs have no effect on the salinity of Complejo de 
Pajarales. However, the interpolation maps (Figures 18 & 20) of salinity over the wetland 
complex of CGSM show that there might be freshwater inputs affecting the salinity at some 
smaller extent, even though these inputs are not affecting the salinity for all the different 
sampling zones. The area where salinity does not seem to change much between the sampling 
campaigns is Ciénaga de Ahuyama, where salinity levels remains higher than 60 ppt. Even 
though the rain period had started when the second sampling campaign was conducted and 
that it has been raining before the second sampling campaign, the salinity did not seem to 
change in that area (Figure 20). This result could be an indication that freshwater does not 
seem to reach Ciénaga de Ahuyama from the outlet of the Aguas Negras channel and neither 
is any water moving from the north towards Ciénaga de Ahuyama.  
	
The interpolation maps from the first and second sampling campaigns (Figures 18 & 20) 
show that as the rain season started, a rather considerable water movement in the sampling 
zone of CGSM and the southern parts Complejo de Pajarales seems to occur as salinity levels 
changes in space. In the first sampling campaign (Figure 18), the sampling zone of CGSM 
showed rather homogeneous salinity levels with some areas with lower salinity levels 
compared to the rest of the lagoon. As the rain season started (Figure 20), the eastern part of 
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the lagoon started to show a substantial decrease in salinity, presumably due to the freshwater 
inflow from the rivers draining in from the mountain of SNSM to the wetland complex, as 
also described by Rivera-Monroy et al. (2011). At the same time, the western part of the 
lagoon tends to show higher salinity levels compared to the first sampling campaign, which 
could be an indication that hypersaline water from Complejo de Pajarales moves towards the 
main lagoon. Moreover, the salinity levels in the area of Complejo de Pajarales tend to be 
higher on the second sampling campaign than the first campaign (Figure 18 & 20). This 
could also be due to the fact that the rain season causes water movements, bringing 
hypersaline water from the Ciénaga de Ahuyama towards the southern parts of Complejo de 
Pajarales causing an increase in salinity.  
 
The results from the interpolation maps of the wetland complex of CGSM and from the rather 
insignificant correlation between salinity levels in Complejo de Pajarales and the amount of 
dredging of the Aguas Negras channel, indicates that there is a reduced freshwater input into 
the wetland complex of CGSM on the west side, causing the widespread mangrove mortality 
(Figure 3). This can therefore be compared to wetland and mangrove degradation due to 
hypersalinity caused by extensive human activities in China and India among other affected 
regions (Chen & Ye, 2014; Wolanski & Cassagne, 1999;	Stringer et al., 2010; Peng et al., 
2013).		
	
The interpolation map showing the salinity levels through space in the wetland complex of 
CGSM at the first sampling campaign (Figure 18) can also be compared to the interpolation 
map of the area of Salamanca (Figure 19). The interpolation map from the area of Salamanca 
shows higher salinity values further inland and further away from the freshwater source, such 
as the channel of Caño Clarin. Similar spatial salinity patterns can be seen in the interpolation 
map of the wetland complex of CGSM at the first sampling campaign. However, the area of 
Salamanca is located much closer to the sea and with no barriers between the lagoons and the 
sea. As such, it is likely that the sea also plays an important role in the lowering of salinity 
since the salinity values at the interface of the sea is lower than further inland. This process is 
probably also affecting the salinity of the sampling zone of Marina. By looking at the salinity 
values in the sampling zone of Marina from the second sampling campaign and compare the 
salinity values from the first sampling campaign, it can be noticed that a bigger area around 
Marina has lower salinity values at the second sampling campaign compared to the first one 
(Figures 18 & 20). These changes of salinity in space can be related to the fact that more 
seawater is entering the main lagoon as the rain period starts causing a decrease of salinity for 
a bigger area. These results prove that sea water interference is crucial for the lowering of the 
salinity levels. It is also crucial for mangrove because seawater contributes to oxygen 
replenishment as well as soil water exchange, as described by Stringer et al. (2010), 
Tomlinson (1986) and Lugo & Snedaker (1974). In fact, the mangrove population in the area 
of Salamanca is shown to be healthier than most of the mangrove population in the wetland 
complex of CGSM.  

5.4	Limitation	in	the	results	of	salinity	pattern	in	space	
	
Even though the hydrological processes discussed in the later paragraph concerning the 
spatial pattern of salinity is most likely to affect the salinity of the wetland complex of 
CGSM, more spatial salinity data need to be retrieved from a longer time period. As such, 
measuring salinity in space once a month would have probably given a more accurate and 
certain results about how salinity is spatially distributed throughout the year, since the results 
from this study show that the spatial distribution of salinity varies in time as well. A more 



	 43	

frequent sampling would also give a better identification of which hydrological processes lie 
behind the spatial salinity patterns. Moreover, a better sampling of the salinity, in terms of 
equivalent amount of salinity measurements and for the same areas, between the two 
campaigns would also have increased the accuracy of the results. Furthermore, sampling the 
salinity for Salamanca in the same way and for equal number of times, as discussed for the 
wetland complex of CGSM, would also increase the understanding of which hydrological 
processes that alter the spatial distribution of salinity.  
 
