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Estuaries are regarded among the most ecologically threatened ecosystems worldwide 
largely due to poor land use practices within their catchment areas, freshwater 

abstraction, coastal development, and resource exploitation. Moreover, these systems 
act as repositories for various anthropogenic contaminants. The establishment and 

successful implementation of conservation and management strategies are critically 
dependent on understanding the links among physicochemical, hydrological, and 

biological variables within these systems. The book provides a comprehensive 
overview of selected topics including modeling of water exchange between estuaries 
and the ocean, sediment geochemistry and mangrove health, climate variability and 

hydrology, and pesticides in estuaries and ecosystem functioning for various estuaries 
including permanently open, mangrove, and intermittently open/closed systems in 

both the northern and the southern hemispheres.
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Preface

Estuaries form a transition zone between river and maritime environments and, as such, are
subjected to both marine and riverine influences. Estuaries are regarded among the most
ecologically threatened ecosystems worldwide largely due to anthropogenic impacts includ‐
ing freshwater abstraction, habitat loss, and the overexploitation of resources. More recently,
these systems have been identified as important repositories for various contaminants in‐
cluding heavy metals and pesticides. The development and successful implementation of
management and conservation strategies to conserve these ecologically threatened ecosys‐
tems are critically dependent on understanding the links among hydrological, physicochem‐
ical, and biological variables, and these interactions are likely to be altered with global
change. The book provides a comprehensive overview of selected topics including modeling
of water exchange between estuaries and the ocean, sediment geochemistry and mangrove
health, climate variability and hydrology, and pesticides in estuaries and ecosystem func‐
tioning for various estuaries including permanently open, mangrove, and intermittently
open/closed systems in both the northern and the southern hemispheres.

Chapter 1. Coupling watersheds, estuaries, and regional oceanography through numerical modeling
in the Western Iberia: thermohaline flux variability at the ocean-estuary interface.

The characterization of water and property exchanges at the estuary-ocean interface is key
information to understand the estuarine plume influence on coastal circulation and in the
generation of haline fronts. In this chapter, water and property exchanges at the estuary-
ocean interface for the eighth largest Portuguese estuaries were modeled using the MOHID
water numerical model for the period of 2010–2016. The numerical analysis of the estuarine
fluxes allowed for the better characterization of the various systems with contrasting catch‐
ment characteristics. Where available, the modeling results were compared to field data col‐
lected near the estuary mouth.

Chapter 2. Weather, hydrological, and oceanographic conditions on the northern coast of the Rio de
la Plata estuary during the 2009–2010 ENSO.

Climatic, hydrological, and oceanographic conditions were determined during the 2009–
2010 El Nino-Southern Oscillation (ENSO) on the north coast of the Rio de la Plata (RdlP)
estuary. Monthly flow of RdlP demonstrated significant differences between the ENSO
phases. Minimum wind stress was recorded during the 2009–2010 ENSO, during which time
the maximum flow of RdlP was observed. The high flow contributed to variations in salini‐
ty, water column stratification, nutrient availability, and light penetration, which had a
marked impact on the biology of the system. The spatial location of the turbidity front was
associated with the flow of RdlP and, to a lesser extent, wind stress.

Chapter 3. Pesticides in worldwide aquatic systems—Part I

The occurrence of pesticides in aquatic environments is a worldwide phenomenon. In this
chapter, data (the number of quantified pesticides, pesticide category, minimum, maximum,
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and average amounts) collected from 95 aquatic systems worldwide over the past 17 years
were analyzed. Data were evaluated by continent, although the focus of the study was Europe
where the largest number of studies has been conducted. Insecticides were the most common
category of pesticides often used in excess on the Asian continent. Moreover, priority pesti‐
cides settled for elimination (Stockholm Convention list) were still present in almost all the
continents, demonstrating that years after the last convention, these compounds continue to
be employed. This contributed to aquatic systems containing both legal and illegal pesticides,
which have adverse effects on different trophic levels, including humans. The study suggests
that global effort is required to regulate the use of pesticide and that continuous environmen‐
tal monitoring should be enforced to understand the potential toxicological risks.

Chapter 4. Pesticides in worldwide aquatic systems—Part II

The contamination of aquatic systems by pesticides is a worldwide problem that can have
an adverse environmental impact. Chapter 4 presents the main findings of a desktop study
that assessed possible environmental risks through theoretical calculations, using world‐
wide data published over the past 17 years taking into account different trophic levels (al‐
gae, invertebrates, and fish) and the maximum average environmental concentrations (in
water) observed in each continent. Furthermore, hazard quotients—using the estimated
average daily intake, theoretical maximum daily intake, and the maximum residue limits—
were calculated to estimate the potential risks to humans through the consumption of mol‐
luscs, crustaceans, and fish. Data indicate that algae and invertebrates are the most sensitive
groups to pesticide contamination. Elevated concentrations of pesticides were recorded in
fish suggesting that the consumption of fish may pose a health threat.

Chapter 5. The ecology and food web dynamics of the southern African intermittently open/closed
estuaries

Chapter 5 provides an overview of the ecology and food web dynamics of the southern Afri‐
can intermittently open/closed estuaries (IOCEs) and highlights the importance of freshwa‐
ter inflow, mouth phase (open versus closed), and the establishment of a link to the marine
environment in determining the trophic interactions and community composition within
these systems. The potential impact of global climatic change on ecosystem functioning of
these systems is discussed.

Chapter 6. The relationship of sediment and interstitial water properties with mangrove health in a
subtropical coastal lagoon of Mexico.

The influence of the physicochemical properties of interstitial water, sediment geochemistry,
and sediment grain size on the health of mangroves was investigated at eight stations in the
Cuyutlán lagoon, Mexico. The results of the study indicate that mangrove health was
strongly determined by tidal influence, which contributed to an increase in dissolved oxy‐
gen and organic carbon concentrations and a decrease in salinities.

William Froneman, PhD
Head of Department of Zoology and Entomology

Director of the Southern Ocean Group
Rhodes University, South Africa
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Abstract

The characterisation of the water and properties exchanges at the estuary-ocean interface 
is a key information to understand the estuarine plume influence on coastal circulation 
and in the generation of haline fronts. In this work, the largest eight Portuguese estuar-
ies were modelled using the MOHID Water numerical model for the period 2010–2016. 
Water fluxes and associated properties were computed numerically at each of the estuary 
mouths. These results served to estimate the tidal prisms, tidal flows and to describe the 
annual evolution of water temperature and salinity. Those fluxes could serve to improve 
the land boundary conditions for regional ocean models. Moreover, the numerical analy-
sis of the estuarine fluxes allow for the better characterisation of the studied systems, 
as two neighbouring estuaries could present very different fluxes and water properties. 
Where available, modelling results were compared with stations near the estuary mouth.

Keywords: Portugal, numerical modelling, MOHID, PCOMS, WIBP, salinity, estuarine 
fluxes, tidal prism, river

1. Introduction

In Ref. [1], an estuary is defined as ‘a semi-enclosed coastal body of water, which has a free 
connection with the open sea, and within which sea water is measurably diluted with fresh-
water derived from land drainage’. On its way to the open ocean, fresh water carried by rivers 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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is mixed with the saltier ocean water aided mainly by the action of tides and atmospheric 
forces. The salinity of the estuarine fluxes that are incorporated in the near ocean depend on 
several factors including the estuary tidal prism and magnitude of river run-off. While the 
size of the tidal prism is controlled by the morphodynamics of each particular area, the fresh 
water inputs are controlled by natural factors such as rainfall and human fresh water man-
agement upstream the river mouth, i.e. water irrigation, storage for electricity and deviation 
to other watersheds. The natural and man-made variability of the fresh water volume and 
properties is a constraint to characterise the estuarine waters that flow from estuaries to the 
open ocean due to the lack of permanent monitoring stations. This characterisation is critical 
to understand their influence in coastal hydrodynamics and ecological processes.

From the European environmental legislation perspective, estuaries are typically regarded as 
transitional waters in the EU Water Framework Directive (WFD, Directive 2000/60/EC) and 
therefore may mostly fall outside the scope of EU Marine Strategy Framework Directive (MSFD, 
Directive 2008/56/EC). However, estuaries may have estuarine plumes which extend beyond 
transitional waters limit, 1 nautical mile from baseline, into coastal waters or beyond; in these 
cases, the estuarine habitat would fall within the scope of MSFD [2]. For this reason, the exclu-
sion of estuaries and other transitional waters from the MSFD has been questioned [3]. In any 
case, though WFD requires the monitoring of several biological and chemical elements for the 
establishment of reference conditions in terms of water quality, long-term continuous monitor-
ing with high temporal resolution are rarely deployed in estuaries [4] and, when deployed, some 
sensors have limited capabilities for longstanding observations [5]. For this reason, numerical 
models are able to support in situ monitoring by completing the datasets spatially and tempo-
rally and by contrasting the ambiguous observed values. Also numerical models can assist to 
describe the transitional waters including the extension and influence of the estuarine plumes 
in the near ocean.

In this chapter, the tidal prism and estuarine fluxes will be characterised with the aid of numeri-
cal models and the existing monitoring stations from the main Portuguese estuaries. This work 
also aims to describe in more detail the estuarine component of the methodology to couple 
watersheds, estuaries and regional oceans through numerical modelling for Western Iberia [6].

2. Study area

In this study, fluxes from the eight largest Portuguese estuaries were analysed. These were 
from North to South: Minho, Lima, Douro, Ria de Aveiro (hereafter referred as Aveiro estu-
ary), Mondego, Tagus, Sado and Guadiana (Figure 1). All these estuaries are named after the 
main river discharging into the system with the exception of the Aveiro Estuary, where the 
principal fresh water source is the Vouga River. Their associated river catchments are distrib-
uted in areas with different climate characteristics; for example, the annual rainfall gradient 
between the two most distant rivers, Minho and Guadiana, which is around 1700 mm [7]. 
From an administrative point of view, Douro, Guadiana, Lima, Minho and Tagus are inter-
national rivers while the drainage areas of the Vouga, Mondego and Sado rivers fall entirely 
within Portuguese territory.

Estuary2

3. Material and methods

3.1. Monitoring networks

In order to validate the estuarine numerical model applications, automatic data collected along 
the estuarine continuum from hydrometric stations and estuarine buoys were gathered and 
analysed during this investigation. Hydrometric data provided reliable boundary conditions 
for the river, while the in situ estuarine data collected by the monitoring stations were used 
to validate the modelling results. Although influenced by the global decline context [8], the 
hydrometric network is a more stable and reliable source of data when compared to the long-
term autonomous monitoring of estuarine systems which is generally scarce. In fact, none of 
the estuarine stations described below are currently in operation. Moreover, to guarantee high 
performance, the sensors equipped in the estuarine stations require periodic calibration [4]. For 
instance, the performance of temperature sensors are more reliable than salinity sensors [5].

The Portuguese river hydrometric observation network, forms part of the Portuguese Environ-
mental Agency (APA, by its acronym in Portuguese), and is responsible for monitoring the 
fresh water flow in all the territory and data is made freely available in the SNIRH website 

Figure 1. Bathymetry and model domain of the estuaries analysed in this work and its location in the Portuguese 
context (bottom right): (A) Minho (top) and lima (bottom), (B) Douro, (C) Aveiro, (D) Mondego, (E) Tagus, (F) Sado 
and (G) Guadiana. In each estuary, a red line indicates the location of the cross-section where the estuarine fluxes were 
calculated. Monitoring stations in the Guadiana, Mondego and Tagus estuaries are indicated with ‘St’.
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uted in areas with different climate characteristics; for example, the annual rainfall gradient 
between the two most distant rivers, Minho and Guadiana, which is around 1700 mm [7]. 
From an administrative point of view, Douro, Guadiana, Lima, Minho and Tagus are inter-
national rivers while the drainage areas of the Vouga, Mondego and Sado rivers fall entirely 
within Portuguese territory.

Estuary2

3. Material and methods

3.1. Monitoring networks

In order to validate the estuarine numerical model applications, automatic data collected along 
the estuarine continuum from hydrometric stations and estuarine buoys were gathered and 
analysed during this investigation. Hydrometric data provided reliable boundary conditions 
for the river, while the in situ estuarine data collected by the monitoring stations were used 
to validate the modelling results. Although influenced by the global decline context [8], the 
hydrometric network is a more stable and reliable source of data when compared to the long-
term autonomous monitoring of estuarine systems which is generally scarce. In fact, none of 
the estuarine stations described below are currently in operation. Moreover, to guarantee high 
performance, the sensors equipped in the estuarine stations require periodic calibration [4]. For 
instance, the performance of temperature sensors are more reliable than salinity sensors [5].

The Portuguese river hydrometric observation network, forms part of the Portuguese Environ-
mental Agency (APA, by its acronym in Portuguese), and is responsible for monitoring the 
fresh water flow in all the territory and data is made freely available in the SNIRH website 

Figure 1. Bathymetry and model domain of the estuaries analysed in this work and its location in the Portuguese 
context (bottom right): (A) Minho (top) and lima (bottom), (B) Douro, (C) Aveiro, (D) Mondego, (E) Tagus, (F) Sado 
and (G) Guadiana. In each estuary, a red line indicates the location of the cross-section where the estuarine fluxes were 
calculated. Monitoring stations in the Guadiana, Mondego and Tagus estuaries are indicated with ‘St’.
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(http://snirh.pt). Reliable automatic stations for the study period were available in the Douro, 
Guadiana, Mondego and Tagus rivers and are Albufeira de Crestuma, 20 km upstream from 
Douro estuarine mouth, Açude de Pedrogão, 130 km upstream from Guadiana estuary mouth, 
Açude de Coimbra, 45 km upstream from Mondego estuary mouth, and Almourol, 130 km 
upstream from the Tagus estuary mouth. The location of these stations will exclude the con-
tributions to the river flow due to rainfall and other minor tributaries between the station and 
the head of the estuary, which can be relevant in heavy rainy areas.

In Portugal, several estuaries were monitored continuously during the simulated period, 2010–
2016. The SIMPATICO network comprising three in situ monitoring stations in the Guadiana 
(37.188°N, 7.411°W), Mondego (40.144°N, 8.856°W) and Tagus (39.058°N, 8.774°W) estuaries 
collected continuous water-quality and current data [4]. For the purpose of this study, only the 
Guadiana and Mondego observations from the SIMPATICO network are adequate, since the 
monitoring station in the Tagus estuary is located 40 km upstream from the Tagus mouth and 
thus unable to represent the estuarine mouth conditions. Instead, a monitoring buoy, hereafter 
referred as Algés buoy (38.694°N, 9.237°W), deployed by the water utility SimTejo was used to 
represent the Tagus water conditions in the estuary-ocean interface (Figure 1).

3.2. Numerical models

Each studied estuary was simulated for the period 2010–2016 using the MOHID Water model. 
The MOHID Water model is an open-source numerical model included in MOHID Water 
Modelling System (http://www.mohid.com; [9]) developed continuously since 1985 mainly at 
the Instituto Superior Técnico (IST) from the Universidade de Lisboa. The model adopted an 
object oriented philosophy model for surface water bodies that integrates different scales and 
processes using finite volumes. The core of the model is a fully 3D hydrodynamic model which 
is coupled to different modules comprising among others water quality, atmosphere processes, 
discharges, oil dispersion, mixing zone model for point source discharges. The MOHID Water 
model has been applied to many coastal and estuarine areas worldwide and has shown its ability 
to simulate successfully very different spatial scales from large coastal areas to coastal structures.

For this study, most of the estuarine modelling applications were simulated using modelling 
grids, domains and bathymetries from previous studies (Table 1). The bathymetries of the 
Minho, Lima and Sado estuarine model applications were updated on their ocean side using 
improved global bathymetric databases such as the EMODnet-Hydrography portal (http://
www.emodnet-hydrography.eu). Only the Guadiana estuary model domain was fully devel-
oped for this study, using a 100 m resolution bathymetry model for the Guadiana estuary 
provided by the Instituto Hidrográfico (http://www.hidrografico.pt).

Boundary conditions were updated for most of the applications; on the ocean side, the estua-
rine models were nested to the Portuguese Coast Operational Modelling System (hereafter 
referred as PCOMS; [10]), following the downscaling methodology described in Ref. [11]. On 
the landward side, Douro, Guadiana, Mondego and Tagus estuaries were forced by river flow 
data obtained from the closest stable monitoring station from the Portuguese river hydrometric 
observation network (http://snirh.pt; Table 1). Due to the limited data available for the rivers 
discharging in the Aveiro, Lima, Minho and Sado estuaries, flow data were obtained from a 
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(http://snirh.pt). Reliable automatic stations for the study period were available in the Douro, 
Guadiana, Mondego and Tagus rivers and are Albufeira de Crestuma, 20 km upstream from 
Douro estuarine mouth, Açude de Pedrogão, 130 km upstream from Guadiana estuary mouth, 
Açude de Coimbra, 45 km upstream from Mondego estuary mouth, and Almourol, 130 km 
upstream from the Tagus estuary mouth. The location of these stations will exclude the con-
tributions to the river flow due to rainfall and other minor tributaries between the station and 
the head of the estuary, which can be relevant in heavy rainy areas.

In Portugal, several estuaries were monitored continuously during the simulated period, 2010–
2016. The SIMPATICO network comprising three in situ monitoring stations in the Guadiana 
(37.188°N, 7.411°W), Mondego (40.144°N, 8.856°W) and Tagus (39.058°N, 8.774°W) estuaries 
collected continuous water-quality and current data [4]. For the purpose of this study, only the 
Guadiana and Mondego observations from the SIMPATICO network are adequate, since the 
monitoring station in the Tagus estuary is located 40 km upstream from the Tagus mouth and 
thus unable to represent the estuarine mouth conditions. Instead, a monitoring buoy, hereafter 
referred as Algés buoy (38.694°N, 9.237°W), deployed by the water utility SimTejo was used to 
represent the Tagus water conditions in the estuary-ocean interface (Figure 1).

3.2. Numerical models

Each studied estuary was simulated for the period 2010–2016 using the MOHID Water model. 
The MOHID Water model is an open-source numerical model included in MOHID Water 
Modelling System (http://www.mohid.com; [9]) developed continuously since 1985 mainly at 
the Instituto Superior Técnico (IST) from the Universidade de Lisboa. The model adopted an 
object oriented philosophy model for surface water bodies that integrates different scales and 
processes using finite volumes. The core of the model is a fully 3D hydrodynamic model which 
is coupled to different modules comprising among others water quality, atmosphere processes, 
discharges, oil dispersion, mixing zone model for point source discharges. The MOHID Water 
model has been applied to many coastal and estuarine areas worldwide and has shown its ability 
to simulate successfully very different spatial scales from large coastal areas to coastal structures.

For this study, most of the estuarine modelling applications were simulated using modelling 
grids, domains and bathymetries from previous studies (Table 1). The bathymetries of the 
Minho, Lima and Sado estuarine model applications were updated on their ocean side using 
improved global bathymetric databases such as the EMODnet-Hydrography portal (http://
www.emodnet-hydrography.eu). Only the Guadiana estuary model domain was fully devel-
oped for this study, using a 100 m resolution bathymetry model for the Guadiana estuary 
provided by the Instituto Hidrográfico (http://www.hidrografico.pt).

Boundary conditions were updated for most of the applications; on the ocean side, the estua-
rine models were nested to the Portuguese Coast Operational Modelling System (hereafter 
referred as PCOMS; [10]), following the downscaling methodology described in Ref. [11]. On 
the landward side, Douro, Guadiana, Mondego and Tagus estuaries were forced by river flow 
data obtained from the closest stable monitoring station from the Portuguese river hydrometric 
observation network (http://snirh.pt; Table 1). Due to the limited data available for the rivers 
discharging in the Aveiro, Lima, Minho and Sado estuaries, flow data were obtained from a 
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watershed model for West Iberia with 2 km horizontal resolution (WI MOHID Land) described 
in Ref. [12]. Monthly climatology river flow or constant values were only used for other minor 
sources of fresh water, the Pranto river for the Mondego estuary, four for the Aveiro estuary 
and two rivers and 14 urban waste water treatment plants (UWWTPs) for the Tagus estuary. 
As monitoring stations providing reliable and regular water properties were absent for many 
of the rivers, water temperature in all the estuarine applications was obtained from the WI 
MOHID Land model application and river salinity was considered as pure fresh water.

All the estuarine models were implemented in 2D depth integrated domains except for the Tagus 
application, hereafter referred as TagusMouth, which is a fully 3D baroclinic hydrodynamic and 
ecological application. The TagusMouth vertical discretisation consists of a mixed vertical geom-
etry which is composed of a sigma domain with 7 layers from the surface until 8.68 m depth, 
with variable thickness decreasing up to 1 m at the surface, on top of a Cartesian domain of 43 
layers with thickness increasing towards the bottom.

Each estuarine application was forced with the higher horizontal resolution meteorological 
model available for its domain. Meteorological model applications provided 3D fields that 
included relevant model forcing variables (i.e. precipitation, solar radiation, wind modulus 
and direction, relative humidity, air temperature, etc.) and whose surface layer is interpo-
lated for each modelling domain by triangulation. The Minho, Lima and Douro estuaries 
were forced using WRF model results [13] with 4 km horizontal resolution generated by 
Meteogalicia (MG, http://www.meteogalicia.es). The TagusMouth model application is forced 
using 3 km horizontal resolution WRF model results provided by the IST meteorological 
group (IST, http://meteo.tecnico.ulisboa.pt). The Aveiro, Guadiana, Mondego and Sado mod-
elling domains used, as atmospheric boundary conditions, MM5 modelling results [14] with a 
horizontal resolution of 9 km provided also by the IST meteorological group [15].

This set of numerical models was integrated and synchronised through the ART software 
(Automatic Running Tool; Figure 2), a software for the automation of model simulations 
developed at IST that is currently used by many operational applications [6, 12, 16]. The ART 
tool is a standalone application, independent, compiled, and able to run in any Windows 
operative system. This tool can be seen as the ‘heart’ of an operational framework, controlling 
the execution of other auxiliary standalone applications or even scripts (e.g. conversion of 
file formats, interpolation and specific downloading procedures), adapting automatically the 
configuration files and launching those applications. The ART tool pre-processes the bound-
ary conditions from different sources needed to run the model, and executes the MOHID 
Water and Land model applications using the configured files. After each estuarine model has 
concluded, it executes the River Out software, a software designed specifically to extract and 
calculate the water fluxes and concentrations for all the cells comprised at a fixed longitude 
and between two defined latitudes and to store them in an organised manner.

Table 1 summarises the main characteristics of the estuarine model applications including the 
modelling domains, their location of their mouth where the fluxes were calculated, the source 
of fresh water forcing and the reference of the previous study. Most of the numerical models 
here described are currently running operationally in the MARETEC research centre (http://
forecast.maretec.org).

Estuary6

4. Results and discussion

In Portuguese estuaries, the ocean and fresh water mix are controlled by the tidal regime, estu-
ary geomorphology and river discharge. A useful parameter to characterise the estuaries by the 
tidal regime and the geomorphology is the tidal prism. The tidal prism, as defined by [23], is 
‘the amount of water that flows into and out of an estuary or bay with the flood and ebb of the 
tide, excluding any contribution from freshwater inflows’.

The defined cross-sections serve to estimate numerically and accurately the amount of water flow-
ing through the estuarine mouth and thus to estimate tidal prisms. Tidal prism volumes were cal-
culated by integrating the hourly ebb and flood flows for each tidal cycle. For each estuary, mean 
tidal prism values were obtained considering the entire dataset and differentiating between ebb 
and flood conditions obtaining volumes with a similar order of magnitude than the ones found 
in the literature (Table 2).

The volume of water discharged by the river affects the duration and intensity of the flood 
and ebb tides. Ebb tidal prisms are generally larger as they include the river flow in addition 
to the flushing tide. Furthermore, high river discharges constraint the beginning of the estu-
ary flooding. The difference between flood and ebb tidal prisms is larger in estuaries with 
low tidal prism and high river discharge such as that in the Douro estuary. When the Douro 
river flow is removed from the fluxes calculation, the obtained tidal prisms present similar 
volumes for both flood and ebb tides, estimated at around 1.21 × 107 m3. As can be seen in 
Table 2, the Douro estuary can be defined as an extreme case for Portuguese estuaries, as in 
the remaining systems, the rivers do not appear to influence the tidal prism and differences 
between ebb and flood are similar. For instance, the tidal prism of the Ria de Aveiro without 
the Vouga river discharge was 6.81 × 107 m3 which is close to the mean tidal prism volume.

Figure 2. General scheme of the Automatic Running Tool (ART) depicting the pre-processing, modelling and post-
processing cycle of operations with the elements used for the MOHID Land and MOHID Water applications used in 
this work. The River Out software is executed during the post-processing operations of the estuarine model application.
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watershed model for West Iberia with 2 km horizontal resolution (WI MOHID Land) described 
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As the estuarine fluxes changes during ebb and flood conditions, the net flux is similar to the 
river flow and always towards the ocean. However, the discharge momentum is far more 
intense than the river flow and evolves over time following the spring and neap tidal cycles. 
In order to provide a statistical indicator of the exchanged flow with the ocean, the standard 
deviation (σ) can be employed as an indicator of the mean volume exchange at the estuarine 
mouth and ±2σ would result in the average maximum volume that circulates through the 
estuarine-ocean connection (Table 2). This value allows one to determine the magnitude of the 
exchanged flow and the influence in the neighbouring ocean circulation. The Tagus estuary 
exchange flow is larger than all the other estuaries combined (around 24,000 m3 s−1), followed 
by the Sado and Aveiro with half and a tenth of the Tagus flow, respectively.1 On average, the 
total flow from the eight estuaries to the neighbouring ocean is around 55,000 m3 s−1.

Depending on the tidal prism and the volume of river discharge, the properties of the water 
exchanged with the coastal area fluctuates. Figures 3 and 4 indicate the evolution of the 
mean modelled temperature and salinity in each of the estuaries during the study period. 
Temperature and salinity values shown for the Tagus estuary in these figures correspond to 
its surface layer and therefore can be directly compared with the observations. In the rest of 
model applications, since they are bidimensional, temperature and salinity represent the ver-
tically integrated values for the entire water column.

Surface water temperatures in the Atlantic Ocean around Portugal show a clear seasonal pat-
tern with maximum temperatures during the summer months (JJA) and lower temperatures in 
winter (DJF) (Figure 3 and Table 4). In tidally dominated estuaries, i.e. large tidal prism, tem-
perature variations are reduced as ocean surface temperatures fluctuate less. For example, the 
water fluxes temperature for the Sado and Tagus estuaries range between 10 and 25°C, while in 

Estuary Mean TP (×107 m3) Flood Mean TP 
(×107 m3)

Ebb Mean TP 
(×107 m3)

Flow std. 
deviation (σ) 
(m3 s−1)

TP Reference volume 
(×107 m3)

Aveiro 6.83 ± 1.82 6.61 ± 1.86 7.04 ± 1.76 3518.92 6.00 [24]
7.00 [25]
11.90 [26]

Douro 2.20 ± 12.23 0.83 ± 0.49 3.56 ± 23.97 875.99 0.55 [27]
2.09 [26]

Guadiana 2.96 ± 1.74 2.73 ± 0.74 3.19 ± 2.73 1467.16 0.60 [26]

Lima 1.24 ± 0.57 1.08 ± 0.52 1.40 ± 0.61 749.74 0.90 [26]

Minho 3.10 ± 1.53 2.79 ± 1.39 3.41 ± 1.66 1612.07 0.55 [26]

Mondego 1.53 ± 0.86 1.41 ± 0.52 1.64 ± 1.10 802.58 0.99 [28]

Sado 29.93 ± 7.98 29.83 ± 7.95 30.02 ± 8.00 15,064.64 40.00 [29]

Tagus 62.47 ± 15.96 62.01 ± 16.50 62.93 ± 15.42 31,753.82 75.00 [30]

The table also included the estuarine flow standard deviation considered as an indicator of the flow at the ocean-estuary 
interface.

Table 2. Tidal prism (TP) for the entire study period and distinguishing between flood and ebb periods for each of the 
estuarine systems and bibliographic reference volumes.

Estuary8

the Douro, Lima and Mondego estuaries, water temperature variations are generally less than 
5°C. The river effect in the fluxes temperature is more recognisable during the winter period 
(DJF), as during this season, inland temperatures are lower and the river flow is higher.

The impact of river flow on the estuarine fluxes is most pronounced for salinity and is consistent 
with the different types of estuary (Figure 4). Estuaries with large tidal prisms, such as Sado 
and Tagus, present salinity concentrations greater than 0 even during high river flows such as 
the Tagus flooding event of April 2013. On the other hand, the Douro estuary exchanges fresh 
water with the near ocean on multiple occasions during every season and as a consequence, 
its fluxes present a mean salinity around 11 (Table 5). Guadiana, Lima and Mondego estuaries 

Figure 3. Mean temperature of the water fluxes at the estuarine mouth cross-section. The graphs show the mean 
modelled value (in grey) for each estuary and for the entire period 2010–2016 and, where available, the observed data 
is also shown (in orange). The Tagus estuary values correspond in this graph to its surface layer. Estuaries are ordered 
alphabetically from top to bottom.
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exchange fresh water fluxes periodically every winter period only with the exception of year 
2012 which was an extremely dry year. Figure 4 shows the spatial heterogeneity of rain pat-
terns since high river flows and events are not simultaneous in all the studied estuaries.

As mentioned above, three estuaries, Guadiana, Mondego and Tagus, had monitoring devices 
near the mouth of the estuary during the study period. The Algés buoy was monitoring near 
the Tagus estuary mouth for the period 27/06/2012 to 12/12/2014. The SIMPATICO station for 
the Mondego estuary collected data between 30/10/2007 and 02/02/2012 while in the Guadiana 
estuary, data was available for the period 19/03/2008 to 21/04/2015. The SIMPATICO dataset 
collected at the Guadiana estuary until April 2014 [5], is publicly available in machine-readable 
format at PANGAEA (DOI: 10.1594/PANGAEA.845750).

Figure 4. Mean salinity of the water fluxes at the estuarine mouth cross-section. Graphs show the mean modelled value 
(in grey) for each estuary and for the entire period 2010–2016 and, where available, the observed data is also shown (in 
orange). The Tagus estuary values correspond in this graph to its surface layer. The river flow imposed in the model is 
displayed with a continuous black line and a secondary axis value and indicated whether the sources are observations 
(SNIRH) or watershed model results (MOHID land). Estuaries are ordered alphabetically from top to bottom.

Estuary10

As discussed earlier, temperature sensor performance is more reliable than salinity sensors 
during long-term deployment. In that sense, the Guadiana estuary valid temperature data were 
99%, while salinity valid data were 67.1% [5] with 20% of invalid data and 12.9% of ambiguous 
data. Also in the Tagus estuary, the Algés buoy salinity values were identified as valid until 
30/04/2013 after which time the sensor calibration was lost. Valid temperature and salinity data 
for the three monitoring stations are represented in Figures 3 and 4. When compared with the 
modelled data, the coefficient of determination for temperature is higher than that for salinity 
at each station and the best model performance were for the Guadiana and Tagus estuaries 
(Table 3). The Mondego estuary coefficient of determination is lower in the SIMPATICO sta-
tion compared with the other two estuaries. A possible reason is its location in the entrance of 
the southern branch ([4]; Figure 1) that could also be influenced by the Pranto River, which 
was simulated using a river flow climatology and may not be so representative of the main 
fresh water entrance that take place in the northern branch. It should also be noted that this is a 
comparison between the observed data at the surface with depth-integrated modelling results.

From the modelling results, a preliminary climatology of water temperature and salinity in the 
ocean-estuary interface can be obtained, which illustrate their variability along the year and pro-
vide a global picture of the thermohaline fluxes from the Portuguese estuaries. Tables 4 and 5 
list the monthly averaged temperature and salinity, respectively, calculated by the model at the 
ocean-estuary interface for the period 2010–2016 (Figure 5). February is the month presenting 
coldest temperatures for all the estuaries, while the warmest months occur between July (i.e. 
Douro) and October (i.e. Minho). The estuary location influences the summer maximum tem-
perature as western Iberia coast is subjected to upwelling events during summer that bring cold 
nutrient-rich waters to the ocean surface. Thus, winter temperatures provide a more accurate 
reflection of the river discharges contribution to the estuarine water as it coincides with the rainy 
season. As a result, it can be concluded that the salinity concentrations of the Douro and the 
Tagus estuaries are, on average, the most and least influenced by river discharge, respectively.

Salinity is a more conservative indicator to study the river effect, as the salinity values in the 
near ocean vary little and is unaffected by the upwelled waters. Fluxes from Sado and Tagus 
estuaries could be categorised as saline because monthly averaged salinities were always >30. 
Generally, the Aveiro estuary exchanges saline waters during summer and autumn months 
and brackish waters, with salinities between 5 and 30, during winter and spring months while 
the Lima, Minho and Mondego estuarine mouths are dominated by brackish waters year 
round. Fresh water, (salinities <5), was recorded at the mouth of the Douro estuary during 
three first months of the year and, on average, maximum salinity observed during August is 

Estuary Temperature R2 Salinity R2

Guadiana 0.90 (N 21,435) 0.74 (N 12,057)

Mondego 0.79 (N 14,741) 0.32 (N 14,741)

Tagus 0.92 (N 20,944) 0.83 (N 7377)

The number of valid values is indicated in brackets.

Table 3. Coefficient of determination (R2) between the modelling results and the available observed data for the 
Guadiana, Mondego and Tagus estuaries.
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Month Aveiro Douro Guadiana Lima Minho Mondego Sado Tagus

January 26.91 5.12 25.08 15.45 20.12 15.88 32.61 32.20

February 27.41 4.81 24.36 14.81 18.92 17.24 32.51 31.31

March 29.50 5.10 23.38 19.22 21.92 16.79 32.05 31.47

April 29.51 6.19 26.47 19.65 23.91 20.92 32.95 32.09

May 30.27 9.25 29.41 20.86 24.90 24.25 34.14 33.05

June 32.94 14.75 30.49 29.51 29.99 28.53 35.01 33.37

July 34.52 19.19 30.52 32.68 33.74 29.05 35.51 33.52

August 35.15 20.97 30.55 34.38 35.27 29.46 35.73 33.75

September 34.46 18.53 30.64 31.65 33.69 30.46 35.80 33.55

October 31.42 15.71 30.71 21.97 27.89 31.15 35.73 33.97

November 27.19 9.80 30.68 13.17 21.83 28.95 34.43 33.44

December 28.68 9.50 28.42 17.16 23.30 23.17 32.10 32.64

Average 30.66 11.58 28.39 22.54 26.29 24.65 34.05 32.86

Range 8.25 16.16 7.33 21.21 16.35 15.28 3.75 2.67

The average value and the range of values are also indicated.

Table 5. Mean monthly modelled salinity for eight analysed estuaries calculated at the ocean-estuary defined cross-sections.

Month Aveiro Douro Guadiana Lima Minho Mondego Sado Tagus

January 11.82 9.01 13.44 11.16 11.60 11.57 13.68 13.72

February 11.28 8.42 12.83 10.83 10.92 11.15 12.96 13.07

March 12.76 10.76 13.86 12.36 12.18 12.83 14.12 13.98

April 14.96 13.97 16.60 14.86 14.17 15.69 15.86 15.63

May 16.67 15.84 19.19 16.42 15.37 17.82 17.29 17.04

June 18.07 18.03 21.51 17.58 16.16 19.65 18.56 18.10

July 18.51 19.38 23.81 17.83 16.17 21.07 19.57 18.76

August 18.56 19.16 24.59 17.51 15.88 21.24 19.61 19.20

September 18.89 18.74 23.77 18.06 16.86 20.97 19.96 19.77

October 18.04 16.74 21.29 17.15 17.12 19.15 19.59 19.31

November 15.08 12.27 17.60 13.67 14.50 15.23 17.07 17.17

December 12.96 9.87 14.79 11.86 12.60 12.38 14.75 14.92

Average 15.66 14.38 18.64 14.96 14.48 16.66 16.94 16.81

Range 7.61 10.96 11.76 7.23 6.20 10.09 7.00 6.70

The average value and the range of values are also indicated.

Table 4. Mean monthly modelled temperature for eight analysed estuaries calculated at the ocean-estuary defined cross-
sections during the 2010–2016 period.

Estuary12

still far from what is considered as saline. Still, the highest ranges of salinities at their mouths 
are observed in the Lima estuary followed by the Douro estuary and far from the very stable 
Sado and Tagus estuaries.

The salinity differences between the estuarine fluxes and the ocean saline waters are respon-
sible for generating fronts of different intensity that can influence the surface circulation of 
large coastal areas. In the Northern halve of Portugal, the high frequency of occurrence of 
rivers and estuaries is responsible for modifying local and coastal circulation contributing to 
the creation of haline fronts. As a result, a low salinity water lens, upper salinity limit below 
35.7–35.8, denominated as Western Iberia Buoyant Plume (WIBP), extends along the northern 
Portuguese coast, being referred as a permanent feature of this part of the coast and with a 
varying intensity along the year [31, 32].

Figure 5. Mean monthly temperature (left) and salinity (right) obtained by numerical modelling at the estuarine mouth 
for eight Portuguese estuaries for the period 2010–2016.

Figure 6. Mean summer (JJA) salinity (left) and winter (DJF) salinity (right) for the Tagus (top) and Douro (bottom) 
estuaries for the period 2010–2016. The continuous line indicates the salinity value of 35.75. Dashed line in Tagus graphs 
indicates the baseline for defining internal waters.
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Month Aveiro Douro Guadiana Lima Minho Mondego Sado Tagus

January 26.91 5.12 25.08 15.45 20.12 15.88 32.61 32.20

February 27.41 4.81 24.36 14.81 18.92 17.24 32.51 31.31

March 29.50 5.10 23.38 19.22 21.92 16.79 32.05 31.47

April 29.51 6.19 26.47 19.65 23.91 20.92 32.95 32.09

May 30.27 9.25 29.41 20.86 24.90 24.25 34.14 33.05

June 32.94 14.75 30.49 29.51 29.99 28.53 35.01 33.37

July 34.52 19.19 30.52 32.68 33.74 29.05 35.51 33.52

August 35.15 20.97 30.55 34.38 35.27 29.46 35.73 33.75

September 34.46 18.53 30.64 31.65 33.69 30.46 35.80 33.55

October 31.42 15.71 30.71 21.97 27.89 31.15 35.73 33.97

November 27.19 9.80 30.68 13.17 21.83 28.95 34.43 33.44

December 28.68 9.50 28.42 17.16 23.30 23.17 32.10 32.64

Average 30.66 11.58 28.39 22.54 26.29 24.65 34.05 32.86

Range 8.25 16.16 7.33 21.21 16.35 15.28 3.75 2.67

The average value and the range of values are also indicated.

Table 5. Mean monthly modelled salinity for eight analysed estuaries calculated at the ocean-estuary defined cross-sections.

Month Aveiro Douro Guadiana Lima Minho Mondego Sado Tagus

January 11.82 9.01 13.44 11.16 11.60 11.57 13.68 13.72

February 11.28 8.42 12.83 10.83 10.92 11.15 12.96 13.07

March 12.76 10.76 13.86 12.36 12.18 12.83 14.12 13.98

April 14.96 13.97 16.60 14.86 14.17 15.69 15.86 15.63

May 16.67 15.84 19.19 16.42 15.37 17.82 17.29 17.04

June 18.07 18.03 21.51 17.58 16.16 19.65 18.56 18.10

July 18.51 19.38 23.81 17.83 16.17 21.07 19.57 18.76

August 18.56 19.16 24.59 17.51 15.88 21.24 19.61 19.20

September 18.89 18.74 23.77 18.06 16.86 20.97 19.96 19.77

October 18.04 16.74 21.29 17.15 17.12 19.15 19.59 19.31

November 15.08 12.27 17.60 13.67 14.50 15.23 17.07 17.17

December 12.96 9.87 14.79 11.86 12.60 12.38 14.75 14.92

Average 15.66 14.38 18.64 14.96 14.48 16.66 16.94 16.81

Range 7.61 10.96 11.76 7.23 6.20 10.09 7.00 6.70

The average value and the range of values are also indicated.

Table 4. Mean monthly modelled temperature for eight analysed estuaries calculated at the ocean-estuary defined cross-
sections during the 2010–2016 period.
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still far from what is considered as saline. Still, the highest ranges of salinities at their mouths 
are observed in the Lima estuary followed by the Douro estuary and far from the very stable 
Sado and Tagus estuaries.

The salinity differences between the estuarine fluxes and the ocean saline waters are respon-
sible for generating fronts of different intensity that can influence the surface circulation of 
large coastal areas. In the Northern halve of Portugal, the high frequency of occurrence of 
rivers and estuaries is responsible for modifying local and coastal circulation contributing to 
the creation of haline fronts. As a result, a low salinity water lens, upper salinity limit below 
35.7–35.8, denominated as Western Iberia Buoyant Plume (WIBP), extends along the northern 
Portuguese coast, being referred as a permanent feature of this part of the coast and with a 
varying intensity along the year [31, 32].

Figure 5. Mean monthly temperature (left) and salinity (right) obtained by numerical modelling at the estuarine mouth 
for eight Portuguese estuaries for the period 2010–2016.

Figure 6. Mean summer (JJA) salinity (left) and winter (DJF) salinity (right) for the Tagus (top) and Douro (bottom) 
estuaries for the period 2010–2016. The continuous line indicates the salinity value of 35.75. Dashed line in Tagus graphs 
indicates the baseline for defining internal waters.
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To illustrate the influence of the estuarine plumes on the near-shore ocean environment, the 
salinity average for the Douro and the Tagus estuary, the two most extreme estuaries of the 
study in terms of saline concentration, was obtained for the winter (DJF) and summer (JJA) sea-
sons for the period 2010–2016. Both systems are characterised by large plumes in both seasons 
with salinity values below the WIBP upper limit (37.75) in the nearshore marine environment 
(Figure 6). The baseline in the Douro region that serves to identify the interior waters is out of 
the study domain. On the other hand, the Tagus plume extends further than the 1 nautical mile 
limit from baseline, the limit of the application of the MSFD and WFD, even during summer 
conditions. In the case of the Minho, Lima, Aveiro and Guadiana estuaries, the adopted base-
line for the WFD and MSFD limit coincides with the coastline. For this reason, it is presumed 
that the estuarine plumes will have an effect beyond 1 nautical mile. This finding has impli-
cations for the implementation and evaluation of both EU Directives Research on estuarine 
plumes extension and their influence in the neighbouring waters is therefore essential.

5. Conclusions

Monitoring networks along the estuarine continuum from the river catchment into the open 
ocean should be encouraged in order to evaluate the transfer of properties and momentum in 
the land-ocean interface. While the open ocean and hydrometric monitoring networks are rela-
tively well established, operational estuarine monitoring is far from consolidated. Numerical 
models are able to help in the design and implementation of the monitoring networks, valida-
tion of observed data and provide spatial and temporal data. In addition, numerical model 
completes the in situ data by providing non-observed variables and forecasts. Furthermore, 
modelling results allow for the calculation of complex parameters such as tidal prims, the area 
of influence of the estuarine waters and estuarine fluxes that would serve as boundary condi-
tions for ocean regional models such as the offline coupling method applied to PCOMS [6]. This 
type of analysis provides valuable information to characterise the estuarine systems, as this 
was able to show that two neighbouring estuaries can differ largely in flow and salinity fluxes.
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To illustrate the influence of the estuarine plumes on the near-shore ocean environment, the 
salinity average for the Douro and the Tagus estuary, the two most extreme estuaries of the 
study in terms of saline concentration, was obtained for the winter (DJF) and summer (JJA) sea-
sons for the period 2010–2016. Both systems are characterised by large plumes in both seasons 
with salinity values below the WIBP upper limit (37.75) in the nearshore marine environment 
(Figure 6). The baseline in the Douro region that serves to identify the interior waters is out of 
the study domain. On the other hand, the Tagus plume extends further than the 1 nautical mile 
limit from baseline, the limit of the application of the MSFD and WFD, even during summer 
conditions. In the case of the Minho, Lima, Aveiro and Guadiana estuaries, the adopted base-
line for the WFD and MSFD limit coincides with the coastline. For this reason, it is presumed 
that the estuarine plumes will have an effect beyond 1 nautical mile. This finding has impli-
cations for the implementation and evaluation of both EU Directives Research on estuarine 
plumes extension and their influence in the neighbouring waters is therefore essential.

5. Conclusions

Monitoring networks along the estuarine continuum from the river catchment into the open 
ocean should be encouraged in order to evaluate the transfer of properties and momentum in 
the land-ocean interface. While the open ocean and hydrometric monitoring networks are rela-
tively well established, operational estuarine monitoring is far from consolidated. Numerical 
models are able to help in the design and implementation of the monitoring networks, valida-
tion of observed data and provide spatial and temporal data. In addition, numerical model 
completes the in situ data by providing non-observed variables and forecasts. Furthermore, 
modelling results allow for the calculation of complex parameters such as tidal prims, the area 
of influence of the estuarine waters and estuarine fluxes that would serve as boundary condi-
tions for ocean regional models such as the offline coupling method applied to PCOMS [6]. This 
type of analysis provides valuable information to characterise the estuarine systems, as this 
was able to show that two neighbouring estuaries can differ largely in flow and salinity fluxes.
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Abstract

Climatic, hydrological, and oceanographic conditions were determined during the 2009–
2010 El Nino/Southern Oscillation (ENSO) on the north coast of the Río de la Plata (RdlP)
estuary. The maximum monthly rainfall was observed in the middle and upper La Plata
basin during September 2009 and February 2010 (“El Niño” phase, (EN)). The monthly
flow of RdlP showed an increase with rainfall and significant differences between ENSO
phases. The wind stress showed fluctuations in both phases, being less intense during EN,
during which time maximum flow of RdlP was observed. During the EN phase, increased
precipitation contributed to variations in salinity and absence of water column stratifica-
tion in the north coast of RdlP. This was also associated with variations in Secchi depth,
oxygen saturation, and nutrient concentrations. The spatial location of the turbidity front
was associated with the flow of the RdlP and wind stress, thus conditioning the physico-
chemical characteristics of the water column, mainly during EN phase.

Keywords: estuarine dynamics, river flow, physicochemical properties, ENSO,
Río de la Plata

1. Introduction

“El Niño/Southern Oscillation” (ENSO) is a global phenomenon related to the ocean-atmosphere
interactions in the Equatorial Pacific, with cycles consisting in a warm phase (“El Niño”), periods
with neutral years (“Neutral”), and a cold phase (“La Niña”), with a 3–7 years periodicity
[1, 2]. This event activates changes in the general atmospheric circulation, causing climate and
hydrologic changes in continental areas, coastal areas, and tropical and extra-tropical zones
of the Pacific or Atlantic Oceans [3, 4]. These modifications cause changes in the systems
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physicochemical conditions at different organizational levels, impacting on the composition and
abundance of benthic, planktonic, and nektonic communities [5–7].

In the La Plata basin, seasonality of the climatic elements determining the hydrologic cycles is
ruled by the South Atlantic anticyclone, which is more intense in winter. The region has a
warm season (October–April) with an average rainfall of 5.5 mm d�1 and maximum values
near 9 mm d�1 and a cold season (May–September) with average rainfall less than 2 mm d�1

[8]. The alteration of the rainfall regime is one of the strongest signals of the changes caused by
the ENSO event for the southern region of South America. During the warm phase, there is an
increase in the spring rains, while during the cold phase, there is a decrease in rainfall [9, 10].
On the other hand, flows of the hydrological systems of the La Plata basin, including those of
the main tributary rivers of the RdlP estuary (Parana and Uruguay rivers), are highly sensitive
to modifications in the rainfall regime, with inter-annual and inter-decadal variability, being
affected by ENSO events in their warm phase [11, 12].

Surface ocean temperature is the most analyzed oceanographic variable regarding the “El
Niño” phase and its ecosystem effects in oceanic and coastal marine zones [13]. Nevertheless,
estuarine zones are expected to experience a greater impact of hydrologic effects (fresh water
or ocean water inputs) [14]. ENSO impacts in coastal zones include increased rainfall, hydro-
logical changes in basins, modifications in river flow [15], and generation of inter-annual
variations in fresh water discharges for estuarine systems [16, 17].

ENSO is considered in the RdlP as a large-scale atmospheric forcing effect on the discharges of
the tributary rivers [15, 17], changes in salinity and nutrients [18], as well as in the location and
location of turbidity or salinity fronts [19, 20]. Several studies have described the relationship
between ENSO events, RdlP flow, and salinity of the estuarine system [18, 19, 21]. According to
[16], surface sediments on the north coast of RdlP showed a variability in the trophic state
related to the ENSO event, with differences between the phases (“El Niño” and “La Niña-
Neutral”).

The aim of this study was to identify the main environmental drivers that promote modifica-
tions in the oceanographic conditions on the north coast of the RdlP, during ENSO 2009–2010.
We measured the meteorological (rainfall and wind), hydrological (principal rivers flow), and
oceanographic (temperature, salinity, oxygen saturation, Secchi depth, chlorophyll a, and total
nutrients) conditions during both ENSO phases in the north coast RdlP (Montevideo coastal
zone).

2. Methodology

2.1. Study area

The La Plata basin is the second largest river basin in the South America, covering an area of 3.1
� 106 km2; it includes five countries (Argentina, Brazil, Bolivia, Paraguay and Uruguay) with some
of the most populated cities in South America including Sao Paulo, Buenos Aires, andMontevideo.
The main rivers draining into the estuary of RdlP are the Parana and Uruguay rivers (Figure 1A).

Estuary20

The RdlP is an estuarine system characterized by the presence of a salt wedge, low river
discharge seasonality, low tidal amplitude (< 1 m), an extensive and permanent connection to
the sea, and high susceptibility to atmospheric drivers because of its large size and its shallow
depth. The mean annual RdlP flow governs the salinity and has monthly to inter-annual
variations of 25,000 m3s�1 [22–24]. In this system, several authors report biological processes
[18], impacts on water quality, or presence of invasive alien species [20] associated with the
spatiotemporal fluctuation of its front area [25].