Additionally, using an interpolation method to identify the distribution of salinity in space 
needs a relative high number of data points as more data points increases the accuracy of the 
interpolation. If the number of data points are scarce and unevenly distributed over a rather 
large area, such as the wetland complex of CGSM, the interpolation would give a less 
accurate interpretation of the reality, as areas with no points will get similar values as the 
closest points for that area. It is therefore important to have a sufficient amount of data points 
in a large area, especially if heterogeneous, so that the results can reflect the actual patterns in 
a more accurate way. However, this does not mean that the interpolation method is 
inaccurate. It means that the method needs a satisfactory amount of data point to reflect the 
actual patterns accurately. For this study, collecting more data points would have beneficial 
for the interpolation maps and especially for the second sampling campaign.  
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6.	Conclusions	
	
The results derived from the analysis of salinity patterns in time show that there is a very 
small increasing trend of salinity at both wetland and zone scale throughout the studied 
period and season. Moreover, the salinity for the sampling zones that are located within the 
wetland complex of CGSM follows the same patterns throughout the period between the year 
of 2000 and 2015 and for both seasons, which could indicate that the salinity for these 
sampling zones is influenced by the same changes of hydrological processes of the area. The 
correlation of the salinity at wetland scale for both seasons and SST-anomalies shows that 
there is a clear link between the two variables, which can be compared to the correlation 
between seasonal precipitation and seasonal salinity. According to the N-way Anova test, 
seasonality and precipitation have no significant effect on salinity. However, the N-way 
Anova test for the salinity at the zone scale shows that there is a significant effect of 
precipitation, seasonality and salinity. It can therefore be concluded that the salinity for the 
whole wetland complex of CGSM is strongly affected by changes in temperature through 
evaporation.  
 
Although these results are robust, a longer time period could have been better for the 
analysis. A longer time period would have enabled a more accurate correlation between 
salinity and other parameters. Moreover, a much clearer understanding of the pattern between 
the sampling zones would also have been achieved with a longer study period.  
 
The results from the interpolation maps show that there is a clear hypersaline area for both 
sampling campaigns in the wetland complex of CGSM located in the northern part of 
Complejo de Pajarales. The salinity from the first sampling campaign tends to decrease 
towards the south of Complejo de Pajarales with values between 1.2 to 33 ppt close to the 
channel and between 34–44 ppt in the centre and towards the main lagoon. The same pattern 
can be seen in the main lagoon and for the area of Salamanca. The spatial distribution of 
salinity for the second sampling campaign tends to have a similar pattern as the first sampling 
campaign for Complejo de Pajarales. This means that the salinity is higher in the northern 
part, Ciénaga de Ahuyama, and decreases towards the south and even more close to the 
channel of Aguas Negras. However, the general salinity levels are shown to be higher for the 
second sampling campaign, likely to be a legacy of the previous exceptional dry season. In 
the main lagoon, the western parts show higher salinity levels compared to the eastern part 
and also compared to the first sampling campaign.  
 
Additionally, the salinity pattern in space indicates that there is a tendency of changes in 
salinity levels in space for the sampling zones located within the wetland complex of CGSM 
between the season, driven by inputs from different hydrological components. As such, the 
rivers that drain into the main lagoon of the wetland complex of CGSM, carrying freshwater 
from the mountain of SNSM, seem to have a bigger impact on salinity as the rain period 
starts, probably due to higher runoff. Moreover, there also seems to be a tendency of a bigger 
amount of seawater intrusion into the main lagoon as the rain season starts, lowering the 
salinity for a bigger area around the sampling zone of Marina, compared to the dry season. 
However, it is difficult to identify the impact of freshwater coming into Complejo de 
Pajarales in the rain season, as the salinity for that sampling zone is higher in the second 
sampling campaign compared to the first one. There is also a freshwater input probably 
lowering the salinity, which can be seen from the interpolation map from the first sampling 
campaign. Hence, there seem to be a water movement, carrying hypersaline water from the 
area of Ciénaga de Ahuyama into the southern part of Complejo de Pajarales causing an 
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increase in salinity. At the same time, the amount of freshwater flowing into Complejo de 
Pajarales from the channel of Aguas Negras is probably too small to lower the hypersaline 
water coming from Ciénaga de Ahuyama.  
 
Furthermore, future studies of the spatial patterns in salinity could enable the understanding 
and identification of which hydrological processes are affecting the salinity in space. The 
reason for that lies in the fact that the results show a tendency of changes in the spatial 
distribution due to seasonality. As such, interpolation maps showing the spatial salinity 
patterns for each month during a year or a longer timer period would improve the accuracy of 
the results.  
	
Comparing the results brought forward in this study with actual discharge data from the 
rivers and channels could also have provided further insights on the hydrology of the wetland 
complex of CGSM. Unfortunately, the scarcity of this type of data makes it difficult to carry 
out such an analysis.  
 
In closing, the wetland complex of CGSM is highly vulnerable. On one hand, previous 
restoration attempts on lowering the salinity levels and leading freshwater to the wetland 
complex of CGSM have been unsuccessful (Hylin, 2014); on the other hand, ongoing climate 
changes are affecting the rainfall seasonality in the tropics, possibly leading to intensification 
of seasonality in the CGSM area (Feng et al., 2013). Considering the strong link between 
climatic anomalies and salinity, and the ineffective intervention strategies adopted so far, it 
can be concluded that alternative restoration plans informed by better hydrologic 
understanding should be adopted to mitigate the current and future changes of the hydrology 
of the wetland complex of CGSM.   
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