The montevideo coastal zone (MCZ) is located on the north coast and middle zone of the RdlP
between the mouths of the Santa Lucia River and Carrasco stream with an approximate
extension of 50 km (Figure 1B). The largest city in Uruguay, Montevideo, covers ≈ 49% of the
coastal zone [26]. The MCZ is characterized by high levels of industrial and harbor activities
[26, 27] but also with urban spaces for recreation (sandy beaches and rocky shores), diving,
artisanal or sport fishing areas, and conservation areas (protected area Punta Yeguas and Santa
Lucía Wetlands). Several studies in the MCZ identified a contamination gradient from the
innermost Montevideo Bay area to the outer and adjacent coastal zone. Three contamination
areas have been identified within the region: high (internal Montevideo Bay and Montevideo
Harbor), medium (external Montevideo Bay and adjacent coast), and low impact (adjacent
coastal zone, includes Punta Brava and Punta Yeguas) regions [27]. Montevideo Bay is 10 km2

and has a mean depth of ≈ 5m. In this system, nutrients (nitrogen, phosphorus), heavy metals,
and hydrocarbons pollution have been associated with significant degradation of ecosystem
[27–31]. These pollutants are derived from industrial activities, from “La Teja” refinery, harbor
operations (i.e., navigation, bulk loading and dredging), or contributions from domestic and

Figure 1. Location of the La Plata Basin, RdlP and Montevideo coastal zone (MCZ) with Punta Brava and sampling sites.
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industrial effluents from Pantanoso, Miguelete, and Seco streams. In the East zone, 2000 m off
the coastline (Punta Brava), the submarine outflow of the sanitation system of Montevideo is
located. In addition, in this zone, there are recreation areas with presence of sandy beaches,
alternating with rocky shores. In the West zone (Punta Yeguas), another submarine outflow
with similar characteristics in Punta Brava will be installed soon.

2.2. Weather conditions

Variability andmagnitude of ENSOwere determined by the Ocean Niño Index (ONI) considering
the monthly anomalies of ocean surface temperature (SST) in the Niño 3.4 region (2009–2011);
values were obtained from http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostu
ff/ensoyears.shtml.

Total monthly precipitation to the upper zone of La Plata basin (22�000–40�000 S and 48�000–
64�000 W)was obtained from the Global Precipitation Climate Center (GPCC; http://gpcc.dwd.de).
The product of monitoring of precipitation on earth surface was analyzed (1.0� � 1.0�). Values
are expressed as rainfall “isoareas” (mm month�1), using monthly values (March 2009 and
August 2011).

Wind speed and direction were collected on an hourly basis at the Punta Brava meteorological
station, RdlP (34�560S and 56�090W; March 2009 and August 2011). We calculated the average
monthly speed (� SD), minimum, and maximum and are expressed in m s�1. We did not
consider maximum wind speeds (streaks of wind) in these calculations. To determine the
direction of the prevailing winds, 16 quadrants were considered, and monthly relative fre-
quency was calculated. Wind stress (Eq. (1)) was calculated as surface force of the wind on the
water column; stress values of positive or negative wind were determined by the average
monthly wind direction.

τ Pað Þ ¼ βa ∗ CD ∗ V windð Þ2 (1)

where βa = air density, 1.2 kg m�3, CD: drag coefficient: 0.0013, and V wind: wind speed.

2.3. Hydrological conditions

The daily river flow of the Uruguay and Parana rivers was obtained from the National Water
Institute (www.ina.gov.ar) for the period 2009–2011. The river flow of the RdlP was obtained
by adding the daily river flow of the Uruguay and Parana rivers. Monthly averages (� SD)
were calculated and expressed as m3 s�1.

2.4. Oceanographic conditions

Eighteen oceanographic surveys comprising 25 stations (located at 2000 m of coastline, depth
3–10 m; Figure 1B) were conducted in the MCZ between March 2009 and July 2011. The study
area was divided into the Eastern zones (E1, E2, E9, PC, CN, CE, CS, CW stations), Western
zones (W3 to W8, PY, YN, YE, YS, YW stations), and Montevideo Bay (MB) (B1 to B5 stations).

Estuary22

Water temperature and salinity were determined in situ at surface and bottom waters using a
multiparameter YSI Pro plus. During 11 surveys, oxygen saturation was determined with mul-
tiparameter in surface waters and water transparency calculated using a Secchi disk (30 cm
diameter). In addition, surface water samples were collected using a Kemmerer (2L) bottle to
determinate chlorophyll a (Chl a) and nutrients (total nitrogen and total phosphorous: TN, TP)
concentrations.

2.5. Laboratory analysis

Chlorophyll a concentration was quantified by spectrophotometric analysis using GF/F filters
extracted in 90% acetone [32]. Determination of TN and TP was performed according to [32,
33] with previous digestion according to [34].

2.6. Data analysis

For the analysis of the temporal variation associated with ENSO, the EN and “La Niña-
Neutral” months were defined according to Oceanic Niño Index (ONI). Nonparametric ana-
lyses (U Mann-Whitney) were performed to assess temporal differences (ENSO phases) in
hydrological variables (Uruguay, Parana, and RdlP flow), and spatiotemporal differences in
oceanographic parameters (temperature and salinity). Nonparametric correlations (Rs, Spear-
man) were performed between climatic (wind stress, Niño indexes), physicochemical parame-
ters, and river flow (RdlP, Uruguay, and Paraná). Linear relationships between river flows and
average salinity were performed; both variables were transformed by log (x + 1) to fit the
assumption of normality. A principal component analysis (PCA) was performed with all the
physicochemical parameters (temperature, salinity, oxygen saturation, Secchi depth, Chl a, TN,
and TP). The variables were log-transformed (x + 1), standardized, and Varimax type rotation
was considered. We considered 99% and 95% significance levels for the different analyses. The
statistical analyses were performed with the SPSS and CANOCO program [35].

3. Results and discussion

3.1. Weather conditions

The ONI showed theminimum values during October–December 2010 (<�1.5�C) andmaximum
values in December 2009 and January 2010 (<1.5�C; Figure 2). The 2009–2010 ONI values
allowed for the identification and development of an ENSO event with an “El Niño” (EN) phase
(July 2009–April 2010), a subsequent “La Niña” (LN) cold phase (June 2010–April 2011; Septem-
ber–December 2011), and neutral conditions (April–June 2009, April–May 2010, and May–
August 2011) [2, 36].

The 2009–2010 ENSO event was classified as “moderate to strong” [37]. When comparing the
maximum 2009–2010 value of this indicator (October 2009–January 2010: 1.2) with those of
recent ENSO events, we found that they were smaller than those corresponding to strong
events (October–January: 1982–1983: 2.1; 1997–1998: 2.3; 2015–2016: 2.2), although they were

Weather, Hydrological and Oceanographic Conditions of the Northern Coast of the Río de la Plata…
http://dx.doi.org/10.5772/intechopen.71808

23



industrial effluents from Pantanoso, Miguelete, and Seco streams. In the East zone, 2000 m off
the coastline (Punta Brava), the submarine outflow of the sanitation system of Montevideo is
located. In addition, in this zone, there are recreation areas with presence of sandy beaches,
alternating with rocky shores. In the West zone (Punta Yeguas), another submarine outflow
with similar characteristics in Punta Brava will be installed soon.

2.2. Weather conditions

Variability andmagnitude of ENSOwere determined by the Ocean Niño Index (ONI) considering
the monthly anomalies of ocean surface temperature (SST) in the Niño 3.4 region (2009–2011);
values were obtained from http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostu
ff/ensoyears.shtml.

Total monthly precipitation to the upper zone of La Plata basin (22�000–40�000 S and 48�000–
64�000 W)was obtained from the Global Precipitation Climate Center (GPCC; http://gpcc.dwd.de).
The product of monitoring of precipitation on earth surface was analyzed (1.0� � 1.0�). Values
are expressed as rainfall “isoareas” (mm month�1), using monthly values (March 2009 and
August 2011).

Wind speed and direction were collected on an hourly basis at the Punta Brava meteorological
station, RdlP (34�560S and 56�090W; March 2009 and August 2011). We calculated the average
monthly speed (� SD), minimum, and maximum and are expressed in m s�1. We did not
consider maximum wind speeds (streaks of wind) in these calculations. To determine the
direction of the prevailing winds, 16 quadrants were considered, and monthly relative fre-
quency was calculated. Wind stress (Eq. (1)) was calculated as surface force of the wind on the
water column; stress values of positive or negative wind were determined by the average
monthly wind direction.

τ Pað Þ ¼ βa ∗ CD ∗ V windð Þ2 (1)

where βa = air density, 1.2 kg m�3, CD: drag coefficient: 0.0013, and V wind: wind speed.

2.3. Hydrological conditions

The daily river flow of the Uruguay and Parana rivers was obtained from the National Water
Institute (www.ina.gov.ar) for the period 2009–2011. The river flow of the RdlP was obtained
by adding the daily river flow of the Uruguay and Parana rivers. Monthly averages (� SD)
were calculated and expressed as m3 s�1.

2.4. Oceanographic conditions

Eighteen oceanographic surveys comprising 25 stations (located at 2000 m of coastline, depth
3–10 m; Figure 1B) were conducted in the MCZ between March 2009 and July 2011. The study
area was divided into the Eastern zones (E1, E2, E9, PC, CN, CE, CS, CW stations), Western
zones (W3 to W8, PY, YN, YE, YS, YW stations), and Montevideo Bay (MB) (B1 to B5 stations).

Estuary22

Water temperature and salinity were determined in situ at surface and bottom waters using a
multiparameter YSI Pro plus. During 11 surveys, oxygen saturation was determined with mul-
tiparameter in surface waters and water transparency calculated using a Secchi disk (30 cm
diameter). In addition, surface water samples were collected using a Kemmerer (2L) bottle to
determinate chlorophyll a (Chl a) and nutrients (total nitrogen and total phosphorous: TN, TP)
concentrations.

2.5. Laboratory analysis

Chlorophyll a concentration was quantified by spectrophotometric analysis using GF/F filters
extracted in 90% acetone [32]. Determination of TN and TP was performed according to [32,
33] with previous digestion according to [34].

2.6. Data analysis

For the analysis of the temporal variation associated with ENSO, the EN and “La Niña-
Neutral” months were defined according to Oceanic Niño Index (ONI). Nonparametric ana-
lyses (U Mann-Whitney) were performed to assess temporal differences (ENSO phases) in
hydrological variables (Uruguay, Parana, and RdlP flow), and spatiotemporal differences in
oceanographic parameters (temperature and salinity). Nonparametric correlations (Rs, Spear-
man) were performed between climatic (wind stress, Niño indexes), physicochemical parame-
ters, and river flow (RdlP, Uruguay, and Paraná). Linear relationships between river flows and
average salinity were performed; both variables were transformed by log (x + 1) to fit the
assumption of normality. A principal component analysis (PCA) was performed with all the
physicochemical parameters (temperature, salinity, oxygen saturation, Secchi depth, Chl a, TN,
and TP). The variables were log-transformed (x + 1), standardized, and Varimax type rotation
was considered. We considered 99% and 95% significance levels for the different analyses. The
statistical analyses were performed with the SPSS and CANOCO program [35].

3. Results and discussion

3.1. Weather conditions

The ONI showed theminimum values during October–December 2010 (<�1.5�C) andmaximum
values in December 2009 and January 2010 (<1.5�C; Figure 2). The 2009–2010 ONI values
allowed for the identification and development of an ENSO event with an “El Niño” (EN) phase
(July 2009–April 2010), a subsequent “La Niña” (LN) cold phase (June 2010–April 2011; Septem-
ber–December 2011), and neutral conditions (April–June 2009, April–May 2010, and May–
August 2011) [2, 36].

The 2009–2010 ENSO event was classified as “moderate to strong” [37]. When comparing the
maximum 2009–2010 value of this indicator (October 2009–January 2010: 1.2) with those of
recent ENSO events, we found that they were smaller than those corresponding to strong
events (October–January: 1982–1983: 2.1; 1997–1998: 2.3; 2015–2016: 2.2), although they were

Weather, Hydrological and Oceanographic Conditions of the Northern Coast of the Río de la Plata…
http://dx.doi.org/10.5772/intechopen.71808

23



similar to those of moderate events (1986–1987 and 1991–1992) [37]. Although in the range of
previous moderate events, the 2009–2010 ENSO had characteristics of its own, including high
SST anomalies in the Central Pacific and the fastest reported transition to the LN phase [2, 36].
The warm phase of the 2009–2010 was classified into the “WP” (warm pool) type and differs
from the “ Eastern Pacific” (EP) type due to the fact that SST anomalies happen in the central
and not in the western zone of the Pacific Ocean [2]. It is also known as CP or WP, dateline
ENSO or “El Niño Modoki” [2], and has different teleconnections and differential climatic
impacts compared to the “EP” [38]. The analysis of the effects in the MCZ of the 2009–2010
ENSO, with “El Niño Modoki” characteristics, will permit the identification of variations in the
behavior of meteorological variables and their impacts in the hydrologic behavior of the main
hydrological systems of the La Plata basin, as well as over the RdlP estuary and its oceano-
graphic conditions.

Total monthly precipitation for the La Plata basin during the period March 2009–August 2011
showed minimum values in April 2009 (0–10 mm month�1) and maximum during September
2009 and February 2010 (Figure 3). The highest rainfall for the upper basin was reported in
November 2009 (600 mm month�1), while the values in February 2010 exceeded 550 mm
month�1. The teleconnections analyzed for the ENSO event in South America (Atlantic coast),
specifically for the La Plata basin, are mainly related to their effect on rainfall variability [12].
This variability caused anomalies in surface air temperature in Argentina and southern Brazil
during the “El Niño Modoki” (June–September 1979–2004), as well as higher-than-average
rainfall between the months of December–February (1979–2004 period) [38]. In addition, [10]
found an increase in spring rainfall during the ENwarm phase. In this study, we found that the
maximum rainfall values in the middle and upper basin of the Uruguay River were recorded

Figure 2. ONI index represented by SST anomalies (Niño 3.4 region) and ENSO 2009–2010 phases. Horizontal lines
>0.5�C and <�0.5.
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Figure 3. Total monthly precipitation (mm month�1) on the surface of the earth to the region 22�000–40�000 S and 48�000–
64�000 W.
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in November 2009 and December 2010, corresponding to the warm ENSO phase (EN: July
2009–April 2010) and to the spring months of the calendar year (September–December) and
minimum rainfall values (April 2009 and October 2010) which corresponded to those months of
Neutral and LN phase.

The average monthly wind speed between March 2009 and August 2011 was 5.8 m s�1 � 2.9
(n = 6722) (2009: 6.1� 3.3; 2010: 5.6� 2.9; 2011: 5.9� 2.7); wind speed oscillated between 0 m s�1

(stills) and a maximum of 23.7 m s�1 in July 2009 (Figure 4A). The most frequent wind
direction was the first quadrant (N-E) with similar annual rates of occurrence (2009: 42%,
2010: 43%, 2011: 44%); Easterly winds were the most frequent (2009: 11%, 2010: 16%, 2011:
14%; Figure 5). Wind stress showed minimum values during months of the EN phase (mini-
mum September 2009:�0.076 Pa, ESE) with a peak during June–July 2009 (0.068 Pa direction N
and O; Figure 4B). During ENSO events in the RdlP, [18] found no variations in wind speed
and reported the predominance of ESE and NE winds. In addition, [20] found that during EN
years, there is an increase of ESE to SE winds. In this study, we observed that in EN months
(September 2009–April 2010), there was an increase in the monthly frequencies of winds in
eastern direction.

Figure 4. Average monthly wind speed (� SD) (m s�1) (A) and wind stress (Pa) fluctuations (B) between 2009 and 2011.

Figure 5. Monthly absolute frequencies of wind direction between 2009 and 2011 (2009: March to December, 2011:
January–August).
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3.2. Hydrological conditions

The average monthly flow of the RdlP, Uruguay, and Parana rivers showed an oscillation
between minimum values during January and June 2009 and maximum between December
2009 and March 2010. Differences in the months of maximums discharges of the Uruguay and
RdlP (December 2009) with the Parana River (March 2010) were observed (Figure 6).

The great rivers of the La Plata basin and tributary rivers of the RdlP are highly sensitive to
rainfall variations, their flows being impacted during EN phases [11, 12]. In this study, we
found strong correlations in the hydrological behavior of the Uruguay and Parana rivers in
response to the increase of rainfall during the 2009 spring, coinciding with the ENwarm phase.
The maximum flow of the Uruguay and Parana rivers was recorded during December 2009–
March 2010, and the minimum flow corresponded to those months prior to the development of
the warm phase (January and July 2009). The RdlP flow had two peaks: the first in December
2009, coinciding with the maximum observed flow for the Uruguay River, and a second during
the months of February–March 2010, coinciding with the maximum flow of the Parana River,
previously indicated for this system by [15].

Monthly average flow of RdlP, Uruguay, and Parana rivers showed significant differences between
the two ENSO phases (Mann-Whitney U: RdlP: Z = �12.17; Uruguay River: Z = �11.09; Parana
River: Z =�8.15; P < 0.01). Significant associations between the flow rates of the threewater systems
were observed during both phases: EN: RdlP-Uruguay River (Rs (0.025, 10) = 0.697) and RdlP-Parana
River (Rs (0.04, 10) = 0.818), “La Niña-Neutral”: RdlP-Uruguay River (Rs (0.00, 21) = 0.823) and RdlP-
Parana River (Rs (0.00, 21) = 0.970). For the period December 2009 to March 2010, the RdlP flow
exceeded 40,000 m3 s�1, the greatest average flow registered in 16 years (1999–2014). Nevertheless,
average values of the RdlP flow during the 2009–2010 ENSO event (24,806 m3 s�1) and its
different phases (EN: 32,933 m3 s�1; “La Niña-Neutral,” LNN: 22,039 m3 s�1) were similar to

Figure 6. Monthly average flow (� SD) (m3 s�1) of RdlP, Uruguay and Parana rivers between 2009 and 2011.
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in November 2009 and December 2010, corresponding to the warm ENSO phase (EN: July
2009–April 2010) and to the spring months of the calendar year (September–December) and
minimum rainfall values (April 2009 and October 2010) which corresponded to those months of
Neutral and LN phase.

The average monthly wind speed between March 2009 and August 2011 was 5.8 m s�1 � 2.9
(n = 6722) (2009: 6.1� 3.3; 2010: 5.6� 2.9; 2011: 5.9� 2.7); wind speed oscillated between 0 m s�1

(stills) and a maximum of 23.7 m s�1 in July 2009 (Figure 4A). The most frequent wind
direction was the first quadrant (N-E) with similar annual rates of occurrence (2009: 42%,
2010: 43%, 2011: 44%); Easterly winds were the most frequent (2009: 11%, 2010: 16%, 2011:
14%; Figure 5). Wind stress showed minimum values during months of the EN phase (mini-
mum September 2009:�0.076 Pa, ESE) with a peak during June–July 2009 (0.068 Pa direction N
and O; Figure 4B). During ENSO events in the RdlP, [18] found no variations in wind speed
and reported the predominance of ESE and NE winds. In addition, [20] found that during EN
years, there is an increase of ESE to SE winds. In this study, we observed that in EN months
(September 2009–April 2010), there was an increase in the monthly frequencies of winds in
eastern direction.

Figure 4. Average monthly wind speed (� SD) (m s�1) (A) and wind stress (Pa) fluctuations (B) between 2009 and 2011.

Figure 5. Monthly absolute frequencies of wind direction between 2009 and 2011 (2009: March to December, 2011:
January–August).
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3.2. Hydrological conditions
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2009 and March 2010. Differences in the months of maximums discharges of the Uruguay and
RdlP (December 2009) with the Parana River (March 2010) were observed (Figure 6).

The great rivers of the La Plata basin and tributary rivers of the RdlP are highly sensitive to
rainfall variations, their flows being impacted during EN phases [11, 12]. In this study, we
found strong correlations in the hydrological behavior of the Uruguay and Parana rivers in
response to the increase of rainfall during the 2009 spring, coinciding with the ENwarm phase.
The maximum flow of the Uruguay and Parana rivers was recorded during December 2009–
March 2010, and the minimum flow corresponded to those months prior to the development of
the warm phase (January and July 2009). The RdlP flow had two peaks: the first in December
2009, coinciding with the maximum observed flow for the Uruguay River, and a second during
the months of February–March 2010, coinciding with the maximum flow of the Parana River,
previously indicated for this system by [15].
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Parana River (Rs (0.00, 21) = 0.970). For the period December 2009 to March 2010, the RdlP flow
exceeded 40,000 m3 s�1, the greatest average flow registered in 16 years (1999–2014). Nevertheless,
average values of the RdlP flow during the 2009–2010 ENSO event (24,806 m3 s�1) and its
different phases (EN: 32,933 m3 s�1; “La Niña-Neutral,” LNN: 22,039 m3 s�1) were similar to
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other ENSO events previously registered for the RdlP (1961, 2008: 24,700 m3 s�1 and 1998, 2008:
24,000 m3 s�1; [19, 20]). Average flow of the Uruguay River during low (3000–4000 m3 s�1) or
high (< 7000 m3 s�1) discharge periods is lower than the ones found for LNN (Q Uruguay
River = 5238 m3 s�1) and EN (Q Uruguay River = 9970 m3 s�1) in this study, although they fall
into the range reported for ENSO events, characterized by their high variability (1000–
20000 m3 s�1; [19, 20]). On the other hand, the average discharge of the Parana River for the
1884–1975 period (17,000 m3 s�1) ranged between 8000 and 22,000 m3 s�1 [39], falling within the
range of the flow found in this study.

3.3. Oceanographic conditions

The average water temperature (surface-bottom) displayed a seasonal pattern with minimum
temperatures in winter (July 2010: 10.4 � 0.2�C and July 2011: 10.6 � 0.6�C) and maximum in
summer (January 2010: 25.9 � 1.1�C; Figure 7). No significant differences between surface and
bottom or between areas of the study were detected (P > 0.05). The average salinity ranged
between minimum values during July 2010 (0.6� 0.5) and maximum values in March 2009 and
January 2011 (21.2 � 6.1, 22.3 � 8.8, respectively). Salinity values in surface and bottom waters
showed no significant differences for most of the study; however, differences were found at the
beginning (March and July 2009, Mann-Whitney U: Z = �3.46 and Z = �2.57; P < 0.01) and at
the end of the study period (June and July 2011; Mann-Whitney U: Z = �2.95 and Z = �3.06;
P < 0.01). During the warm phase, the MCZ comprised brackish water with oligo to mesohaline
conditions (maximum salinity: 15) and a temperature range between 15 and 28�C; in the cold-
neutral phase, the water column salinity was highly variable (rank salinity: 0.1 to 33), with
temperatures between 10 and 29�C. In July 2009, salinities were higher (15–30 range), although
average water temperatures were lower than that during the EN phase (Figure 7).

Water temperature demonstrated greater temporal than spatial variation, with the lack of any
differences between different depths or sampling study zones. Minimum andmaximum values
corresponded to winter and summer, respectively, and were associated with environmental

Figure 7. T-S diagrams (temperature and salinity average) during ENSO phases.
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factors. Similar results were found in long time series in MCZ, and the seasonal patterns are
consistent with previous studies for the middle RdlP [22, 24, 25, 39]. Reduced variation
coefficients were found in summer (February 2010: 1%), which increased in July 2009 (16%).
During this investigation, the average water temperature in July 2009 was 12.4 � 2.1�C higher
(10.7 � 0.5�C) than during the other winter months study period (July 10, June and July 11).
These results suggest an increase in temperature in the months prior to the development of EN
over the MCZ. In this regard, [21] found a variability, related with years of pre- ENSO events in
winter (April–October), in the anomalies of ocean surface air temperature (SST) in eight points
of the South-West Atlantic region. The EN phase is characterized by negative anomalies in the
SST in the Brazil Current, while during LN phase, cold anomalies were recorded in the Brazil
Current and warm ones in the Malvinas Current. In the RdlP estuary, the influence of ocean
bodies over adjacent coastal waters can be observed: sub-Antarctic cold waters between autumn
and late spring and subtropical waters between late spring and autumn [40]. The anomalous
records of July 2009 could be related to the LN phase prior to the effect of the EN event in the
coastal zone of the RdlP.

Salinity is the main physicochemical variable of the water column, or “master parameter” of
the RdlP, operating as regulator of biogeochemical, ecological, and sedimentological processes
[18, 20, 22, 24, 41]. During most of the months of the EN (October 2009–July 2010) and LNN
(September 2010–February 2011), we observed a mixed water column with no salinity stratifi-
cation. Nevertheless, in the months prior to the EN (March and July 2009) and in LNN months
(June and July 2011), the water column within MCZ was stratified. Vertical mixing of the water
column in the study area may be generated by the predominant winds (speed and direction)
[24] or by the fresh water inputs from the Uruguay and Parana rivers [18, 24, 40]. We identified
the flow as the predominant driver, over wind stress, of the extension of the discharge plume
of the RdlP during the EN months; this effect may also explain the lack of stratification along
coast north of the RdlP during EN phase.

According to studies performed with long time series (1935–1975 Montevideo Bay; 1971–1991
Punta Brava), salinity in MCZ shows annual variations, with minimum monthly average
values in autumn-winter and maximum ones in summer; minimum salinity values may occur
throughout all the year, particularly in February, May, June, August, October, and December,
although they have not been registered in January and rarely in July [40]. The minimum
average salinity values were found during July 2010; however, according to [40], this month
rarely displays such minimum salinity values. In addition, the mean salinity was 5.0 � 4.6
higher during EN phase and even higher (12.7 � 9.8) in LNNmonths. According to the inverse
relationship between salinity and RdlP flow, the anomalous values are related to the ENSO
2009–2010 event, to the minimum salinity values during the EN months�(October 2009–July
2010) and to the maximum values during LNN, respectively, which are associated with max-
imum and minimum values of the RdlP flow.

The first two components of PCA accounted for 67.5% of the total variance of the spatiotempo-
ral variability. Principal component 1 (38.6%) showed a positive correlation with salinity (0.736),
Secchi depth (0.798), and oxygen saturation (0.589), interpreted as gradient of hydrological
variability. Principal component 2 (28.9%) showed a positive correlation with temperature
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other ENSO events previously registered for the RdlP (1961, 2008: 24,700 m3 s�1 and 1998, 2008:
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temperatures between 10 and 29�C. In July 2009, salinities were higher (15–30 range), although
average water temperatures were lower than that during the EN phase (Figure 7).
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differences between different depths or sampling study zones. Minimum andmaximum values
corresponded to winter and summer, respectively, and were associated with environmental

Figure 7. T-S diagrams (temperature and salinity average) during ENSO phases.
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factors. Similar results were found in long time series in MCZ, and the seasonal patterns are
consistent with previous studies for the middle RdlP [22, 24, 25, 39]. Reduced variation
coefficients were found in summer (February 2010: 1%), which increased in July 2009 (16%).
During this investigation, the average water temperature in July 2009 was 12.4 � 2.1�C higher
(10.7 � 0.5�C) than during the other winter months study period (July 10, June and July 11).
These results suggest an increase in temperature in the months prior to the development of EN
over the MCZ. In this regard, [21] found a variability, related with years of pre- ENSO events in
winter (April–October), in the anomalies of ocean surface air temperature (SST) in eight points
of the South-West Atlantic region. The EN phase is characterized by negative anomalies in the
SST in the Brazil Current, while during LN phase, cold anomalies were recorded in the Brazil
Current and warm ones in the Malvinas Current. In the RdlP estuary, the influence of ocean
bodies over adjacent coastal waters can be observed: sub-Antarctic cold waters between autumn
and late spring and subtropical waters between late spring and autumn [40]. The anomalous
records of July 2009 could be related to the LN phase prior to the effect of the EN event in the
coastal zone of the RdlP.

Salinity is the main physicochemical variable of the water column, or “master parameter” of
the RdlP, operating as regulator of biogeochemical, ecological, and sedimentological processes
[18, 20, 22, 24, 41]. During most of the months of the EN (October 2009–July 2010) and LNN
(September 2010–February 2011), we observed a mixed water column with no salinity stratifi-
cation. Nevertheless, in the months prior to the EN (March and July 2009) and in LNN months
(June and July 2011), the water column within MCZ was stratified. Vertical mixing of the water
column in the study area may be generated by the predominant winds (speed and direction)
[24] or by the fresh water inputs from the Uruguay and Parana rivers [18, 24, 40]. We identified
the flow as the predominant driver, over wind stress, of the extension of the discharge plume
of the RdlP during the EN months; this effect may also explain the lack of stratification along
coast north of the RdlP during EN phase.

According to studies performed with long time series (1935–1975 Montevideo Bay; 1971–1991
Punta Brava), salinity in MCZ shows annual variations, with minimum monthly average
values in autumn-winter and maximum ones in summer; minimum salinity values may occur
throughout all the year, particularly in February, May, June, August, October, and December,
although they have not been registered in January and rarely in July [40]. The minimum
average salinity values were found during July 2010; however, according to [40], this month
rarely displays such minimum salinity values. In addition, the mean salinity was 5.0 � 4.6
higher during EN phase and even higher (12.7 � 9.8) in LNNmonths. According to the inverse
relationship between salinity and RdlP flow, the anomalous values are related to the ENSO
2009–2010 event, to the minimum salinity values during the EN months�(October 2009–July
2010) and to the maximum values during LNN, respectively, which are associated with max-
imum and minimum values of the RdlP flow.

The first two components of PCA accounted for 67.5% of the total variance of the spatiotempo-
ral variability. Principal component 1 (38.6%) showed a positive correlation with salinity (0.736),
Secchi depth (0.798), and oxygen saturation (0.589), interpreted as gradient of hydrological
variability. Principal component 2 (28.9%) showed a positive correlation with temperature
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(0.882) and Chl a (0.826), interpreted as gradient of seasonal variability. Associated with axis 1,
stations of the EN phase with lower salinity and water transparency (Secchi depth) and higher
nutrient (TN and TP) were located. The stations of the LNN phase are located to the right of axis
1 and are characterized by higher values of oxygen saturation, water transparency, and salinity.
Associated with axis 2, stations with higher (upper) or lower (lower) temperature values and
Chl a concentrations are observed (Figure 8).

The location and presence of the turbidity front is one of the environmental features regulat-
ing ecological processes in the RdlP [19, 24, 25]. The influence of ENSO events on this feature
have been poorly studied [24]. Our results agree with those of [40], who found that the
turbidity front was related to the salinity and discharge flow of the RdlP. In this study, we
showed the relationship between the RdlP flow and the spatial location of the turbidity front
that conditioned the physicochemical characteristics of the water column of the MCZ,
mainly during the EN phase. In Figure 9, we show satellite images (MODIS) of the RdlP
where different locations of the turbidity front are depicted. Before the development of the
EN phase (February 2009), the turbidity front was located west of the MCZ. During the EN
phase (July 2009–April 2010), the turbidity front was located adjacent to the MCZ, while
during the LNN (October 2010–January 2011), the front was again west of the MCZ, with
less turbid waters in the MCZ. The monthly average Secchi depth was directly correlated
with salinity, thus reflecting the occurrence of low turbidity waters in the MCZ during the
low discharge flows of the RdlP. In addition, the PCA showed an arrangement of the

Figure 8. Principal component analysis diagram of physicochemical parameters classified according to ENSO phases (“El
Niño” and “La Niña-Neutral”). TN (Total nitrogenous), TP (Total phosphorus), Ox. Sat. (oxygen saturation), Secchi d.
(Secchi depth), Chl a (chlorophyll a).
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sampling stations according to the hydrological behavior and seasonal variation. Coastal
zones influenced by river discharges show gradients in nutrient concentrations related with
changes in salinity [42]. Both TN and TP concentrations were positively associated with the
RdlP and Parana flows and negatively associated with salinity and Secchi depth. In addition,
the stations with the highest nutrient concentrations were associated to the axis 1 of the PCA,
which represents the hydrological variability of the system. These results suggest that an
increase in the RdlP flow promotes an increase of nutrient availability in the MCZ, particu-
larly during the EN phase.

On the other hand, high Chl a concentrations and temperature associated with PCA axis 2 are
interpreted as a seasonal variation of biomass phytoplankton related to temperature. In [28],
phytoplankton Chl a usually displays a concentration peak by the end of summer and the
beginning of autumn, showing a unimodal trend in the seasonal pattern. There are few studies
of the RdlP regarding the seasonal patterns in total chlorophyll concentration; nevertheless,
recent studies have demonstrated that salinity, depth, and light availability, which attain
maximum values in spring, are the main variables controlling the biomass and composition
of the phytoplankton community in the RdlP [43].

Figure 9. Turbidity front position (white line) during the study period. Images MODIS (AERONET-CEILAP-BA-Subset-
Aqua-1 km-true-color). From: http://lance.modaps.eosdis.nasa.gov/imagery/subsets/?subset=AERONET_CEILAP-BA.
terra.1km (accessed in July 2016).
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(0.882) and Chl a (0.826), interpreted as gradient of seasonal variability. Associated with axis 1,
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nutrient (TN and TP) were located. The stations of the LNN phase are located to the right of axis
1 and are characterized by higher values of oxygen saturation, water transparency, and salinity.
Associated with axis 2, stations with higher (upper) or lower (lower) temperature values and
Chl a concentrations are observed (Figure 8).

The location and presence of the turbidity front is one of the environmental features regulat-
ing ecological processes in the RdlP [19, 24, 25]. The influence of ENSO events on this feature
have been poorly studied [24]. Our results agree with those of [40], who found that the
turbidity front was related to the salinity and discharge flow of the RdlP. In this study, we
showed the relationship between the RdlP flow and the spatial location of the turbidity front
that conditioned the physicochemical characteristics of the water column of the MCZ,
mainly during the EN phase. In Figure 9, we show satellite images (MODIS) of the RdlP
where different locations of the turbidity front are depicted. Before the development of the
EN phase (February 2009), the turbidity front was located west of the MCZ. During the EN
phase (July 2009–April 2010), the turbidity front was located adjacent to the MCZ, while
during the LNN (October 2010–January 2011), the front was again west of the MCZ, with
less turbid waters in the MCZ. The monthly average Secchi depth was directly correlated
with salinity, thus reflecting the occurrence of low turbidity waters in the MCZ during the
low discharge flows of the RdlP. In addition, the PCA showed an arrangement of the
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sampling stations according to the hydrological behavior and seasonal variation. Coastal
zones influenced by river discharges show gradients in nutrient concentrations related with
changes in salinity [42]. Both TN and TP concentrations were positively associated with the
RdlP and Parana flows and negatively associated with salinity and Secchi depth. In addition,
the stations with the highest nutrient concentrations were associated to the axis 1 of the PCA,
which represents the hydrological variability of the system. These results suggest that an
increase in the RdlP flow promotes an increase of nutrient availability in the MCZ, particu-
larly during the EN phase.

On the other hand, high Chl a concentrations and temperature associated with PCA axis 2 are
interpreted as a seasonal variation of biomass phytoplankton related to temperature. In [28],
phytoplankton Chl a usually displays a concentration peak by the end of summer and the
beginning of autumn, showing a unimodal trend in the seasonal pattern. There are few studies
of the RdlP regarding the seasonal patterns in total chlorophyll concentration; nevertheless,
recent studies have demonstrated that salinity, depth, and light availability, which attain
maximum values in spring, are the main variables controlling the biomass and composition
of the phytoplankton community in the RdlP [43].

Figure 9. Turbidity front position (white line) during the study period. Images MODIS (AERONET-CEILAP-BA-Subset-
Aqua-1 km-true-color). From: http://lance.modaps.eosdis.nasa.gov/imagery/subsets/?subset=AERONET_CEILAP-BA.
terra.1km (accessed in July 2016).
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3.4. Weather, hydrological, and oceanographic interactions

Significant correlations between Niño indexes (Niño 3.4 > Niño 4 > Niño 1 + 2 > Niño 3) and
flows of RdlP, Uruguay, and Parana rivers were only found during EN event (n = 10; Table 1).

During the “EN” phase, we observed significant correlations between the RdlP and Uruguay
River flow and the different Niño indexes (Niño 1 + 2, Niño 3, Niño 3.4, and Niño 4), where
Niño 3.4 showed the highest correlation coefficients. Similar correlation coefficients (r = 0.51)
were observed between Niño 3.4 and the Uruguay River flow [19]. The associations found in
this study with the RdlP and Uruguay River flow were higher than those of the above

Q RdlP Q Uruguay river Q Paraná river

Niño 1 + 2 �0.685 (P = 0.029*) NS �0.842 (P = 0.002**)

Niño 3 NS 0.673 (P = 0.033*) NS

Niño 3.4 0.888 (P = 0.001**) 0.912 (P = 0.000**) 0.578 (P = 0.080 MS)

Niño 4 0.806 (P = 0.005**) 0.782 (P = 0.008**) 0.648 (P = 0.043*)

P = * 0.05; ** <0.01; MS: marginally significant; NS: not significant.

Table 1. Correlations (Rs) between Niño indicators and flow (Q) of RdlP, Uruguay and Parana rivers.

Figure 10. Wind stress fluctuations (Pa) (dashed lines) and RdlP flow (m3 s�1).
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mentioned authors. During ENSO events, joint monitoring of the Niño 3.4 index and the RdlP
and the Uruguay River flow would allow the assessment of the temporal variability in hydrol-
ogy of the system, promoting the generation of early warnings of floods or maximum water
levels in both systems.

The wind stress and flow of the RdlP showed in phase and out of phase fluctuations (sensu
[23]) (Figure 10). Wind stress and RdlP flow (Rs (0.021, 29) = �0.41) and Uruguay River flow
(Rs (0.001, 29) = �0.50) showed significant inverse correlations. Minimum continuous stress
values were observed during September 2009 and April 2010, coinciding with peak flows of
RdlP, while maximum values of stress (May and August 2009) coincided with the RdlP
minimum flows.

Flow (RdlP, Uruguay and Parana rivers) and average salinity showed inverse linear relation-
ships with higher coefficients recorded during the EN phase than during “LNN” phase
(Figure 11).

Figure 11. Inverse linear relationships between MCZ average salinity and RdlP, Uruguay and Parana rivers flow. (A) “El
Niño,” n = 8; (B) “La Niña-Neutral,” n = 10.
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mentioned authors. During ENSO events, joint monitoring of the Niño 3.4 index and the RdlP
and the Uruguay River flow would allow the assessment of the temporal variability in hydrol-
ogy of the system, promoting the generation of early warnings of floods or maximum water
levels in both systems.

The wind stress and flow of the RdlP showed in phase and out of phase fluctuations (sensu
[23]) (Figure 10). Wind stress and RdlP flow (Rs (0.021, 29) = �0.41) and Uruguay River flow
(Rs (0.001, 29) = �0.50) showed significant inverse correlations. Minimum continuous stress
values were observed during September 2009 and April 2010, coinciding with peak flows of
RdlP, while maximum values of stress (May and August 2009) coincided with the RdlP
minimum flows.

Flow (RdlP, Uruguay and Parana rivers) and average salinity showed inverse linear relation-
ships with higher coefficients recorded during the EN phase than during “LNN” phase
(Figure 11).

Figure 11. Inverse linear relationships between MCZ average salinity and RdlP, Uruguay and Parana rivers flow. (A) “El
Niño,” n = 8; (B) “La Niña-Neutral,” n = 10.
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Wind stress and discharge levels are the main processes responsible for extending the estua-
rine discharge plume of the RdlP over the Atlantic continental shelf [23]. In this system, the
E-ESE-E wind direction promotes the inflow of ocean water into the estuary, while W-WNW
winds promote discharge of affluent rivers (Parana and Uruguay rivers), increasing or reduc-
ing average salinity and the upriver or downriver displacement of the saline front [18, 19].
During high discharge periods (Q RdlP < 30,000 m3 s�1), which are largely associated to ENSO
events (5 in 7 between 1959 and 1990), only the event in 1992 presented wind stress conditions
favorable for the dispersion of the river plume into the internal zone of the RdlP. In the
remaining events, the wind strength opposite to the penetration of the plume was negligible
[23]. During September 2009–May 2010 (EN phase), we observed “out of phase” fluctuations
between the RdlP flow and wind stress, while during “LNN” fluctuations were mostly of the
“in phase” type (sensu latu [23]). According to [23], high flows in the Uruguay and Parana
rivers combined with minimum wind stress promote optimal conditions for the discharge and
penetration of RdlP waters into the Uruguayan and Argentinean coastal zone. Similar results
were observed for the RdlP discharge plume over the continental shelf [44]. In this study, we
recorded a predominance of flow over wind stress as the main driver for the extension of the
plume discharge over the north coast of the RdlP estuary during EN phase.

4. Conclusions

During the 2009–2010 ENSO event, in the EN phase, there is an increase in rainfall from spring
2009, promoting an increase in the flows of the main tributary rivers to the RdlP estuary.
During EN phase, the RdlP flow and wind stress are the principal drivers of oceanographic
condition at the north coast of RdlP.
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between the RdlP flow and wind stress, while during “LNN” fluctuations were mostly of the
“in phase” type (sensu latu [23]). According to [23], high flows in the Uruguay and Parana
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plume discharge over the north coast of the RdlP estuary during EN phase.
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The occurrence of pesticides in aquatic environments is registered worldwide, but few or 
no approaches have been used to summarize and integrate the data. In this work, 30 coun-
tries and 95 aquatic systems were taken into consideration, using the data collected in the 
past 17 years. Data were evaluated by continent, with a special focus on Europe, as the con-
tinent with the most information available. However, in terms of analyzed pesticides, the 
insecticides were the most common category of pesticides being applied in excess in several 
Asian countries. Moreover, priority pesticides settled for elimination were/are still present 
in almost all the continents, demonstrating that those compounds continue to be used. This 
leads to the existence of environmental mixtures containing both legal and illegal pesticides, 
which are able to affect different trophic levels, including humans. Thus, action plans like 
international discussions and pacts should exist to regulate the adequate usage of pesticides, 
and a continuous environmental monitoring should be enforced to understand potential 
toxicological risks promoted by these compounds. Further considerations, based on the 
Stockholm Convention list and European Directive 2013/39/EU as references, were used to 
evaluate the degree of contamination in the studied aquatic systems.
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1. Preamble

The current overuse and abusive application of pesticides may impact diverse aquatic ecosys-
tems in both the short and long term. Due to their physicochemical properties, pesticides can 
circulate through various mechanisms, converting into an additional source of contamination 
to aquatic environments, mainly the estuaries. Although many scientific and governmental 
works have been published to alert to these facts, poor approaches have been used to connect all 
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available data. With this in mind, the main goal of this work is to review a significant amount of 
published representative data from a variety of aquatic systems, including rivers, estuaries, and 
coastal areas, and discuss the published results, around the world, taking into consideration 
factors such as geographic variability (continental and regional), matrices, pesticide category, 
and the European legislation.

Due to the volume of available information, the review is restricted to a period of 17 years 
(from 2000 to 2017) of publications. All the available data—average minimum (av-min), aver-
age maximum (av-max), and average of averages (av-av) concentrations—were collected and 
expressed as ng/L. Data were grouped by pesticide category. Europe is used as the main pil-
lar of this study because it is the continent with the largest amount of data available. Online 
databases, as Web of Science (Thomson Reuters) and PubMed (NCBI), were used to access the 
indexed articles used in this work.

2. Water matrix

Eighty-eight articles were reviewed and compiled in Table 1. Matrices such as surface waters 
and dissolved aqueous phase represent a total of 79 and 6% of the collected data, respec-
tively. Among these, 62% of the analyzed data refers to Europe, and the rest is divided 
between Africa and Asia (each with 13 and 18%, respectively), followed by South America 
and Oceania. No data were found for North America and Antarctica with the above pre-
sented criteria (Table 1); thus, when citing herein “worldwide”, these continents are not 
included. Fifty aquatic systems were studied in Europe, from which Spain stands out with 
13 (published in 19 journals).

Overall, the data collected between 1993 and 2017 show average concentrations of pesticides 
ranging from ~17 to ~9936 ng/L (Table 1). Among the selected articles, 141 compounds were 
detected and quantified in Europe, 57 in Asia, 42 in Africa, 21 in Oceania, and 33 in South 
America. The highest average concentrations and standard deviations (SD) were measured in 
Asia (875 ng/L; SD 3468), followed by Europe (638 ng/L; SD 10761), South America (487 ng/L; 
SD 2448), Africa, and finally, Oceania (230 ng/L; SD 1500).

On a worldwide scale, the insecticides prevail (60%) in terms of available and quantified data 
when compared with both herbicides (33%) and fungicides (7%). Per continent, the percent-
age of insecticides are more than 90% in Africa and Asia, summing approximately 45% in 
Europe, 71% in South America, and 19% in Oceania. No cases were reported in North America 
and Antarctica (Figure 1). While the high percentage of insecticides in Asia may be due to 
the high cereals production (more than 13 × 108 tonnes), in Africa, it can be linked to cere-
als production, plague control, and vector-borne diseases control [86–88]. In South America, 
studies alert to abusive usage of insecticides for pest control due to resistant species and the 
introduction of nonnative ones [89, 90]. In Figure 1, a peculiar different pattern is observed 
for the percentages of types of pesticides in Europe versus Oceania, which for the first case 
may be due to the high number of compounds quantified (141) or, more likely, to a response 
to diverse agriculture practices and industrial needs [91].
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Continent/country Number 
of aquatic 
systems

Quantified 
pesticides

Sampling 
year

av-min av-max av-av Reference

ng/L

Africa

Benin 1 6 2010 138.7 358.0 224.9 [1]

Egypt 2 12–13 1993 0.1 0.2 0.1 [2]

Ghana 2 4–11 2004 0.3 0.9–120.5 0.1–97.3 [3, 4]

Kenya 1 2 na na na 9375 [5]

Mozambique 1 16 na 24 43.4 30.6 [6]

Nigeria 5 1–14 2014 405.5–1930 431.0–3267 190.0–2163 [7–9]

South Africa 5 4–15 1999–2002 na–25 na–135 35.2–77.9 [10, 11]

Asia

China 11 5–30 1999–2014 0.3–794.3 4.6–31,261 1.5–7384 [12–22]

India 3 3–13 2009–2015 0–2133 2.2–194,700 0.2–13,166 [23–25]

Macau 1 18 2001 0.8 3.5 1.6 [26]

Russia 2 7 2003–2005 na na 0.1 [27]

Vietnam 1 13 2012 na 2246 398.5 [28]

Europe

Central and Eastern 
Europe

1 9 2007 na 24.1 6.3 [29]

Belgium 2 6–7 2002–2004 na na 48.4–312.1 [30–31]

Bulgaria 1 8 na 6.6 10.4 5.3 [32]

France 6 3–19 2003–2010 81.7–317.4 94.3–3452 26.9–566.7 [33–37]

Germany 6 1–19 2001–2003 4 250–5600 9.1–580 [38–39]

Greece 7 3–23 1996–2007 11.6–47.3 29.2–803.3 19.6–99.3 [40–43]

Hungary 1 2 2010 na na 417.1 [44]

Italy 1 9 2008 1.2 4.4 1.9 [45]

Norway 1 12 2014 0.1 0.6 0.3 [46]

Poland 2 8–12 2002–2003 1.3–525.4 55.6–1323 8.5–42 [47–48]

Portugal 7 8–48 2004–2012 5.9–6487 125–290,345 31.2–
17,667

[49–57]

Romania 3 7 2004–2013 8.3 9.8–39.7 1.6–37.1 [58–59]

Spain 13 1–45 1996–2013 6.1–58.4 35.8–947 4–940 [60–74]

The Netherlands na 13 2008 34.6 79.2 43.8 [75]

Oceania

Australia 5 4–10 2006–2010 1.5–138.3 8.5–3399 2.8–759.1 [76–80]
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Looking at the nature of the matrices, while most studies have been using surface water as 
target (78%), the rest have been tackling groundwater (9%), dissolved aqueous phase (6%), 
and even others (Figure 1).

In spite of these facts, we should be aware that these results are dependent on the authors’ 
selection, which may not correspond entirely to what is present in the aquatic systems.

Amid continents, the number of quantified compounds was similar (~12) with the exception 
of Europe, which presented a higher number of measured pesticides (~23) and a higher num-
ber of aquatic systems monitored.

The quantified pesticides data were also compared to the average and maximum levels set by 
Directive 2013/39/EU. Considering this aspect, the pesticides with levels above those estab-
lished by the Directive are referred herein as positive cases (Table 2). A higher number of 
positive cases were registered for average concentrations (with percentages ranging from 
31 to 75%) than for maximum concentrations (with percentages ranging from 12 to 39%). 
Considering both average and maximal concentrations, higher percentages of pesticides con-
sidered dangerous and banned by the Directive 2013/39/EU were registered in Asia (mainly 
China) and in South America. However, in South America (mainly Brazil), several pesti-
cides that are legally forbidden in Europe (at least in European Union) still are legal in South 
America. The last observation leads to an over usage of these compounds in the respective 
region. In Asia (China), dicofol (structural similarity to DDT) will become forbidden in 2018 
by the governmental agencies.

Insecticides are the only common pesticide category among continents, demonstrating its 
value in agriculture and urban gardening. The previous scenario, ruled by Asia and South 
America, is now changed, where Europe presents almost the double (n = 74) of positive cases 
(for average concentrations), when compared to Africa (n = 39) and Asia (n = 41). Few cases 
were observed in other continents. This denotes the importance of the European legislation 
and how far we are to accomplish its goals.

In Europe, pesticide levels averaged between ~4 and ~399 ng/L. Herein, the top three countries 
with published articles (from a total of 42 publications) are Spain (30%), Portugal (26%), and 
Greece (9%). These three countries reported the presence of more than 79 (Spain), 94 (Portugal), 

Continent/country Number 
of aquatic 
systems

Quantified 
pesticides

Sampling 
year

av-min av-max av-av Reference

ng/L

South America

Argentina 2 3–8 2012 20–28.3 139.6–3783 53.5–323.3 [81–82]

Brazil 2 10–11 1999–2005 4.9–18.1 40.1–50.6 12.9–23.6 [83–84]

Chile 1 8 2013–2014 na na 2.6 [85]

Table 1. Pesticide concentrations [average minimum (av-min), average maximum (av-max) and average of averages 
(av-av) values; ng/L] in water samples, displayed by continent, country, and aquatic system; the number of quantified 
pesticides and sampling year were also added (na: not applicable).
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and 26 (Greece) pesticides in different aquatic systems. Looking at the number of positive 
cases, for average and maximum Directive established limits, Portugal (n = 74) stands out when 
compared to Spain (n = 10) and Greece (n = 28) [49, 51–57, 92]. These results demonstrate that 
the Portuguese aquatic systems are loaded with extreme high concentrations of pesticides, 
which can be due ineffective water treatment and/or abusive usage of pesticides along the 
water courses. It should be noted that the main rivers such as Minho, Douro, and Tagus have 
their origin in Spain, which can also contribute to the high levels observed in Portugal.

Due to the different number of compounds analyzed per published articles, the most frequent 
pesticides (more than 10 observations, i.e., quantification of pesticides in different aquatic 
systems or countries) were re-analyzed to compare the average concentrations between the 
different continents. The majority of the quantified pesticides (Table 3) belong to the priority 
list of persistent organic pollutants [94, 95]. Among these substances, which were settled in 
the Stockholm Convention list to be eliminated, the hexachlorocyclobenzene (HCB), DDT, 
aldrin, dieldrin, endrin, and hexachlorocyclohexane (HCH) were quantified in almost all the 
continents even after 2001, showing a continuous usage of these illegal substances. The same 
was registered for DDT, heptachlor, and hexachlorocyclobenzene after 2009. In fact, while 
HCB, aldrin, and dieldrin were measured in higher average concentrations in Europe, DDT 
and HCH were more prominent in Asia and endrin, endosulfan, and heptachlor were quan-
tified in higher amount in Africa. In South America, the levels of the banned compounds 
were not particularly high; nonetheless, further studies should be undertaken to confirm the 
published data.

Figure 1. Representation of the quantified pesticides in water samples (%), per category, on each continent; the right 
upper corner figure represents the type of matrices found worldwide.
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Quantified 
pesticides

Sampling 
year

av-min av-max av-av Reference

ng/L

South America

Argentina 2 3–8 2012 20–28.3 139.6–3783 53.5–323.3 [81–82]

Brazil 2 10–11 1999–2005 4.9–18.1 40.1–50.6 12.9–23.6 [83–84]

Chile 1 8 2013–2014 na na 2.6 [85]

Table 1. Pesticide concentrations [average minimum (av-min), average maximum (av-max) and average of averages 
(av-av) values; ng/L] in water samples, displayed by continent, country, and aquatic system; the number of quantified 
pesticides and sampling year were also added (na: not applicable).

Estuary42

and 26 (Greece) pesticides in different aquatic systems. Looking at the number of positive 
cases, for average and maximum Directive established limits, Portugal (n = 74) stands out when 
compared to Spain (n = 10) and Greece (n = 28) [49, 51–57, 92]. These results demonstrate that 
the Portuguese aquatic systems are loaded with extreme high concentrations of pesticides, 
which can be due ineffective water treatment and/or abusive usage of pesticides along the 
water courses. It should be noted that the main rivers such as Minho, Douro, and Tagus have 
their origin in Spain, which can also contribute to the high levels observed in Portugal.

Due to the different number of compounds analyzed per published articles, the most frequent 
pesticides (more than 10 observations, i.e., quantification of pesticides in different aquatic 
systems or countries) were re-analyzed to compare the average concentrations between the 
different continents. The majority of the quantified pesticides (Table 3) belong to the priority 
list of persistent organic pollutants [94, 95]. Among these substances, which were settled in 
the Stockholm Convention list to be eliminated, the hexachlorocyclobenzene (HCB), DDT, 
aldrin, dieldrin, endrin, and hexachlorocyclohexane (HCH) were quantified in almost all the 
continents even after 2001, showing a continuous usage of these illegal substances. The same 
was registered for DDT, heptachlor, and hexachlorocyclobenzene after 2009. In fact, while 
HCB, aldrin, and dieldrin were measured in higher average concentrations in Europe, DDT 
and HCH were more prominent in Asia and endrin, endosulfan, and heptachlor were quan-
tified in higher amount in Africa. In South America, the levels of the banned compounds 
were not particularly high; nonetheless, further studies should be undertaken to confirm the 
published data.

Figure 1. Representation of the quantified pesticides in water samples (%), per category, on each continent; the right 
upper corner figure represents the type of matrices found worldwide.
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Continent/country Average amounts 
(ng/L)

Number of 
cases

Samples above 2013/39/EU References

av max

Africa

Fungicide 32.5 6 4 0 [2, 10]

Insecticide 312.9 51 39 7 [1–4, 6–8, 10, 11]

Asia

Fungicide 4.1 3 1 0 [12, 27]

Insecticide 2270 72 41 29 [12–27]

Europe

Fungicide

Greece 72.5 2 2 1 [41]

Portugal 45.0 8 6 1 [50, 53, 55–57, 92]

Herbicide

Belgium 243.3 8 1 0 [30, 31]

France 294.6 10 4 3 [34, 36, 37]

Germany 73.5 19 2 3 [38, 39]

Greece 49.8 8 1 1 [40, 42, 43]

Portugal 370.6 32 7 4 [49–54, 56, 57, 92]

Spain 125.0 59 2 2 [61, 63, 65–72, 74]

Insecticide

Belgium 56.0 1 1 0 [30]

Bulgaria 17.2 3 2 1 [32]

France 140.1 5 5 2 [34–36]

Greece 48.5 16 14 9 [40, 41]

Italy 2.8 2 1 1 [45]

Poland 47.2 6 4 2 [47, 48, 93]

Portugal 398.5 54 42 14 [49–51, 53–57]

Romania 4.1 5 2 2 [58, 59]

Spain 9.0 20 3 3 [62–64, 66–69, 74]

Oceania

Herbicide 503.1 11 3 3 [76–80]

Insecticide 2.0 2 1 1 [76, 77]

South America

Insecticide 112.1 11 8 6 [82–85]

Table 2. Pesticides average (av) and maximum (max) concentrations (ng/L) in water samples, displayed by continent and 
pesticide category; the number of quantified pesticides, as well as the number of samples above 2013/39/EU Directive 
levels, were also included; Europe is presented with more detailed information; references are only defined for the 
samples above the 2013/39/EU Directive, per category.
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Higher average concentrations of the same order of magnitude in Africa and Europe (global 
average ~38 ng/L) and lower amounts in Asia (~4 ng/L) were registered for the fungicide 
HCB. Herbicides such as atrazine and simazine were measured in Europe, Oceania, and 
South America, where the highest average concentrations were observed for the first two 
continents. Among herbicides, diuron stands out with concentrations 6-fold higher in 
Oceania (~1200 ng/L), when compared to the other continents (~200 ng/L). Among insec-
ticides, ∑DDT, ∑cyclodiene, chlorpyriphos, ∑endosulfan, ∑heptachlor + heptachlor epox-
ide, ∑HCH, and malathion were most frequent in Africa, Asia, Europe, and South America. 
Comparing the total average sum of these insecticides (∑), Asia had the highest concentra-
tions (~10,000 ng/L), followed by Africa (~3000 ng/L), Europe (~1800 ng/L), and finally, South 
America (~300 ng/L). The extremely high values in Asia are due to punctual observations in 
the Deomoni River (India) and in the Yellow River (China), which do not reflect the average 
concentration in Asia [21, 24]. However, when considering all pesticides from Table 3, we 
recorded similar concentrations (from ∑ ~7460 ng/L to ∑ ~10,540 ng/L) among Africa, Asia, 
and Europe, confirming that high punctual concentrations occur in different continents. The 
high concentrations reported for chlorpyriphos (in Asia and South America) and for diazi-
non (in Africa) are above the LC50 and/or EC50 observed in short-time exposures (48–96 h), 
for fish (as the rainbow trout) and invertebrates (as the crustaceans daphnia and mysid 
shrimps). Individually, these compounds can already cause mortality to 50% of the exposed 
population; however, a worst-case scenario may occur if these compounds are present in an 
environmental mixture (further considerations are done in chapter Pesticides in Worldwide 
Aquatic Systems: Part II).

The parent compound/residues ratios were calculated for DDT, endosulfan, and hepta-
chlor. Results demonstrate an active use of DDT in Asia (1.4), while for endosulfan and 
heptachlor, the active use is spread among diverse continents (Africa, Asia, Europe, 
and South America).

The most frequent pesticides (equal or more than 10 quantifications in different aquatic systems 
or countries) were selected and grouped by category for the European countries (Table 4), reach-
ing 23 compounds. The concentrations of eleven of these pesticides are above the Maximum 
Residue Limits (MRLs) set by 2013/39/EU Directive. The range of concentrations (min-max) 
was assessed, displaying the most substantial differences between countries. Seven pesticides 
(alachlor, aldrin, dieldrin, chlortoluron, dimethoate, diuron, and terbuthylazine) stand out with 
the highest ranges (numbers in bold, Table 4). Alachlor is present in the Iberian Peninsula at 
levels above the 2013/39/EU Directive limits set for average concentrations in surface waters, 
which may relate to a regional application of this herbicide [49–51, 53–57, 60, 63, 66, 67, 71, 72]; 
the same was observed for diuron, in Spain, France, and Belgium [30, 34, 37, 60, 63, 67, 70, 72]. 
The cyclodiene pesticides (∑aldrin and dieldrin) were above the annual average concentrations 
(∑ ~5 ng/L) set by the same directive for all registered cases, presenting extremely high amounts 
in Portugal (∑cyclodienes ~2174 ng/L), demonstrating an abusive and illegal use of these com-
pounds in these regions [50, 51, 53, 55, 57]. Remarkably, none of these pesticides were above 
the LC50 and/or EC50 documented for the most typical organisms representative of the various 
trophic models.
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Continent/country Average amounts 
(ng/L)

Number of 
cases

Samples above 2013/39/EU References

av max

Africa

Fungicide 32.5 6 4 0 [2, 10]

Insecticide 312.9 51 39 7 [1–4, 6–8, 10, 11]

Asia

Fungicide 4.1 3 1 0 [12, 27]

Insecticide 2270 72 41 29 [12–27]

Europe

Fungicide

Greece 72.5 2 2 1 [41]

Portugal 45.0 8 6 1 [50, 53, 55–57, 92]

Herbicide

Belgium 243.3 8 1 0 [30, 31]

France 294.6 10 4 3 [34, 36, 37]

Germany 73.5 19 2 3 [38, 39]

Greece 49.8 8 1 1 [40, 42, 43]

Portugal 370.6 32 7 4 [49–54, 56, 57, 92]

Spain 125.0 59 2 2 [61, 63, 65–72, 74]

Insecticide

Belgium 56.0 1 1 0 [30]

Bulgaria 17.2 3 2 1 [32]

France 140.1 5 5 2 [34–36]

Greece 48.5 16 14 9 [40, 41]

Italy 2.8 2 1 1 [45]

Poland 47.2 6 4 2 [47, 48, 93]

Portugal 398.5 54 42 14 [49–51, 53–57]

Romania 4.1 5 2 2 [58, 59]

Spain 9.0 20 3 3 [62–64, 66–69, 74]

Oceania

Herbicide 503.1 11 3 3 [76–80]

Insecticide 2.0 2 1 1 [76, 77]

South America

Insecticide 112.1 11 8 6 [82–85]

Table 2. Pesticides average (av) and maximum (max) concentrations (ng/L) in water samples, displayed by continent and 
pesticide category; the number of quantified pesticides, as well as the number of samples above 2013/39/EU Directive 
levels, were also included; Europe is presented with more detailed information; references are only defined for the 
samples above the 2013/39/EU Directive, per category.
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Higher average concentrations of the same order of magnitude in Africa and Europe (global 
average ~38 ng/L) and lower amounts in Asia (~4 ng/L) were registered for the fungicide 
HCB. Herbicides such as atrazine and simazine were measured in Europe, Oceania, and 
South America, where the highest average concentrations were observed for the first two 
continents. Among herbicides, diuron stands out with concentrations 6-fold higher in 
Oceania (~1200 ng/L), when compared to the other continents (~200 ng/L). Among insec-
ticides, ∑DDT, ∑cyclodiene, chlorpyriphos, ∑endosulfan, ∑heptachlor + heptachlor epox-
ide, ∑HCH, and malathion were most frequent in Africa, Asia, Europe, and South America. 
Comparing the total average sum of these insecticides (∑), Asia had the highest concentra-
tions (~10,000 ng/L), followed by Africa (~3000 ng/L), Europe (~1800 ng/L), and finally, South 
America (~300 ng/L). The extremely high values in Asia are due to punctual observations in 
the Deomoni River (India) and in the Yellow River (China), which do not reflect the average 
concentration in Asia [21, 24]. However, when considering all pesticides from Table 3, we 
recorded similar concentrations (from ∑ ~7460 ng/L to ∑ ~10,540 ng/L) among Africa, Asia, 
and Europe, confirming that high punctual concentrations occur in different continents. The 
high concentrations reported for chlorpyriphos (in Asia and South America) and for diazi-
non (in Africa) are above the LC50 and/or EC50 observed in short-time exposures (48–96 h), 
for fish (as the rainbow trout) and invertebrates (as the crustaceans daphnia and mysid 
shrimps). Individually, these compounds can already cause mortality to 50% of the exposed 
population; however, a worst-case scenario may occur if these compounds are present in an 
environmental mixture (further considerations are done in chapter Pesticides in Worldwide 
Aquatic Systems: Part II).

The parent compound/residues ratios were calculated for DDT, endosulfan, and hepta-
chlor. Results demonstrate an active use of DDT in Asia (1.4), while for endosulfan and 
heptachlor, the active use is spread among diverse continents (Africa, Asia, Europe, 
and South America).

The most frequent pesticides (equal or more than 10 quantifications in different aquatic systems 
or countries) were selected and grouped by category for the European countries (Table 4), reach-
ing 23 compounds. The concentrations of eleven of these pesticides are above the Maximum 
Residue Limits (MRLs) set by 2013/39/EU Directive. The range of concentrations (min-max) 
was assessed, displaying the most substantial differences between countries. Seven pesticides 
(alachlor, aldrin, dieldrin, chlortoluron, dimethoate, diuron, and terbuthylazine) stand out with 
the highest ranges (numbers in bold, Table 4). Alachlor is present in the Iberian Peninsula at 
levels above the 2013/39/EU Directive limits set for average concentrations in surface waters, 
which may relate to a regional application of this herbicide [49–51, 53–57, 60, 63, 66, 67, 71, 72]; 
the same was observed for diuron, in Spain, France, and Belgium [30, 34, 37, 60, 63, 67, 70, 72]. 
The cyclodiene pesticides (∑aldrin and dieldrin) were above the annual average concentrations 
(∑ ~5 ng/L) set by the same directive for all registered cases, presenting extremely high amounts 
in Portugal (∑cyclodienes ~2174 ng/L), demonstrating an abusive and illegal use of these com-
pounds in these regions [50, 51, 53, 55, 57]. Remarkably, none of these pesticides were above 
the LC50 and/or EC50 documented for the most typical organisms representative of the various 
trophic models.
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Average amounts (ng/L) Africa Asia Europe Oceania South 
America

References

Fungicide

HCB 32.5 4.1 43.0 [2, 10, 12, 27, 32, 41, 50, 
53, 55, 56]

Herbicide

Alachlor 1.7 529.9 11.0 [34, 36, 38, 40, 49–57, 60, 
63, 66, 67, 71, 72, 83]

Atrazine 107.9 138.9 482.9 17.0 [34, 36, 38, 40, 49–57, 60, 
63, 66, 67, 71, 72, 83]

Atrazine-desethyl 6.0 173.2 65.2 [6, 29, 33, 38, 40, 43, 50, 
53–57, 61, 63, 66, 67, 69, 
71, 72, 78, 80, 96]

Chlortoluron 68.0 [34, 36, 38, 49, 63, 67, 
72, 75]

Diuron 200.0 239.7 1200 [6, 29, 30, 37, 38, 46, 49, 
63, 67, 70–72, 74, 78–80, 
97]

Isoproturon 34.7 [29, 30, 36, 38, 46, 63, 67, 
72, 74, 75, 97]

Metolachlor 22.7 57.4 5.0 [12, 30, 33, 34, 36, 38, 
46, 49, 50, 52–54, 56, 63, 
65–67, 71, 72, 74, 83]

Simazine 9.0 88.8 120.3 9.0 [6, 29–31, 38, 40, 43, 49, 
50, 53, 55, 56, 61, 63, 
65–68, 70–72, 74, 76, 77, 
79, 80, 83]

Terbuthylazine 27.5 280.2 [6, 29, 31, 38, 46, 49, 50, 
53–57, 61–63, 65–67, 
69–72]

Terbutryn 98.9 5.0 [37, 39, 53, 55–57, 66, 
69, 76]

Trifluralin 4.5 133.6 7.0 [12, 34, 36, 40, 42, 53, 55, 
56, 71, 83]

Insecticide

ΣDDT 744.7 1765 122.9 105.0

2,4′-DDD 138.8 25.1 31.0 [1, 7, 10, 23, 25, 26, 64]

2,4′-DDT 212.7 369.0 4.0 6.0 [7, 10, 12, 15, 17, 20–23, 
25, 26, 64, 84]

4,4′-DDD 103.3 132.7 15.2 41.0 [1, 2, 4, 7, 10, 12, 14, 15, 
17, 19–21, 23, 26, 35, 50, 
53, 55, 56, 59, 62, 64, 68, 
84, 93]
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Average amounts (ng/L) Africa Asia Europe Oceania South 
America

References

4,4′-DDE 139.9 679.0 18.8 36.0 [1–4, 7, 12–14, 16, 17, 19, 
20, 22, 23, 26, 41, 54–56, 
64, 68, 84, 93]

4,4′-DDT 150.0 559.2 54.0 22.0 [1–3, 7, 10, 12–17, 19–23, 
25, 26, 32, 35, 41, 47,  
50, 53, 55, 56, 59, 64,  
68, 84, 93]

DDT/DDE + DDD 0.9 1.1 0.9 0.4

ΣCyclodiene 334.8 48.4 1324 1.5

Aldrin 251.3 16.6 392.1 1.5 [4, 7, 8, 10, 12–14,  
16, 17, 19, 20, 25, 26,  
32, 41, 48, 50, 51, 53,  
55, 56, 68, 85]

Dieldrin 44.5 12.7 898.7 3.0 [4, 6, 8, 10, 12, 19, 20, 
25–27, 30, 41, 48, 50, 51, 
57, 68, 76, 81]

Endrin 39.0 19.1 32.8 [8, 10, 12, 13, 16, 17, 19, 
20, 25, 26, 32, 48, 50, 53, 
55, 56, 68]

Chlordane γ 24.9 4.0 3.9 [2, 4, 10, 12, 13, 53, 57, 59, 
72, 73, 83]

Chlorpyrifos 2.6 3103 14.9 110.0 [6, 12, 25, 40, 45,  
50, 53, 55–57, 66,  
69, 71, 74, 82]

Diazinon 4040 39.4 [5, 6, 37, 40, 42, 43, 45, 47, 
49, 50, 53, 55–58, 63, 67, 
69, 72, 74]

Dimethoate 360.0 4304 2.0 35.0 [18, 40, 45, 46, 49, 50, 
53–57, 67, 69, 72, 74, 76, 
81]

ΣEndosulfan 103.3 50.3 112.2 33.3

Endosulfan α 77.8 15.0 87.1 10.8 [6, 8, 11, 12, 16, 19, 25–27, 
32, 41, 50, 53, 55–57, 59, 
64, 83–85]

Endosulfan β 25.5 35.4 25.0 22.5 [4, 6, 8, 12, 13, 16, 19, 
26, 41, 50, 53, 55–57, 64, 
83, 84]

Endosulfan sulfate 22.6 41.4 40.8 7.0 [4, 6, 8, 11, 13, 16, 19, 25, 
41, 53–57, 83, 84]

Endosulfan/Endosulfan sulfate 4.6 1.2 2.8 4.8

Fenitrothion 77.5 [24, 40, 45, 47, 50, 53, 
55–57, 63, 67]
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Average amounts (ng/L) Africa Asia Europe Oceania South 
America

References

Fungicide

HCB 32.5 4.1 43.0 [2, 10, 12, 27, 32, 41, 50, 
53, 55, 56]

Herbicide

Alachlor 1.7 529.9 11.0 [34, 36, 38, 40, 49–57, 60, 
63, 66, 67, 71, 72, 83]

Atrazine 107.9 138.9 482.9 17.0 [34, 36, 38, 40, 49–57, 60, 
63, 66, 67, 71, 72, 83]

Atrazine-desethyl 6.0 173.2 65.2 [6, 29, 33, 38, 40, 43, 50, 
53–57, 61, 63, 66, 67, 69, 
71, 72, 78, 80, 96]

Chlortoluron 68.0 [34, 36, 38, 49, 63, 67, 
72, 75]

Diuron 200.0 239.7 1200 [6, 29, 30, 37, 38, 46, 49, 
63, 67, 70–72, 74, 78–80, 
97]

Isoproturon 34.7 [29, 30, 36, 38, 46, 63, 67, 
72, 74, 75, 97]

Metolachlor 22.7 57.4 5.0 [12, 30, 33, 34, 36, 38, 
46, 49, 50, 52–54, 56, 63, 
65–67, 71, 72, 74, 83]

Simazine 9.0 88.8 120.3 9.0 [6, 29–31, 38, 40, 43, 49, 
50, 53, 55, 56, 61, 63, 
65–68, 70–72, 74, 76, 77, 
79, 80, 83]

Terbuthylazine 27.5 280.2 [6, 29, 31, 38, 46, 49, 50, 
53–57, 61–63, 65–67, 
69–72]

Terbutryn 98.9 5.0 [37, 39, 53, 55–57, 66, 
69, 76]

Trifluralin 4.5 133.6 7.0 [12, 34, 36, 40, 42, 53, 55, 
56, 71, 83]

Insecticide

ΣDDT 744.7 1765 122.9 105.0

2,4′-DDD 138.8 25.1 31.0 [1, 7, 10, 23, 25, 26, 64]

2,4′-DDT 212.7 369.0 4.0 6.0 [7, 10, 12, 15, 17, 20–23, 
25, 26, 64, 84]

4,4′-DDD 103.3 132.7 15.2 41.0 [1, 2, 4, 7, 10, 12, 14, 15, 
17, 19–21, 23, 26, 35, 50, 
53, 55, 56, 59, 62, 64, 68, 
84, 93]
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Average amounts (ng/L) Africa Asia Europe Oceania South 
America

References

4,4′-DDE 139.9 679.0 18.8 36.0 [1–4, 7, 12–14, 16, 17, 19, 
20, 22, 23, 26, 41, 54–56, 
64, 68, 84, 93]

4,4′-DDT 150.0 559.2 54.0 22.0 [1–3, 7, 10, 12–17, 19–23, 
25, 26, 32, 35, 41, 47,  
50, 53, 55, 56, 59, 64,  
68, 84, 93]

DDT/DDE + DDD 0.9 1.1 0.9 0.4

ΣCyclodiene 334.8 48.4 1324 1.5

Aldrin 251.3 16.6 392.1 1.5 [4, 7, 8, 10, 12–14,  
16, 17, 19, 20, 25, 26,  
32, 41, 48, 50, 51, 53,  
55, 56, 68, 85]

Dieldrin 44.5 12.7 898.7 3.0 [4, 6, 8, 10, 12, 19, 20, 
25–27, 30, 41, 48, 50, 51, 
57, 68, 76, 81]

Endrin 39.0 19.1 32.8 [8, 10, 12, 13, 16, 17, 19, 
20, 25, 26, 32, 48, 50, 53, 
55, 56, 68]

Chlordane γ 24.9 4.0 3.9 [2, 4, 10, 12, 13, 53, 57, 59, 
72, 73, 83]

Chlorpyrifos 2.6 3103 14.9 110.0 [6, 12, 25, 40, 45,  
50, 53, 55–57, 66,  
69, 71, 74, 82]

Diazinon 4040 39.4 [5, 6, 37, 40, 42, 43, 45, 47, 
49, 50, 53, 55–58, 63, 67, 
69, 72, 74]

Dimethoate 360.0 4304 2.0 35.0 [18, 40, 45, 46, 49, 50, 
53–57, 67, 69, 72, 74, 76, 
81]

ΣEndosulfan 103.3 50.3 112.2 33.3

Endosulfan α 77.8 15.0 87.1 10.8 [6, 8, 11, 12, 16, 19, 25–27, 
32, 41, 50, 53, 55–57, 59, 
64, 83–85]

Endosulfan β 25.5 35.4 25.0 22.5 [4, 6, 8, 12, 13, 16, 19, 
26, 41, 50, 53, 55–57, 64, 
83, 84]

Endosulfan sulfate 22.6 41.4 40.8 7.0 [4, 6, 8, 11, 13, 16, 19, 25, 
41, 53–57, 83, 84]

Endosulfan/Endosulfan sulfate 4.6 1.2 2.8 4.8

Fenitrothion 77.5 [24, 40, 45, 47, 50, 53, 
55–57, 63, 67]
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Another worth to mention aspect is that the concentrations of the herbicides, chlortoluron, 
and terbuthylazine in France exceeded ~300 and ~1900 ng/L, respectively, indicating an abu-
sive application and/or improper waste treatment [34, 36]. However, none of these herbicides 
are included in the above referred European directive.

In Europe, the pesticides were highlighted in the Stockholm Convention list. Like DDT, aldrin, 
dieldrin, endrin, atrazine, HCB, HCH (gamma), heptachlor, heptachlor epoxide, mirex, and 
PeCB were quantified between 1996 and 2012. Average concentrations (Figure 2) ranged from 
1.1 to 155 ng/L along these years, excluding 2004 when high concentrations of two cyclodi-
ene pesticides (2377 ng/L for aldrin and 5156 ng/L for dieldrin) were registered in the same 
aquatic system (Lake Vela, Portugal) [51]. The parent/residues ratio for DDT and heptachlor 
reveals values above 1, indicating once again an active and abusive use of these pesticides.

Average amounts (ng/L) Africa Asia Europe Oceania South 
America

References

ΣHCH 1135 4768 136.1 41.1

HCH α 85.1 756.2 24.7 8.3 [2, 8, 10, 12–17, 19–23, 26, 
27, 41, 48, 58, 71, 84, 85]

HCH β 91.5 1335 39.1 21.0 [2, 4, 10, 12–17, 19–21, 23, 
26, 27, 41, 48, 58, 61, 85]

HCH δ 669.0 2299 4.5 [4, 14, 17, 19–21, 26, 85]

HCH γ 289.7 377.5 72.3 7.3 [2, 3, 7, 8, 13, 14, 16, 17, 
19–23, 25–27, 30, 32, 34, 
36, 38, 41, 47–50, 53–58, 
63, 64, 66–68, 71, 84, 85, 
93]

ΣHeptachlor, Heptachlor epoxide 580.6 31.1 34.5 1.6

Heptachlor 150.6 24.1 17.7 0.9 [1, 2, 4, 8, 10, 12, 14, 16, 
17, 19, 20, 23, 26, 41, 48, 
53, 55–57, 59, 85]

Heptachlor epoxide 430.0 7.0 16.8 0.7 [8, 13, 14, 16, 17, 19, 20, 
26, 41, 48, 50, 53, 57, 68, 
85]

Heptachlor/ heptachlor epoxide 0.4 3.4 1.1 1.2

Malathion 100.0 360.0 102.7 42.0 [6, 18, 40, 43, 45, 49, 50, 
53, 56, 57, 63, 67, 72, 83, 
92]

Methoxychlor 7.0 18.9 120.3 [4, 12–14, 16, 19, 35, 47, 
50, 53, 56, 57]

Σ 7456 1054 8278 1875 419

Data are displayed by category and continent referring to the most frequent pesticides (n ≥ 10). These values are based 
on the references cited in Table 1.
The pesticide names in bold are in the 2013/39/EU directive target list with specific MRLs; the ratio parent/residues is 
presented in italic style.
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3. Final considerations

Water, as the most common analyzed matrix, is usually characterized by the quantification 
of pesticides dissolved in the aqueous phase (after filtering). In spite of its importance, more 

Pesticides (ng/L) BE BG FR DE GR IT NO Pl PT RO SP NL min-max

References [29–40, 43, 45, 47–52, 54–71, 74, 75, 93]

ΣDDT 3.7 180.5 65.8 14.1 126.7 3.0 23.6 3.0–180.5

4,4′-DDD 84.0 7.5 11.0 1.0 7.6 1.0–84.0

4,4′-DDE 30.8 0.0 19.7 1.0 3.6 0.02–30.8

4,4′-DDT 3.7 96.5 35.0 6.6 96.0 1.0 12.5 1.0–96.5

Alachlor 41.0 36.4 66.4 813.1 380.3 36.4–813.1

ΣCyclodienes 5.6 43.0 6.0 2174 6.4 5.6–2174.4

Aldrin 5.6 23.9 1.0 832.1 3.1 1.0–832.1

Dieldrin 19.2 5.0 1342 3.2 3.2–1342

Atrazine 213.7 95.6 18.6 67.9 0.1 459.7 77.0 30.6 0.1–459.7

Atz-desethyl 38.1 11.1 45.3 587.5 26.3 11.1–587.5

Chlorpyrifos 2.5 4.6 29.1 3.0 2.5–29.1

Chlortoluron 340.5 3.3 7.8 7.4 20.0 3.3–340.5

Diazinon 93.1 0.7 59.2 20.0 9.1 0.7–93.1

Dimethoate 5.2 2.3 0.0 11,650 23.7 0.0–11,650

Diuron 820.0 740.0 7.1 0.3 49.5 208.7 0.3–820.0
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Simazine 71.9 7.7 2.7 33.5 156.9 2.7–156.9

Terbuthylazine 36.0 1950 4.1 0.3 78.9 414.0 0.3–1950

Terbutryn 203.4 37.4 3.7 3.7–203.4

Data are displayed by European country (BE: Belgium, BG: Bulgaria; FR: France; DE: Germany; GR: Greece; IT: Italy; NO: 
Norway; PL: Poland; PT: Portugal; RO: Romania; SP: Spain; NL: Netherlands) referring to the most frequent pesticides 
(n ≥ 10) based on the references cited in Table 1. Atz-desethyl: atrazine-desethyl; Endo. sulfate: endosulfan sulfate.
The pesticide names in bold are in the 2013/39/EU directive target list with specific MRLs.

Table 4. Average values (ng/L) of the most frequent pesticides quantified in water samples.

Pesticides in Worldwide Aquatic Systems: Part I
http://dx.doi.org/10.5772/intechopen.71644

49



Another worth to mention aspect is that the concentrations of the herbicides, chlortoluron, 
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efforts should be invested into quantifying pesticides present in the suspended particulate 
matter phase, since it is where most of the organic contaminants will be absorbed. In parallel, 
further legislative considerations should be applied. Looking at the number of different pes-
ticides quantified per continent, Europe registered the highest number of compounds (141), 
which may be due to the amount of available data. Taking this in consideration together the 
category of the measured pesticides, insecticides were the most representative compounds, 
since they were measured in almost all continents, presenting also the highest number of cases 
above the European Legislative limits. This suggests that independently of the agricultural 
practices/needs, insecticides are the ones showing higher amounts in the aquatic systems. 
However, the highest average concentrations were registered in Asia, which can indicate an 
abusive usage of specific pesticides. Among continents, the continuous application of some 
pesticides scheduled for elimination in 2001 or 2009 by the Stockholm Convention is visible. 
As this study covers this transition time-frame, additional studies should be done to monitor 
the eradication of these substances.

In some cases, concentrations were clearly toxic to some trophic levels (acute concentra-
tions); however, it is important to highlight that continuous exposure to medium/low lev-
els (ng/L) may cause long-term adverse effects rippling into all trophic levels, in the likes 
of neurotoxicity, altered metabolism, endocrine disruption, and immunotoxicity in insects 
and invertebrates, passing through fish, amphibians, reptiles, and birds, and finally end-
ing in mammals. Growth modulation, altered metabolism, and impaired photosynthesis 
may also occur in plants and fungi [91]. Further studies should also evaluate the impact of 
the main persistent metabolites, since they are the ones which persist longer in the aquatic 
systems.

In summary, further international discussions and pacts, such as the Stockholm Convention, 
should exist to alert mankind, to broadly regulate usages, monitoring, and where or when it 
is necessary to ban the use of these hazardous pesticides.

Figure 2. Representation of the priority listed pesticides average values (ng/L), quantified in water samples, 
collected in Europe, and displayed by sampling year (the dashed line separates the before and after the Stockholm 
Convention (2009).
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1. Preamble

Worldwide, several studies have shown contamination with pesticides within different matri-
ces. Together with the data shown previously in chapter “Pesticides in Worldwide Aquatic
Systems: Part I”, information such as the maximum concentrations in waters and the concen-
tration of pesticides found in the different biological matrices were used to (i) assess eventual
individual pesticide risk through the comparison with the well-established EC50/LC50 for
aquatic organisms, (ii) predict the environmental risk from pesticide mixtures found in each
continent and (iii) assess the potential risk for human health when consuming molluscs,
crustaceans and fish with the quantified concentrations.

2. Aquatic organisms

Fifty-two studies were used, where 111 different species were studied. The continent with the
highest percentage of available results (quantified pesticides in different organisms) is Africa (39
species), followed by Europe (35 species), Asia (26 species) and then North and South America
(nine and eight species, respectively). Here, we decided to focus on the sample type (zooplank-
ton, molluscs, crustaceans, fish and mammals) analysed per continent and country (Table 1).

Continent/
country

Number of
aquatic systems

Quantified
pesticides

Sampling
year

Sample
type

av-min av-max av-av References

ng/g

Africa

Egypt 2 14 1993 C, F 1.1–6.3 7.6–8.2 4.1–130.2 [3]

Ethiopia 1 12 2011 F 4.1 27.2 17.1 [4]

Ghana 3 6–13 2004–2015 F 1.6–79.8 2.8–154.3 1.6–120.5 [4, 5]

Kenya 1 7 2011 F na na 0.3 [1, 6, 7]

Nigeria 5 1–65 2003–2014 F 19.5–3618 21.5–6355 20.6–5233 [1, 7–9]

Tunisia 1 14 2010 F 14.9 39.3 22.1 [10]

Asia

China 5 7–45 2003–2013 F, Mo, C 0.6–2.5 1.8–34.5 0.8–11.8 [11–15]

India 1 3 na Ma na na 74.5 [16]

Russia 8 2012–2013 F 18.1 52.1 31.7 [17]

South
Korea

1 15 na F na na 2.2 [18]

Tibet 1 55 2005 F na na 1.0 [19]

Europe

Baltic Sea 1 18 2003 C, F, Mo 8.1 10.8 9.4 [20]

Belgium 1 5 2001 F, Mo 1.5 7.6 4.1 [21, 22]

Estuary62

The data collected between 1993 and 2016 averaged from 0.1 to 5233 ng/g (Table 1). Europe is
represented by 22 aquatic systems, followed by Africa, with 13, and the rest with no more than
nine aquatic systems. When considering the number of pesticides quantified, Africa has more
observations (382) than Europe (327) and the other continents (between 90 and 220), which is
due to the higher number of species studied in Africa.

Africa stands out with average concentrations of 132 ng/g (SD 411), followed by Europe (57 ng/g,
SD 271), South America (17 ng/g, SD 40) and Asia and North America (5 ng/g, SD 20). This
scattered difference between concentrations is mainly due to the average values observed in
Warri River (Nigeria, Africa) and in the Danube Delta (Romania, Europe) [1, 2].

Grouping data by category, insecticides prevail in 89% of biologic analyses, leaving 11% for the
herbicide and fungicide categories and presenting the same pattern on all continents (Figure 1).

Continent/
country

Number of
aquatic systems

Quantified
pesticides

Sampling
year

Sample
type

av-min av-max av-av References

ng/g

Croatia 1 8 2012 Mo 0 1.4 na [23]

Finland 1 5 2002 F 1.8 4.5 3.1 [24]

France 6 2–12 2001–2008 F, Mo 0.2–0.8 0.6–4.4 0.3–1.2 [21, 25, 26]

Italy 3 5–22 2002–2010 C, F, Mo 0.9–6.9 2.8–21.6 1.5–10.9 [10, 27, 28]

Poland 1 22 2003–2004 F na na 0.3 [29]

Portugal 4 1–54 2011–2013 F, Mo 4.6–7.6 27.2–72.0 0.2–18.6 [30–33]

Romania 1 72 2001 F,Z 188.3 278.4 220.3 [2]

Spain 3 3–13 1996–2015 C, F, Mo 0.1–10.4 0.8–9.0 0.3–8.0 [34–37]

North America

California 1 19 2001 F 1.5 25.2 7.2 [38]

Canada 1 43 1999–2000 F 0.7 2.5 1.5 [39]

Greenland 1 18 1994–1995 F, Mo 0.1 0.3 0.2 [40]

Martinique
Island

1 3 2003–2013 C, F, Mo 0.3 876.4 55.9 [41]

Mexico 1 15 2012–2013 F 2.1 25.5 6.3 [42]

USA 3 3–9 2004–2013 F, Mo na na 0.1–11.1 [43–45]

South America

Argentina 1 6 1999 Ma 7 34.6 15.2 [46]

Brazil 3 6–42 1996–2009 F, Mo, Ma 0.1–30.1 0.1–410.7 0.1–99.8 [47–50]

Z, zooplankton; C, crustaceans; Mo, molluscs; F, fish; Ma, mammals; na, not applicable

Table 1. Pesticide concentrations [average minimum (av-min), average maximum (av-max) and average of averages (av-av)
values; ng/g] fresh weight to make it; ng/g of fresh weight in aquatic organisms, presented by continent and country; the
number of quantified aquatic systems, pesticides and sampling year were also added (when more than one aquatic system,
a range of values are presented).
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Figure 1. Representation of the quantified pesticides in organisms (%), per category, in each continent; the right upper
corner pie chart represents the Metazoan lineages used worldwide.

Figure 2. Representation of the quantified pesticides in organisms (%), per lineages of Metazoan, vertebrates and
invertebrates and matrices.

Estuary64

Figure 3. Average pesticide concentrations (ng/g fresh weigh) and number of quantifications per Metazoan lineage,
worldwide (A) and by continent (B). The error bars represent standard deviations (SD).
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No data are available for Oceania and Antarctica; so, when citing herein “worldwide”, these
continents will not appear.

Analysing data by matrix, the most common analysis occurred in fish (74%) and molluscs
(20%). The remaining studies considered zooplankton, crustaceans, turtles and mammals
(Figure 1). In total, 74% of the quantified pesticides were conducted on vertebrates and the
other 26% in invertebrates (Figure 1). While for the latter, 80% of the quantifications were done
using the whole animal, and for vertebrates, it is further divided; specific organs or tissues
were used to quantify pesticides.

Many factors account for the strong bias towards vertebrates. Invertebrates are small, less
complex and as a food resource almost entirely eatable, while the same is not applicable to
vertebrates. Besides that, the study goal (i.e., food control or environmental/toxicological studies)
also influences the type of the tissue/organ to study (muscle, liver, gonads or gills). For example,
the bubbler tissue and fat are only applicable for aquatic mammals and turtles (Figure 2).

Results per Metazoan lineages (zooplankton, mollusc, crustacean, fish, turtles and mammals)
were assessed considering the average concentrations and the number of quantifications
(Figure 3). Average concentrations were ~11 ng/g for zooplankton and molluscs, ~35 ng/g for
mammals and ~100 ng/g for crustaceans and fishes (Figure 3A).

Among continents, Africa presented the highest concentrations for crustaceans (142 ng/g) and
fishes (253 ng/g) followed by North America (136 ng/g for crustaceans). Asia, Europe and
South America included data belonging to four Metazoan lineages, with similar range of
concentrations (~3 to ~76 ng/g (Figure 3B)).

3. Half effective and lethal concentrations (EC50/LC50) for aquatic
organisms

It is nowwell established that at specific concentrations all pesticides are harmful to biota, affecting
algae and plants, invertebrates and vertebrates [51]. Databases such as Pesticides Properties
DataBase (PPDB) present information on the physicochemical properties, environmental fate,
human health and ecotoxicological data of all active ingredients and approved pesticides [52].

In order to evaluate the worst-case scenario, the maximum average concentrations measured
in waters from each continent were compared against the acute and chronic concentrations for
aquatic animals, documented by the PPDB (see chapter “Part I: Pesticides in Worldwide
Aquatic Systems”). On a global scale, 57 pesticides were registered at maximum average
concentrations above the LC50 and/or EC50 settled for algae, invertebrates and/or fishes;
among continents, Europe reported the highest number of pesticides (44 of 116), followed by
Asia (14 of 42), Africa, Oceania and finally South America (6 of 24).

The most critical measured environmental concentrations (MEC) were registered for dicofol,
ethion (Asia), metribuzin (Europe) and diazinon (Africa) with values from 2- to 200-folds
higher than EC50 or LC50 set for invertebrates and algae.
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4. Predictive aquatic risk assessment of pesticide mixtures

Despite the common occurrence of pesticides, mixtures in the environment, laws, conventions
and recommendations still focus on individual standard parameters. Modelling approaches,
based on available ecotoxicological information, can be used to estimate the impact of mixtures
in the biota, completing this lack of information [53].

Based on the European chemical legislation REACH, the ecological risk quotient (RQ) is
determined by the equation:

RQ
MEC
PNEC

� �
¼ Measured Environmental Concentration MEC;mg=Lð Þ

Predicted No Effect Concentration PNEC;mg=Lð Þ

PNEC is derived by selecting the most sensitive trophic level—from algae, invertebrate or fish
—and applying an appropriate assessment factor (AF) [52, 54]. The AF, also denoted as safety
or uncertainty factor, considers intra- and inter-laboratory variation of the data, biological
variance and short-term to long-term exposures, presenting stipulated values for specific
conditions [55, 56]; as an example, considering the Maximum Acceptable Concentration-
Quality Standards (MAC-QS) to assess short-term effects an AF = 100 should be applied [55].

The RQ values, classified from <0.01 (negligible) to >1 (significant), indicate a range of potential
risks for concern, but do not inform about the specific biological end point for that organismwhich
is representing a specific trophic level [53, 57]. For this reason, a second approach, which defines
the most sensitive trophic level for that environmental concentration, should be applied [53]:

RQ toxic units TUð Þ ¼ MEC mg=Lð Þ
EC50or LC50 per each trophic level mg=Lð Þ

RQTU values are summed per trophic level (sum of the toxic units (RQSTU)). If both RQ(MEC/PNEC)

and RQSTU are >1, additional considerations are required [53]. Based on the two reference
models—concentration addition (CA) and independent action (IA)—the RQSTU/MaxTU can be
used to predict the second tier, resulting in the maximum value from which CA may display
higher toxicity values than IA [58].

In this work, the maximum of the average measured concentration of pesticides in water
samples was used to assess the potential risk per continent and on a worldwide scale (Table 2).
From a total of 144 pesticides quantified in water samples, 133 were used for ecological risk
assessment (Table 2); the remainders, mostly isomers and metabolites, were not integrated due
to lack of information on their EC50 and LC50 concentrations set for these trophic levels (algae,
invertebrate and fish). The highest number of pesticides suitable for this approach are
represented by insecticides (n = 118). In general, algae was the most sensitive group to herbi-
cides and fungicides, with 75% and 61.5% of the cases, respectively, while invertebrates
showed the highest sensitivity to insecticides (66.1%) (Table 2).

Globally, the RQ(MEC/PNEC) resulted in 43% of very high-risk cases, led by insecticides; fungicides
were the least worrisome category, asmost of the cases presented lowor negligible risks (Figure 4).
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The results presented above are a consequence of the highest values measured around the world.
Since Europe was the continent with more values of RQ(MEC/PNEC), these results are mostly
representative for this continent (see Table 1). However, this does not mean that concentrations
measured on the other continents are innocuous. As observed for the number of compounds
analysed per continent, Africa presented the most disturbing scenarios (52%), followed by Asia
and Europe (45%) and then Oceania and South America (24%) with RQ > 1 (Figure 5).

In order to evaluate the effect of the maximum average concentrations found per individual
trophic level (RQTU), further evaluation should be done through RQSTU (Table 3).

When comparing between continents, the highest RQSTU ratios were attained in Europe, for
algae (16.13) and fish (33.12), and in Asia for invertebrates (324.97); however, the last one is due
to a punctual concentration observed in India for ethion [59]. Independently of that, the
invertebrate group is the most sensitive trophic level, presenting the highest RQSTU values.
The same pattern is observed in the other continents except in Oceania, where the highest risk
is observed for the algae (0.92) by the herbicides (Table 3).

The RQ(MEC/PNEC) and RQSTU demonstrate that one or more biotest organisms are sensitive to
the concentrations presented on that continent; so, the ratio RQSTU/highest RQTU was done,
applying the highest sum among trophic levels (Table 4).

For each of these scenarios, the maximal possible ratio RQSTU/RQTU was lower than the value
given by the number of mixture of toxic components, suggesting that the possible observed
toxicity is due to a low number of pesticides. As we can notice, the RQSTU/RQTU ratio is very

Africa Asia Europe Oceania South America PNEC Algae Invert Fish

mg/L (mg/L) %

Herbicides

Av. 5.7E-04 8.1E-05 7.8E-03 5.7E-04 2.3E-03 2.5E-06–2.0E+00 75.0 6.25 18.8

n 5 6 38 9 7

Insecticides

Av. 7.7E-04 2.2E-03 2.3E-03 1.4E-05 2.9E-04 1.7E-08–1.0E+00 8.5 25.4 66.1

n 19 28 49 7 15

Fungicides

Av. 8.5E-05 4.5E-04 2.6E-04 1.1E-05 3.9E-05 3.0E-05–4.6E-01 61.5 0.0 38.5

n 1 8 22 3 3

Table 2. Ecological risk assessment through the PNEC, using the maximum average concentrations of pesticides in water
(mg/L), quantified in each continent; here in this table only the average values/category (Av.), the total number of
pesticides (n) observed per category and continent, and the range of PNEC values are presented; data based on Table 1 of
the chapter in this book entitled Pesticides in worldwide aquatic systems- Part I.

Estuary68

Figure 5. Percentage of RQ(MEC/PNEC) samples above 1, grouped by continent (total number of observations, n= 25, 42,
110, 19, 25 in Africa, Asia, Europe, Oceania, and South America, respectively).

Figure 4. Distribution of pesticides per category (%), according to RQ(MEC/PNEC) ranking.
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similar among continents; however, the number of toxic compounds per total, where Africa pre-
sents a significant number (52%)when compared to the others, should be also considered (Table 4).

5. Human health risks

Dietary pesticide risks can be estimated through well-established indices and defined and used
by US Environmental Protection Agency (EPA) [60], European Food Safety Authority (EFSA)

RQSTU

Africa Asia Europe Oceania South America

Algae

Fungicides 0.01 0.07 0.03 0.00 0.00

Herbicides 0.08 0.00 15.28 0.91 0.01

Insecticides 0.04 0.27 0.81 0.00 0.01

Total 0.13 0.34 16.13 0.92 0.02

Invertebrates

Fungicides 0.00 0.06 0.02 0.00 0.00

Herbicides 0.57 2.91 0.19 0.00 0.02

Insecticides 8.65 322.0 18.84 0.01 3.94

Total 9.22 324.97 19.05 0.01 3.96

Fishes

Fungicides 0.00 0.01 0.02 0.00 0.00

Herbicides 0.17 0.02 0.59 0.00 0.00

Insecticides 0.67 8.42 32.51 0.00 0.43

Total 0.84 8.45 33.12 0.00 0.43

Table 3. Sum of the toxic units per trophic level (RQSTU) of each continent (with available data), organised by pesticide
category; the most sensitive trophic level, per continent, is in bold.

Continent No. of compounds (toxic/total) RQTU ∑RQSTU ∑RQSTU/RQTU

Algae Invert Fishes

Africa 13/25 Parathion methyl 8.05 9.22 1.15

Asia 10/21 Ethion 221.42 8.45 1.47

Europe 9/22 Deltamethrin 20.11 33.12 1.65

Oceania 5/19 Diuron 0.79 0.92 1.17

South America 6/25 Cypermethrin 2.47 3.96 1.61

Table 4. Second tier, using RQSTU and the highest RQTU per trophic level and continent.

Estuary70

and European Union Directives [61, 62]. Realistic predictions involve several parameters, such
as pesticide residue intake (PRI), as the one reported by Food and Agriculture Organisation
(FAO) [63]:

PRI ¼ Pesticide Concentration mg=kgð Þ �Acceptable Consumption Rate kg=capita=day
� �

The acceptable daily intake (ADI) estimates the amount of a substance in food that can be
ingested daily over a lifetime without appreciable health risk to the consumer [64]:

ADI mg=kg=dayð Þ ¼ No observed Effect Level NOELð Þ
Safety Factor

The estimated average daily intake (EADI), according to EPA, should be less than the
established ADI values [64]:

EADI
mg
kg

bw
day

� �
¼ PRI

Standard Body Weight

The theoretical maximum daily intake (TMDI) represents the maximum concentration of a
pesticide residue (mg/kg) legally permitted in food [64]:

TMDI ¼ Comsumption Rate kg=capita=day
� ��Maximum Residue Limits MRLsð Þ

When no specific MRL is published, a 0.01 mg/kg value is applied [8]. Additionally, hazard
quotients (HQs)—which measure the potential exposure for developing non-carcinogenic
health effects—may be calculated using several assumptions [65].

EADI may be divided by the acute reference dose (ARfD, mg/kg/day) [14]—which is derived
from the no-observed-adverse-effect levels (NOAEL) and based on studies of short time expo-
sures (1–7 days) [66], by ADI, for long intake periods, and by TMDI, which is advised by EFSA
to calculate the potential risks of unintentional compounds, such as pollutants.

In the chapter Part I: Pesticides in Worldwide Aquatic Systems, the levels/categories of pesti-
cides per continent/country are displayed. The maximum average concentrations shown in
Part I were used here to assess human health risks. Data are summarised in Table 5.

Continent Molluscs Invertebrates Fishes

Africa — 1.6E + 00 (30) 5.2E + 00 (370)

Asia 3.2E-01 (41) 1.0E-02 (3) 9.0E-02 (173)

Europe 6.0E-02 (143) 1.4E-01 (10) 4.0E + 00 (168)

North America 1.0E-02 (16) 1.4E-01 (1) 3.0E-02 (104)

South America 1.8E-01 (46) — 1.7E-01 (32)

Table 5. Average maximum concentrations (mg/kg) found per continent and by group of aquatic animals (mollusc,
invertebrates and fishes) and the total number of cases used in each case (between brackets).
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The highest concentrationswere observed in fish fromAfrica (5.2mg/kg) and Europe (4.0mg/kg),
followed then by crustaceans in Africa (1.6 mg/kg). The highest number of cases (number of
quantifications found considering all the pesticides, species and countries) was registered for fish
(169 average cases), followed by molluscs (62 average cases), and finally crustaceans (11 average
cases). The elevated number of fish studies is likely due to their importance as a food source.

For allowing a detailed evaluation of human health hazard, the same data is displayed by
pesticide and continent and organised considering molluscs, crustaceans and fishes (Table 6).
The food consumption rate and the average adult body weight were defined by continent
[63, 64]. For the compounds endrin ketone and aldehyde, HCH (sigma and lambda),
pretilachlor and pentachlorobenzene, a MRL of 0.01 mg/kg was adopted, since no specific data
was found.

Focusing on the molluscs results, the MEC of 15, 52, 10 and 16 pesticides (from Asia, Europe,
North America and South America, respectively) were used to calculate the HQs. Due to the
low ratio values, only cases with at least one ratio value above 0.05 were presented. As we can
see, none of the results proved to be harmful to human through direct consumption. In other
words, none of the ratios were above 1, indicating that the calculated EADI was below the
reference levels (MRL, TMDI, ADI and ARfD). The highest HQ(EADI/TMDI) was obtained for
methoxychlor in Asia (0.55). For HQ(EADI/ADI), the highest ratio occurred in South America for
mirex with 0.54.

Looking to the crustacean data, a total MEC of eight, two, three and one cases from Africa,
Asia, Europe, North America, respectively, were analysed. The same criterion, which is the
case with at least one ratio value above 0.05, was applied. High HQs for chlordane (gamma)
were observed in crustaceans sampled in Africa (see Table 6). In spite of that, none of the ratios
were above 1.

Twenty-four (Africa), 16 (Asia), 10 (Europe), 28 (North America) and 21 (South America) MEC
cases were analysed considering the fish data. Once again, only HQ ratios with at least one
case above 0.05 are shown. As we can see, none of the maximum average concentrations were
above the MRL values; however, several HQ > 1 are observed in Africa, bringing potential
exposure for developing carcinogenic health effects. This fact may be a result of
bioaccumulation processes (where concentrations increase in higher trophic levels) and/or a
higher interest in this matrix (increasing the data availability and diversity). These ratios were
registered for six compounds—∑aldrin + dieldrin, endrin aldehyde, paraquat dichloride,
endrin, heptachlor and heptachlor epoxide—where the most preoccupant cases (HQ > 3) are
for the first three pesticides cited above.

6. Final considerations

Globally, and because of these high average concentrations, several individual pesticides were
quantified at levels exceeding the established LC50 for fish and EC50 for invertebrates and
algae.

Estuary76

In addition, the review has provided clear evidence that the biological data grouped according
to Metazoan lineages reached higher concentrations for fish and crustaceans (Figure 3). It is
worth noting however that the same pattern was not verified for higher trophic levels includ-
ing turtles and aquatic mammals which may be due to the lack of samples. Considering that
globally, many of the data displayed a wide range of concentrations, coupled with the fact that
many of the larger aquatic species are migratory; there is a need to address the pesticide
problem from a global perspective.

As a complement to this work, all edible species were evaluated for dietary pesticide risks, as
mollusc, crustaceans and fish. No direct human health risk was observed; however, in Africa,
some hazard quotients (HQ) were above one, indicating a potential exposure for developing
carcinogenic health effects.

In conclusion, the potentially harmful effects of pesticides should be considered not only
locally (national/governmental institutions) but also on a global scale.
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The highest concentrationswere observed in fish fromAfrica (5.2mg/kg) and Europe (4.0mg/kg),
followed then by crustaceans in Africa (1.6 mg/kg). The highest number of cases (number of
quantifications found considering all the pesticides, species and countries) was registered for fish
(169 average cases), followed by molluscs (62 average cases), and finally crustaceans (11 average
cases). The elevated number of fish studies is likely due to their importance as a food source.

For allowing a detailed evaluation of human health hazard, the same data is displayed by
pesticide and continent and organised considering molluscs, crustaceans and fishes (Table 6).
The food consumption rate and the average adult body weight were defined by continent
[63, 64]. For the compounds endrin ketone and aldehyde, HCH (sigma and lambda),
pretilachlor and pentachlorobenzene, a MRL of 0.01 mg/kg was adopted, since no specific data
was found.

Focusing on the molluscs results, the MEC of 15, 52, 10 and 16 pesticides (from Asia, Europe,
North America and South America, respectively) were used to calculate the HQs. Due to the
low ratio values, only cases with at least one ratio value above 0.05 were presented. As we can
see, none of the results proved to be harmful to human through direct consumption. In other
words, none of the ratios were above 1, indicating that the calculated EADI was below the
reference levels (MRL, TMDI, ADI and ARfD). The highest HQ(EADI/TMDI) was obtained for
methoxychlor in Asia (0.55). For HQ(EADI/ADI), the highest ratio occurred in South America for
mirex with 0.54.

Looking to the crustacean data, a total MEC of eight, two, three and one cases from Africa,
Asia, Europe, North America, respectively, were analysed. The same criterion, which is the
case with at least one ratio value above 0.05, was applied. High HQs for chlordane (gamma)
were observed in crustaceans sampled in Africa (see Table 6). In spite of that, none of the ratios
were above 1.

Twenty-four (Africa), 16 (Asia), 10 (Europe), 28 (North America) and 21 (South America) MEC
cases were analysed considering the fish data. Once again, only HQ ratios with at least one
case above 0.05 are shown. As we can see, none of the maximum average concentrations were
above the MRL values; however, several HQ > 1 are observed in Africa, bringing potential
exposure for developing carcinogenic health effects. This fact may be a result of
bioaccumulation processes (where concentrations increase in higher trophic levels) and/or a
higher interest in this matrix (increasing the data availability and diversity). These ratios were
registered for six compounds—∑aldrin + dieldrin, endrin aldehyde, paraquat dichloride,
endrin, heptachlor and heptachlor epoxide—where the most preoccupant cases (HQ > 3) are
for the first three pesticides cited above.

6. Final considerations

Globally, and because of these high average concentrations, several individual pesticides were
quantified at levels exceeding the established LC50 for fish and EC50 for invertebrates and
algae.
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In addition, the review has provided clear evidence that the biological data grouped according
to Metazoan lineages reached higher concentrations for fish and crustaceans (Figure 3). It is
worth noting however that the same pattern was not verified for higher trophic levels includ-
ing turtles and aquatic mammals which may be due to the lack of samples. Considering that
globally, many of the data displayed a wide range of concentrations, coupled with the fact that
many of the larger aquatic species are migratory; there is a need to address the pesticide
problem from a global perspective.

As a complement to this work, all edible species were evaluated for dietary pesticide risks, as
mollusc, crustaceans and fish. No direct human health risk was observed; however, in Africa,
some hazard quotients (HQ) were above one, indicating a potential exposure for developing
carcinogenic health effects.

In conclusion, the potentially harmful effects of pesticides should be considered not only
locally (national/governmental institutions) but also on a global scale.
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Abstract

This chapter provides an overview of the ecology and food web dynamics of southern
African intermittently open/closed estuaries (IOCEs). Intermittently open/closed estuaries
experience periodic isolation from the ocean due to a sandbar at the mouth and account
for some 71% of all estuaries along the southern African coastline. Field studies indicate
that the ecosystem functioning of IOCEs is strongly linked mouth phase (open vs. closed)
of these systems. During the closed phase, these systems are generally characterised by
low biological diversity and elevated biomass of both invertebrates and vertebrates, which
are thought to be sustained by elevated biomass of microphytoplankton and zooplankton
within these systems. The low diversity can be related to the virtual absence of marine
species within these systems due to the presence of a sandbar at the mouth which limits
recruitment. The overflow of marine waters into the estuary during winter storms or
spring high tides contributes to the recruit of marine breeding species into these systems.
Heavy rainfall in the catchment areas of these systems culminates in the water levels of
these systems rising until such time the estuary breaches. The breaching event coincides
with the outflow of biologically rich estuarine waters into the marine environment and
provides an opportunity for marine breeding species to recruit into these systems. Global
warming is likely to contribute to changes in the hydrodynamics of these systems with a
concurrent impact on the food webs of these systems.

Keywords: southern Africa, estuaries, intermittently open/closed, ecology,
global change

1. Introduction

The South African coastline stretching some 3100 km can broadly be divided into three
biogeographic zones: the warm subtropical zone along the east coast, the warm temperate
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zone along the south coast and the cool temperature zone along the west coast (Figure 1).
Within these three zones, there are 258 functional estuaries of which 71% can be categorised as
intermittently open/closed (IOCEs) or temporary open/closed estuaries [1, 2]. Intermittently
open/closed systems experience periodic isolation from the ocean, usually during periods of
drought or no river inflow, during which a sand berm develops across the mouth of the
estuary [2, 3]. Following periods of high rainfall (>100 mm in a month) and freshwater run-
off, the volume of water in the estuary rises until it exceeds the height of the sandbar [1–3]. It is
at this stage that breaching usually occurs, with a consequent drastic drop in water level
exposing large areas of substratum [2, 4]. During the subsequent period, the estuary will be
tidally dominated until such time that long-shore drift contributes to the reformation of the
sandbar at the mouth of the system.

A link to the marine environment can also be established through the overtopping of marine
waters across the sand bank at the mouth of the estuary during winter storms or during spring
high tides [2, 3]. In addition to altering the physico-chemical properties (temperature, salinity
and dissolved oxygen) in the lower reaches of these systems, these events represent important
recruitment opportunities for marine breeding invertebrates and vertebrates, mainly ichthyo-
fauna into these systems [5, 6].

Figure 1. The geographic extent of the three biogeographical zones along the South African coastline (after Whitfield
1992b).

Estuary86

There are two main types of ICOEs found along the southern African coastline, non-perched
estuaries, which predominate in the subtropical zone and perched estuaries which are found
along the east and west coast of the country [2, 7] (Figure 2). Perched estuaries have an average
surface water level exceeding that of the marine environment [2, 7]. Non-perched systems are
the more common system with the average surface water level similar to that of the marine
environment [7]. Generally, lower salinities are observed in perched systems due to the

Figure 2. Images of an intermittently open/closed estuary under open conditions (a–c), closed conditions (d–f) and the
mouth of the estuary under open conditions (g–i). Photographs courtesy of G Tweddle.
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reduced frequency of occurrence over washing events with the dominant source of water being
freshwater run-off [7]. Moreover, when a perched system breaches, it drains rapidly and will
not experience tidal ebbing due to its height above the marine high water mark [7, 8]. Non-
perched systems are tidally dominated following a breach event until mouth closure (Figure 3).
The intrusion of marine waters into the estuary depends on numerous factors, including tide
range, freshwater inflow rates, and the morphology of the channel [7–9].

Figure 3. Hydrodynamics of perched and non-perched intermittently open/closed estuary along the southern African
coastline.

Estuary88

The mouth dynamics of IOCEs play a key role in the overall ecosystem functioning of these
systems. Intermittent breaching of the sand barriers of these systems leads to rapid changes in
the physico-chemical environment, which in turn triggers major biological responses, includ-
ing the out- and in-recruitment of estuarine and marine breeding invertebrates and vertebrates
[2, 3]. The breaching process can also cause significant geomorphological changes because the
strong breach outflows can scour large quantities of accumulated sediments from an estuary
[2, 3, 9].

2. Physico-chemical environment

During closed conditions, the water temperatures in IOCEs are predominantly determined by
regional climate and season and range between 18 and 30�C [7, 10–12]. Under closed condi-
tions, salinities in IOCEs exhibit greater stability than in larger permanently open counterparts
due to the lack of tidal influence [2, 12, 13]. Following rainfall, changes in salinity may be much
as 30 over the course of a few days or weeks depending on freshwater input and over-washing
events [12]. Mesohaline conditions (5–18) generally predominate during the closed phase,
although limnetic conditions (0.1–0.5) may be recorded during periods of high rainfall [2, 3,
12, 14], while hypersaline (>40) conditions may occur during drought periods or high evapo-
ration [1]. During the closed phase of these systems, the water column demonstrates little
horizontal or vertical stratification due the reduced freshwater inflow as a result of their
generally small catchment areas (<50km2), shallow depth (generally <2 m), and strong coastal
winds which facilitate the mixing of the water column [12, 14].

3. Biology

The total chlorophyll-a (chl-a) concentrations in IOCEs (0.1 and 15.4 mg chl-a.m�3) are lower
than those reported for permanently open systems (POEs) (20–100 mg chl-a.m�3) within the
same geographic region [4, 12, 15] (Table 1) due to reduced macronutrient availability as a
result of limited freshwater inflow [12, 14, 16]. The inflow of freshwater into these systems is
characterised by increased phytoplankton biomass likely sustained by the increase in macro-
nutrient availability [12, 16]. Additionally, changes in the total chl-a concentration within these
systems have been linked to seasonality and mouth phase [11, 14, 17]. The total phytoplankton
biomass during the breaching events decreases as a result of the outflow of biologically rich
estuarine waters into the marine environment [3, 14]. In contrast to the water column,
microphytobenthic algae concentrations in IOCEs are two to three orders of magnitude higher
than the water column phytoplankton biomass and substantially higher than those recorded in
permanently open systems within the same region [4, 14, 25–28]. A combination of low
turbidity, high concentrations of macronutrients in the sediments, and reduced current flow
contributes to the elevated microphytobenthic algae biomass in IOCEs [4].

The total zooplankton abundance and biomass values recorded in IOCEs during the closed
phase generally exceeds those levels recorded in the larger permanently open estuaries within
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the same biogeographic region (Table 1) [3, 12, 29, 30]. The elevated zooplankton biomass
values during closed periods are thought to be sustained by the substantial microphytobenthic
stocks in these systems. Due to the limited number of marine species recorded and the virtual
absence of typical estuarine zooplankton in these systems [2, 3, 31], the zooplankton commu-
nities are dominated by a few but, highly abundant hardy species, mainly copepods of the
genera Pseudodiaptomus, Acartiella, and Oithona [19, 20, 32]. Changes in the zooplankton com-
munity structure within IOCEs have been linked to amongst others, mouth phase, freshwater
inflow, seasonality and over-wash events [14, 32]. More recent studies indicate that predation
by early life history fish may also play an important role in structuring the zooplankton
communities within these systems during the close phase [33, 34]. Breaching events are typi-
cally associated with a reduction in the abundance and biomass of the zooplankton as estua-
rine rich waters are exported to the marine environment [14, 20]. The inflow of seawater into
the estuary following the breaching event is, however, associated with an increase in the
average size and zooplankton diversity as marine spawning species recruit into the system.
Similarly, the over-washing of marine waters across the sandbar during spring high tides and
winter storms may also contribute to an increase in the zooplankton diversity within these
systems [30, 35].

Macrofaunal community composition within southern African IOCEs also demonstrates
reduced diversity and is almost exclusively dominated by estuarine species [36, 37]. The low
diversity can in part be attributed to the poor representation of marine breeding species to the
total macrofaunal community and reduced habitat availability (submerged macrophytes and

Estuary Biogeographic
region

Pelagic chl-a conc.
(μg L�1)

Microphytbenthic conc.
(mg chl-a m�2)

Zooplankton abundances
(ind m�3)

Intermittently open/closed estuaries

Mpenjati [15] Subtropical 0.14–15.40 19.9–616.0 8.3 � 103–8.0 � 104

Mdloti [16] Subtropical 0.89–111.10 ND ND

Mngazi [17] Subtropical ND 30–568 ND

Nyara [18] Warm temperate 0.01–4.10 170–200 1.8 � 103–2.03 � 104

East Kleinemonde [19] Warm temperate 0.12–6.19 ND ND

Kasouga [12] Warm temperate 0.29–8.01 3.87–209.9 1.06 � 103–6.1 � 104

Permanently open estuaries

Great Fish [20] Warm temperate 0.40–21.80 ND ND

Kariega [21] Warm temperate 0.64–1.13 13.6–43.8 0.9–1.6 � 103

Sundays [22] Warm temperate 8.6–22.4 ND 1.0 � 103–5.5 � 104

Swartkops [23] Warm temperate 4.1–8.6 ND ND

Kromme [24] Warm temperate ND ND 1.7 � 103–1.2 � 104

ND = no data

Table 1. Estimates of total water column and microphytoplankton concentrations and zooplankton abundances at
selected permanently open and IOCEs within the subtropical and warm temperate biogeographic provinces along the
South African coastline.

Estuary90

different sediment types) [36, 37]. In the virtual absence of any distinct horizontal gradients in
salinity within these systems, sediment type, habitat availability, predation, and the activity of
ecosystem engineers have been identified as important in determining the distribution of
macrofauna within these systems [36, 37].

Due to the virtual absence of sheltered bays and increased food availability, southern African
IOCEs represent important nursery areas for a large variety of marine breeding fish species
[38–40]. The ichthyofaunal community structure, like the other components of the food web
within these systems, is strongly determined by mouth status [38, 41–43]. Ichthyofaunal
diversity and species richness during the closed phase of IOCEs are lower than those recorded
in POEs within the same geographic region, due to the limited recruitment opportunities
of marine breeding species associated with mouth closure and reduced habitat availability
[38–40, 44]. The abundances of selected ichthofauna within IOCEs often exceed those recorded
in permanently open estuaries within the same ecozone [39, 40]. The observed pattern appears
largely to reflect increased food availability (mainly zooplankton and microphytoplankton
stocks) within these systems. In the absence of any link to the marine environment, the
ichthyofaunal community within these systems is numerically and gravimetrically dominated
by estuarine species [5, 39, 44–46]. A link to the marine environment either through breaching
or over-wash events has been shown to coincide with an increased contribution of marine
spawning species to the total ichthyofaunal community [39, 44–46]. This has the net effect of
increasing the ichthyofaunal diversity within these systems [39, 44, 45]. The magnitude of
recruitment during the over-wash events is, however, substantially lower than that recorded
during the open phase [3, 6, 35, 46]. The timing of the breaching events has been demonstrated
to be critical in determining the magnitude of fish recruitment into these systems with maxi-
mum recruitment typically taking place in spring and summer reflecting increased availability
of recruiters in the near-shore marine environment as a result of seasonal reproductive cycles
[45]. The ichthyofaunal assemblages in open IOCEs are broadly similar to those recorded in the
larger POEs within the same geographic region [44].

4. Anthropogenic impacts

The marine environment off the coast of South Africa is dominated by the western boundary
Agulhas Current on the south-eastern seaboard and the cooler eastern boundary Benguela
Current on the west coast (Figure 1). Like many other regions of the world, the characteristics
of these currents are beginning to demonstrate the effects of global warming [47–49, 38, 39]. Sea
surface temperatures (SSTs) within the Agulhas Current have increased by 1.5�C over the past
four decades due to the intensification of the current caused by an increase in trade and westerly
winds in the southern Indian Ocean, which have been associated with increased wind stress and
curl [47]. By contrast, SSTs along the west coast have decreased resulting from the increased
frequency and intensity of coastal upwelling due to upwelling favourable southerly winds
[47, 49]. The warming of the Agulhas Current waters has through thermal expansion contributed
to a rise in sea levels, estimated at approximately 2.74 mm y�1 [50], while increased wind stress
has resulted in an increase in wave height (5 cm per decade), since the mid 1950s [51].
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the same biogeographic region (Table 1) [3, 12, 29, 30]. The elevated zooplankton biomass
values during closed periods are thought to be sustained by the substantial microphytobenthic
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munity structure within IOCEs have been linked to amongst others, mouth phase, freshwater
inflow, seasonality and over-wash events [14, 32]. More recent studies indicate that predation
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reduced diversity and is almost exclusively dominated by estuarine species [36, 37]. The low
diversity can in part be attributed to the poor representation of marine breeding species to the
total macrofaunal community and reduced habitat availability (submerged macrophytes and
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different sediment types) [36, 37]. In the virtual absence of any distinct horizontal gradients in
salinity within these systems, sediment type, habitat availability, predation, and the activity of
ecosystem engineers have been identified as important in determining the distribution of
macrofauna within these systems [36, 37].

Due to the virtual absence of sheltered bays and increased food availability, southern African
IOCEs represent important nursery areas for a large variety of marine breeding fish species
[38–40]. The ichthyofaunal community structure, like the other components of the food web
within these systems, is strongly determined by mouth status [38, 41–43]. Ichthyofaunal
diversity and species richness during the closed phase of IOCEs are lower than those recorded
in POEs within the same geographic region, due to the limited recruitment opportunities
of marine breeding species associated with mouth closure and reduced habitat availability
[38–40, 44]. The abundances of selected ichthofauna within IOCEs often exceed those recorded
in permanently open estuaries within the same ecozone [39, 40]. The observed pattern appears
largely to reflect increased food availability (mainly zooplankton and microphytoplankton
stocks) within these systems. In the absence of any link to the marine environment, the
ichthyofaunal community within these systems is numerically and gravimetrically dominated
by estuarine species [5, 39, 44–46]. A link to the marine environment either through breaching
or over-wash events has been shown to coincide with an increased contribution of marine
spawning species to the total ichthyofaunal community [39, 44–46]. This has the net effect of
increasing the ichthyofaunal diversity within these systems [39, 44, 45]. The magnitude of
recruitment during the over-wash events is, however, substantially lower than that recorded
during the open phase [3, 6, 35, 46]. The timing of the breaching events has been demonstrated
to be critical in determining the magnitude of fish recruitment into these systems with maxi-
mum recruitment typically taking place in spring and summer reflecting increased availability
of recruiters in the near-shore marine environment as a result of seasonal reproductive cycles
[45]. The ichthyofaunal assemblages in open IOCEs are broadly similar to those recorded in the
larger POEs within the same geographic region [44].

4. Anthropogenic impacts

The marine environment off the coast of South Africa is dominated by the western boundary
Agulhas Current on the south-eastern seaboard and the cooler eastern boundary Benguela
Current on the west coast (Figure 1). Like many other regions of the world, the characteristics
of these currents are beginning to demonstrate the effects of global warming [47–49, 38, 39]. Sea
surface temperatures (SSTs) within the Agulhas Current have increased by 1.5�C over the past
four decades due to the intensification of the current caused by an increase in trade and westerly
winds in the southern Indian Ocean, which have been associated with increased wind stress and
curl [47]. By contrast, SSTs along the west coast have decreased resulting from the increased
frequency and intensity of coastal upwelling due to upwelling favourable southerly winds
[47, 49]. The warming of the Agulhas Current waters has through thermal expansion contributed
to a rise in sea levels, estimated at approximately 2.74 mm y�1 [50], while increased wind stress
has resulted in an increase in wave height (5 cm per decade), since the mid 1950s [51].
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Global climate models predict that the observed changes in SST is likely to contribute to wetter
conditions along the south coast of South Africa, while dryer conditions are expected along the
eastern and western seaboards [52]. Moreover, global warming will be associated with an
overall shortening of the wet season along the south-eastern seaboard and an increased
frequency of occurrence of extreme weather events (rainfall, floods and maximum tempera-
tures) within the region [49, 52, 53]. Regional investigations have demonstrated that the
warming of marine waters along the south-eastern seaboard of southern Africa has coincided
with a range expansion of warmer subtropical zone fish species into estuaries in warm tem-
perate ecozone along the coastline [39, 49]. At the same time, there has been a concurrent
decrease (10–13%) in the contribution of warm temperate species to the total fish catches
within the transition zone between the two ecozones contributing to an overall decline in fish
diversity within the region [39, 49]. Global climate change has probably resulted in geographic
shift in the ecozone along the southern African coastline which is likely to influence connectiv-
ity and gene flow within the major phylogeographic zones between the warm temperate and
subtropical ecozones [54]. It is unclear whether the observed change will be associated with a
reduction in total biomass of fish within these systems, although such changes likely have
knock-on effects on the importance of these systems as feeding grounds for flying birds and a
source of renewable resources [55].

The impact of global climate change on the ecosystem functioning of IOCE is difficult to predict,
reflecting the complex interaction between the marine and terrestrial environments. There is,
however, anecdotal evidence to suggest that the impact of global climate change on the ecosys-
tem functioning of IOCE along the South African coastline will demonstrate strong regional
variability. Recent work on Intermittently Closed and Open Lakes and Lagoons (ICOLLs) along
the coast of New South Wales, Australia [56] suggests that in sand deposition environments, a
rise in sea level associated with climate change will increase height of the sand berm that sepa-
rates the estuary from the marine environment. Such conditions are common to the warm
temperate ecozone of South Africa [49]. The increase in berm height coupled with the reduction
in rain season is likely to result in IOCE’s being separated from the marine environment for
extended periods of time. Prolonged mouth close in IOCEs is associated with a dramatic decline
in species diversity and zooplankton biomass, reflecting reduced recruitment opportunities of
marine breeding species into these systems (Figure 4) [57]. The prolonged mouth closure con-
tributed to hypersaline conditions (salinity >40) prevailing throughout the system which was
associated with decrease in the areal extent of the submerged macrophytes within the system
[57]. Physiological constraints resulting from the increase temperatures and salinities and the loss
of habitat (mainly submerged macrophytes) likely further contributed to the decline is species
diversity observed within the systems [57, 58]. Under prolonged mouth closure, particularly
during drought conditions, high evaporation rates may further increase the salinity within these
systems. Under such conditions, IOCE food webs suffer a catastrophic collapse reflecting the
physiological constraints of the flora and fauna within the system. Although recent models
suggest that global climate change has been associated with increase in wave height, suggesting
that over-wash events are likely to be more frequent; these events contribute little to the recruit-
ment of marine breeding species into these systems [6, 35].

Estuary92

The reduced recruitment of fish into IOCE resulting from extended mouth closure may have
unexpected consequences on the food web structure of these systems. Recent studies have
demonstrated that the predation impact of juvenile fish, through trophic cascades, contributed
to plankton food web stability within IOCE [33]. In the absence of the predators, total water
column chlorophyll-a concentrations were reduced reflecting increased grazing activity by
smaller heterotrophs [33, 44]. The reduced recruitment of fish into IOCEs is likely to have
implications on community structure and the energy flow within these systems. Further
studies are, however, required to fully appreciate the impact of changes in recruitment of the
food web structure of these systems.

Figure 4. Predicted changes in the abundance and diversity within southern African temporarily open/closed estuaries in
response to breaching (A) and prolonged mouth close (B) as a result of to global warming. Blue triangle = diversity; open
triangle = biomass.
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within the transition zone between the two ecozones contributing to an overall decline in fish
diversity within the region [39, 49]. Global climate change has probably resulted in geographic
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subtropical ecozones [54]. It is unclear whether the observed change will be associated with a
reduction in total biomass of fish within these systems, although such changes likely have
knock-on effects on the importance of these systems as feeding grounds for flying birds and a
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the coast of New South Wales, Australia [56] suggests that in sand deposition environments, a
rise in sea level associated with climate change will increase height of the sand berm that sepa-
rates the estuary from the marine environment. Such conditions are common to the warm
temperate ecozone of South Africa [49]. The increase in berm height coupled with the reduction
in rain season is likely to result in IOCE’s being separated from the marine environment for
extended periods of time. Prolonged mouth close in IOCEs is associated with a dramatic decline
in species diversity and zooplankton biomass, reflecting reduced recruitment opportunities of
marine breeding species into these systems (Figure 4) [57]. The prolonged mouth closure con-
tributed to hypersaline conditions (salinity >40) prevailing throughout the system which was
associated with decrease in the areal extent of the submerged macrophytes within the system
[57]. Physiological constraints resulting from the increase temperatures and salinities and the loss
of habitat (mainly submerged macrophytes) likely further contributed to the decline is species
diversity observed within the systems [57, 58]. Under prolonged mouth closure, particularly
during drought conditions, high evaporation rates may further increase the salinity within these
systems. Under such conditions, IOCE food webs suffer a catastrophic collapse reflecting the
physiological constraints of the flora and fauna within the system. Although recent models
suggest that global climate change has been associated with increase in wave height, suggesting
that over-wash events are likely to be more frequent; these events contribute little to the recruit-
ment of marine breeding species into these systems [6, 35].
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The reduced recruitment of fish into IOCE resulting from extended mouth closure may have
unexpected consequences on the food web structure of these systems. Recent studies have
demonstrated that the predation impact of juvenile fish, through trophic cascades, contributed
to plankton food web stability within IOCE [33]. In the absence of the predators, total water
column chlorophyll-a concentrations were reduced reflecting increased grazing activity by
smaller heterotrophs [33, 44]. The reduced recruitment of fish into IOCEs is likely to have
implications on community structure and the energy flow within these systems. Further
studies are, however, required to fully appreciate the impact of changes in recruitment of the
food web structure of these systems.

Figure 4. Predicted changes in the abundance and diversity within southern African temporarily open/closed estuaries in
response to breaching (A) and prolonged mouth close (B) as a result of to global warming. Blue triangle = diversity; open
triangle = biomass.

The Ecology and Food Web Dynamics of South African Intermittently Open Estuaries
http://dx.doi.org/10.5772/intechopen.72859

93



With regard to the IOCEs along the southern coastline of South Africa, it is likely that the
projected increase in rainfall for the region coincides with the increased frequency of occurrence
of breaching events, which would contribute to higher species diversity within these systems as
a result of extended recruitment opportunities for marine breeding species into these systems [3].
On the other hand, frequent breaching will prevent the build-up of biomass, thus likely resulting
in reduced abundances of selected components of the food web (Figure 4). Furthermore, the
anticipated extreme flood events will likely contribute to deep mouth breaching resulting in
these systems having a connection to the sea for extended periods of time.
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projected increase in rainfall for the region coincides with the increased frequency of occurrence
of breaching events, which would contribute to higher species diversity within these systems as
a result of extended recruitment opportunities for marine breeding species into these systems [3].
On the other hand, frequent breaching will prevent the build-up of biomass, thus likely resulting
in reduced abundances of selected components of the food web (Figure 4). Furthermore, the
anticipated extreme flood events will likely contribute to deep mouth breaching resulting in
these systems having a connection to the sea for extended periods of time.
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Abstract

The aim of this study was to determine the influence of the physicochemical properties of 
interstitial water, sediment geochemistry and sediment grain size on the health of man-
groves in three Basins (I, II and III) in Cuyutlán Lagoon, Mexico. Monthly sampling was 
conducted at eight stations from February to October 2014. The optimum reforestation con-
ditions were observed at stations in Basin I (1A and 1B) and II (2C and 2D), where exchange 
of water between the ocean and lagoon predominates (Tepalcates and Ventanas Channels) 
and tidal influence induces water exchange that generates increased dissolved oxygen 
(3–4 mg/l) concentrations, low salinity (20–30) and greater coverage of healthy mangrove, 
with sufficient organic carbon (4–6%) for assimilation by the plants. By contrast, stations 
in Basin III were characterised by water stagnation resulting in increased salinity (40–50), 
depletion of the dissolved oxygen concentrations (0.1–2 mg/l) and low organic carbon (2%) 
in sediments, which contributed to low dwarf mangroves with low coverage most likely in 
response to environmental stress. Finally, the healthiest mangrove was found in areas where 
the dynamics favoured the deposition of organic carbon and medium sands in the sediment, 
which generated greater nutrient availability for fixation and assimilation by the roots.

Keywords: Cuyutlán Lagoon, physicochemical, organic carbon, interstitial water, 
sediment

1. Introduction

Coastal lagoons are considered geomorphological depressions in the coastal area less than 
10 m deep, protected by physical barriers or hydrodynamic processes [1]. These coastal 
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Abstract

The aim of this study was to determine the influence of the physicochemical properties of 
interstitial water, sediment geochemistry and sediment grain size on the health of man-
groves in three Basins (I, II and III) in Cuyutlán Lagoon, Mexico. Monthly sampling was 
conducted at eight stations from February to October 2014. The optimum reforestation con-
ditions were observed at stations in Basin I (1A and 1B) and II (2C and 2D), where exchange 
of water between the ocean and lagoon predominates (Tepalcates and Ventanas Channels) 
and tidal influence induces water exchange that generates increased dissolved oxygen 
(3–4 mg/l) concentrations, low salinity (20–30) and greater coverage of healthy mangrove, 
with sufficient organic carbon (4–6%) for assimilation by the plants. By contrast, stations 
in Basin III were characterised by water stagnation resulting in increased salinity (40–50), 
depletion of the dissolved oxygen concentrations (0.1–2 mg/l) and low organic carbon (2%) 
in sediments, which contributed to low dwarf mangroves with low coverage most likely in 
response to environmental stress. Finally, the healthiest mangrove was found in areas where 
the dynamics favoured the deposition of organic carbon and medium sands in the sediment, 
which generated greater nutrient availability for fixation and assimilation by the roots.
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1. Introduction

Coastal lagoons are considered geomorphological depressions in the coastal area less than 
10 m deep, protected by physical barriers or hydrodynamic processes [1]. These coastal 
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environments generally have permanent or ephemeral links with the sea and have unique 
physical, chemical and biological conditions resulting from the interactions of two different 
bodies of water [2, 3]. These ecosystems are of great economic and ecological importance 
due to high primary productivity and by providing areas for breeding, feeding and protec-
tion of diverse species [4].

The elevated productivity in these water bodies is related to the input of inorganic nutrients 
resulting from ocean-lagoon and continent-lagoon interactions, and the recycling of labile 
organic matter (OM) deposited in the sediments which plays a fundamental role in the forma-
tion of assailable nutrient product diagenetic processes (remineralisation) of organic matter 
from primary producers [5, 6]. Moreover, the particle size distribution and the proportion of 
organic content affect the distribution of organisms in sediments and the zonation of aquatic 
vegetation. In addition, based on its structure and composition, the OM accumulated in sedi-
ments can provide a record of primary productivity fluctuations in these marine environ-
ments [7, 8].

Sedimentation rates in coastal lagoons vary widely, and the type of sediments associated with 
these systems is considered an important ecological factor, due to concentrations of trace ele-
ments, nutrients and OM necessary for basic physiological processes of primary producers 
[9]. Furthermore, biogeochemical cycles in these systems are affected by geochemical pro-
cesses between the sediment-water interface such as exchange and diffusion of dissolved ions 
and gases [10].

Mangrove ecosystems are characterised as wetlands located in tropical and subtropical coastal 
areas of the world and are associated with complex sedimentary environments such as estuar-
ies and coastal lagoons. These systems are major producers of OM and serve as ecologically 
important protected areas and breeding and nursery grounds for many species [11–15].

The presence of mangrove communities in the coastal zone provides important ecosystem 
services including protection from storms surges, protection against coastal erosion by wave 
activity and provision of biological filters which retain and process contaminants and nutri-
ent excess, organic matter decomposition. In addition, they act as sinks for CO2, potentially 
mitigating climate change [16]. This type of wetland is characterised by halophile properties 
[17] that withstand wide variations in salinity and temperature in short periods of time [15]. 
Mangrove forests are associated with conditions such as silt-clay sediments with high accu-
mulation of organic matter [18], sediment flooding for better propagule rooting [19] and high, 
constant nutrient availability [20–23].

Because of the important ecological and environmental services provided by mangroves, 
mitigation measures are necessary to avoid deforestation of these ecosystems, as well as res-
toration activities (replanting). For successful mangrove restoration, knowledge of the sur-
face and subsurface physicochemical conditions of the sediments is extremely important. The 
objective of this study is to generate a baseline of physicochemical and sediment data, which 
will improve mangrove replanting activities in this tropical lagoon and serve as a tool to pro-
mote restoration in other similar regions.
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2. Materials and methods

2.1. Description of the study area

Cuyutlán Lagoon (19°07′ N, 104°05′ W) is located on the northeast coast of Colima, Mexico, 
bordered to the north by Manzanillo Bay and by Armeria River to the south. Through natural 
physiography and engineering activities, the lagoon system was divided into three Basins (I, 
II and III, Figure 1), with a large expanse of mangrove forest the edge of each basin, primar-
ily consisting of Laguncularia racemosa and Rhizophora mangle. The region covers an area of 
approximately 7200 hectares, with a length of 37 km and a 5–6 km wide sand bar [22]. The 
lagoon is connected to the sea by three channels: Tepalcates, Ventanas and Tunnel [24]. The 
study area has a warm, humid tropical climate Awo type, with an annual temperature varia-
tion between 25 and 26°C. The summer rainy season begins around May and ends in October, 
with the highest rainfall occurring in July and September; winter has a lower rainfall of 5 mm, 
with an average annual rainfall between 800 and 1200 mm [25].

2.2. Field methodology

From February to October 2014, monthly sampling was carried out in three stations occupied 
in three basins of the Cuyutlán Lagoon, which were established based on areas of mangrove 
replanting. Two stations were located in Basins I and II (1A and 1B and 2C and 2D, respec-
tively), while four stations were located in Basin III (3E, 3F, 3G and 3H). Samples were taken 

Figure 1. Geographical location and reforestation areas (Basins I, II and III) analysed in Cuyutlán Lagoon, Colima, 
Mexico.
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due to high primary productivity and by providing areas for breeding, feeding and protec-
tion of diverse species [4].

The elevated productivity in these water bodies is related to the input of inorganic nutrients 
resulting from ocean-lagoon and continent-lagoon interactions, and the recycling of labile 
organic matter (OM) deposited in the sediments which plays a fundamental role in the forma-
tion of assailable nutrient product diagenetic processes (remineralisation) of organic matter 
from primary producers [5, 6]. Moreover, the particle size distribution and the proportion of 
organic content affect the distribution of organisms in sediments and the zonation of aquatic 
vegetation. In addition, based on its structure and composition, the OM accumulated in sedi-
ments can provide a record of primary productivity fluctuations in these marine environ-
ments [7, 8].
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these systems is considered an important ecological factor, due to concentrations of trace ele-
ments, nutrients and OM necessary for basic physiological processes of primary producers 
[9]. Furthermore, biogeochemical cycles in these systems are affected by geochemical pro-
cesses between the sediment-water interface such as exchange and diffusion of dissolved ions 
and gases [10].

Mangrove ecosystems are characterised as wetlands located in tropical and subtropical coastal 
areas of the world and are associated with complex sedimentary environments such as estuar-
ies and coastal lagoons. These systems are major producers of OM and serve as ecologically 
important protected areas and breeding and nursery grounds for many species [11–15].

The presence of mangrove communities in the coastal zone provides important ecosystem 
services including protection from storms surges, protection against coastal erosion by wave 
activity and provision of biological filters which retain and process contaminants and nutri-
ent excess, organic matter decomposition. In addition, they act as sinks for CO2, potentially 
mitigating climate change [16]. This type of wetland is characterised by halophile properties 
[17] that withstand wide variations in salinity and temperature in short periods of time [15]. 
Mangrove forests are associated with conditions such as silt-clay sediments with high accu-
mulation of organic matter [18], sediment flooding for better propagule rooting [19] and high, 
constant nutrient availability [20–23].

Because of the important ecological and environmental services provided by mangroves, 
mitigation measures are necessary to avoid deforestation of these ecosystems, as well as res-
toration activities (replanting). For successful mangrove restoration, knowledge of the sur-
face and subsurface physicochemical conditions of the sediments is extremely important. The 
objective of this study is to generate a baseline of physicochemical and sediment data, which 
will improve mangrove replanting activities in this tropical lagoon and serve as a tool to pro-
mote restoration in other similar regions.
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2. Materials and methods

2.1. Description of the study area

Cuyutlán Lagoon (19°07′ N, 104°05′ W) is located on the northeast coast of Colima, Mexico, 
bordered to the north by Manzanillo Bay and by Armeria River to the south. Through natural 
physiography and engineering activities, the lagoon system was divided into three Basins (I, 
II and III, Figure 1), with a large expanse of mangrove forest the edge of each basin, primar-
ily consisting of Laguncularia racemosa and Rhizophora mangle. The region covers an area of 
approximately 7200 hectares, with a length of 37 km and a 5–6 km wide sand bar [22]. The 
lagoon is connected to the sea by three channels: Tepalcates, Ventanas and Tunnel [24]. The 
study area has a warm, humid tropical climate Awo type, with an annual temperature varia-
tion between 25 and 26°C. The summer rainy season begins around May and ends in October, 
with the highest rainfall occurring in July and September; winter has a lower rainfall of 5 mm, 
with an average annual rainfall between 800 and 1200 mm [25].

2.2. Field methodology

From February to October 2014, monthly sampling was carried out in three stations occupied 
in three basins of the Cuyutlán Lagoon, which were established based on areas of mangrove 
replanting. Two stations were located in Basins I and II (1A and 1B and 2C and 2D, respec-
tively), while four stations were located in Basin III (3E, 3F, 3G and 3H). Samples were taken 

Figure 1. Geographical location and reforestation areas (Basins I, II and III) analysed in Cuyutlán Lagoon, Colima, 
Mexico.

The Relationship of Sediment and Intersitial Water Properties with Mangrove Health…
http://dx.doi.org/10.5772/intechopen.73045

101



to determine physicochemical parameters of the sediment pore water reforested areas, during 
flooded and nonflooded conditions. In the nonflooded stations, a pit of 15–20 cm depth was 
excavated which was allowed to fill with interstitial water. For flooded stations, the measure-
ments were made in the water adjacent to the sediment. Temperature, dissolved oxygen and 
salinity were measured using a mini CTD YSI Pro 2030, while the pH was measured with an 
Orion Star Thermo Scientific potentiometer A221.

Sediment cores were extracted manually with PVC tubes 1 m length and 4.5 cm in diameter 
for textural analysis (grain size, porosity and humidity) and 3 cm in diameter for chemical 
analysis (percent organic carbon) during February, March, May, June and August.

To establish the current health status of the mangroves, they were evaluated according to the 
methodology proposed by [26]. Fifteen indicators were used: leaf colouration, leaf cover, plant 
height, phenological aspects (flowering, fruiting, or vegetative aspect in later stages) time to 
reproduction (if not mature), number of propagules or reproductive structures (e.g. few flow-
ers or a few propagules on the ground), presence of dwarfism, turgor and brilliance of leaves, 
stem strength, presence of pest damage, presence of salty plains, presence of marshes, diam-
eter at breast height (DBH) of less than 10 cm and a-zonal distribution.

2.3. Laboratory methodology

The organic carbon content of the sediment was determined by the 2540G method proposed 
by [27], a semi-quantitative determination which consists of drying the sediment at 105°C for 
3 hours, after which the dry sample is incinerated at 550°C in a Felisa FE340 muffle. The per-
centage organic carbon in the sediment was obtained by the weight difference in the sample 
using the following expression:

  Organic carbon  (%)  =  [ (%Organic Matter)  / 1.724]  ∗ 100  (1)

Where % organic matter is equal to volatile substances in the sediments and 1.724 is the Van 
Bemmelen factor, which considers that organic matter contains on average 58% carbon.

The porosity of samples was obtained by determining the difference between the wet and dry 
samples according to [28].

  Porosity  (%)  = Initial weight − Final weight  (2)

The sediment humidity (moisture content) was calculated by the difference in the wet sample 
weight and subsequent drying to constant weight based on the following expression:

  Humidity  (  % )    =   [    (  Initial weight − Final  weight  )  /   (  Initial weight )    ]    ∗ 100  (3  )

A descriptive analysis of the data (mean, variance and standard deviation) was performed 
followed by tests of normality (Kolmogorov-Smirnov and Lilliefors test) and homoscedas-
ticity of variance (Cochran, Hartley and Bartlett test) to define whether to use parametric 
or nonparametric analyses. To establish the relationship of elemental chemical content with 
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sediment texture, a simple correlation was performed at a significance level of p < 0.05, in 
addition to a descriptive data analysis of normality and homoscedasticity to establish possible 
differences between sampling stations.

3. Results

The mean concentration of interstitial salinity in mangrove reforestation areas varied between 
25 and 30 during the study (Figure 2). The highest salinity values were recorded in Basin III 
(3E, 3F, 3G and 3H) stations, with minimum of 5 and maximum of 45–50. On the other hand, 
stations in Basin I (1A y 1B) recorded minimum 12 and maximum close to 40, and the same 
pattern was observed in Basin II (2C y 2D) stations with minimum values of 10 and maximum 
of 35. Spatially, the widest range of salinity was detected in Basin III, while Basin II showed 
the least variation in values. Temporally (Figure 2B), the highest salinity concentrations were 
recorded during the months of April (41), May (39) and June (34), gradually decreasing until 
September (10); months were significantly different (p < 0.05). In the dry season, salinity 
reached the highest average (35), with a range from 10 to 50; on the other hand, during the 
rainy season, the average salinity was 24 (range 5–38). The seasons were significantly different 
(p = 0.00).

Figure 2. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of the salinity in interstitial water on reforestation 
zones of Cuyutlán Lagoon.
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The average temperature obtained in the areas of reforestation was 29–30°C. The largest tem-
perature fluctuations occurred in station 1A (Basin I) with min of 25°C and max of 35°C. At the 
remaining stations, temperatures did not exceed 32°C. There were no significant spatial differ-
ences in temperature evident in the replanted areas (p > 0.05) (Figure 3A). Monthly variations 
in temperature demonstrated significant differences (p < 0.05), with the highest temperature 
fluctuation in March from 25 to 35°C. A significant increase was recorded in May, which oscil-
lated between 28 and 31°C until October. Low temperatures were obtained in February and 
April, with significant differences (p < 0.05) (Figure 3B). Spatially, Basin I showed the great-
est variability in temperature, with a maximum of 35°C, while the minimum of 24.3°C was 
recorded in the Basin III (Figure 3C). Significant differences in temperature (p < 0.05) were 
recorded between the rainy season (mean of 30°C) and dry season (mean of 24°C) (Figure 3D).

The mean values of interstitial dissolved oxygen concentrations registered in the stations in 
Basins I and II ranged between 2 and 4 mg/l (Figure 4A), while in Basin III, the average values 
ranged between 0.1 and 2 mg/l. The greatest fluctuations were recorded at stations 1A and 1B, 
both with a minimum of 0.1 mg/l and maximum values of 8 and 10 mg/l, respectively. The max-
imum values in Basin III did not exceed 2 mg/l. Dissolved oxygen concentration in Basin III was 
statistically different from those recorded Basins I and II (p > 0.05). Monthly records showed an 
increase in dissolved oxygen concentrations in May (4 mg/l), a significant variation compared 
to previous months (February, March and April), which had lower values (range 0–0.1 mg/l). 

Figure 3. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of the temperature in interstitial water on 
reforestation zones of Cuyutlán Lagoon.
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September showed the highest fluctuations, with a minimum of 0.1 mg/l and maximum of 
10 mg/l (Figure 4B). Statistically, there were no significant differences in dissolved oxygen 
concentrations between February, March and April (p > 0.05). Basin III presented low oxy-
gen concentration with an average of 0.2 mg/l, whereas Basins I and II maintained an average 
between 2 and 4 mg/l (Figure 4C). No significant seasonal differences occurred; however, the 
oscillations were highest during the rainy season (min = 0.1 mg/l; max = 10 mg/l) (Figure 4D).

The pH interstitial values showed no statistically significant variation between stations 
(p > 0.05). On average, pH values ranged from 7.8 to 8.1 and demonstrated no significant spatial 
patterns (p > 0.05). Similarly, there were no significant differences in the pH values between the 
months of February to April (p > 0.05). Station 1A registered a pH minimum of 7 and maximum 
of 8.6, whereas in station 1B, the minimum was 6.9 and maximum 9.1 (Figure 5A). Monthly 
values were homogenous between February and April, averaging 7.7. On the other hand, 
pH increased significantly to 8.3 in May (p < 0.05). Values decreased from May to July, until 
reaching the minimum value recorded in the study (7.2). Thereafter, the values progressively 
increased until October (8.4) (Figure 5B). Spatially, the different basins (Figure 5C) did not reg-
ister a significant difference (p > 0.05); nevertheless, Basin I showed greater pH variation, with 
minimum values of 6.9 and maximums of 9.1. In Basins II and III, pH values on average ranged 
between 7.0 and 8.4. Finally, there were no significant differences between seasons; neverthe-
less, greater pH variability was observed in the rainy months (Figure 5D).

Figure 4. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of the dissolved oxygen in interstitial water 
on reforestation zones of Cuyutlán Lagoon.
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The average temperature obtained in the areas of reforestation was 29–30°C. The largest tem-
perature fluctuations occurred in station 1A (Basin I) with min of 25°C and max of 35°C. At the 
remaining stations, temperatures did not exceed 32°C. There were no significant spatial differ-
ences in temperature evident in the replanted areas (p > 0.05) (Figure 3A). Monthly variations 
in temperature demonstrated significant differences (p < 0.05), with the highest temperature 
fluctuation in March from 25 to 35°C. A significant increase was recorded in May, which oscil-
lated between 28 and 31°C until October. Low temperatures were obtained in February and 
April, with significant differences (p < 0.05) (Figure 3B). Spatially, Basin I showed the great-
est variability in temperature, with a maximum of 35°C, while the minimum of 24.3°C was 
recorded in the Basin III (Figure 3C). Significant differences in temperature (p < 0.05) were 
recorded between the rainy season (mean of 30°C) and dry season (mean of 24°C) (Figure 3D).

The mean values of interstitial dissolved oxygen concentrations registered in the stations in 
Basins I and II ranged between 2 and 4 mg/l (Figure 4A), while in Basin III, the average values 
ranged between 0.1 and 2 mg/l. The greatest fluctuations were recorded at stations 1A and 1B, 
both with a minimum of 0.1 mg/l and maximum values of 8 and 10 mg/l, respectively. The max-
imum values in Basin III did not exceed 2 mg/l. Dissolved oxygen concentration in Basin III was 
statistically different from those recorded Basins I and II (p > 0.05). Monthly records showed an 
increase in dissolved oxygen concentrations in May (4 mg/l), a significant variation compared 
to previous months (February, March and April), which had lower values (range 0–0.1 mg/l). 
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September showed the highest fluctuations, with a minimum of 0.1 mg/l and maximum of 
10 mg/l (Figure 4B). Statistically, there were no significant differences in dissolved oxygen 
concentrations between February, March and April (p > 0.05). Basin III presented low oxy-
gen concentration with an average of 0.2 mg/l, whereas Basins I and II maintained an average 
between 2 and 4 mg/l (Figure 4C). No significant seasonal differences occurred; however, the 
oscillations were highest during the rainy season (min = 0.1 mg/l; max = 10 mg/l) (Figure 4D).

The pH interstitial values showed no statistically significant variation between stations 
(p > 0.05). On average, pH values ranged from 7.8 to 8.1 and demonstrated no significant spatial 
patterns (p > 0.05). Similarly, there were no significant differences in the pH values between the 
months of February to April (p > 0.05). Station 1A registered a pH minimum of 7 and maximum 
of 8.6, whereas in station 1B, the minimum was 6.9 and maximum 9.1 (Figure 5A). Monthly 
values were homogenous between February and April, averaging 7.7. On the other hand, 
pH increased significantly to 8.3 in May (p < 0.05). Values decreased from May to July, until 
reaching the minimum value recorded in the study (7.2). Thereafter, the values progressively 
increased until October (8.4) (Figure 5B). Spatially, the different basins (Figure 5C) did not reg-
ister a significant difference (p > 0.05); nevertheless, Basin I showed greater pH variation, with 
minimum values of 6.9 and maximums of 9.1. In Basins II and III, pH values on average ranged 
between 7.0 and 8.4. Finally, there were no significant differences between seasons; neverthe-
less, greater pH variability was observed in the rainy months (Figure 5D).

Figure 4. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of the dissolved oxygen in interstitial water 
on reforestation zones of Cuyutlán Lagoon.

The Relationship of Sediment and Intersitial Water Properties with Mangrove Health…
http://dx.doi.org/10.5772/intechopen.73045

105



With regard to the percentage organic carbon (OC), the highest values during the sampling period 
were recorded stations 1A, 1B, 2C, 2D and 3E. On the other hand, the months with the highest OC 
content on average were March (5.9%), May (5.6%) and August (5.5%) (Figure 6B). In February, 
the maximum value was obtained in station 1B (7.7%) and the minimum at station 3H (1.6%) 
(Table 1, Figure 6A). In March and May, the maximum concentrations were observed in stations 
1A, 1B and 2D with average values of 6.5%, while the minimum values were recorded in station 
2C with 3% (Figure 6A). In June and August, high concentrations were recorded in Basins I and 
II (7.7% and 5.9%), while in Basin III, percentages were relatively low (2.7% and 3.2%). In general, 
Basin I showed higher organic carbon content (7.2%) in the reforestation zones compared to Basin 
III (3.8%) (Figure 6C). There were no significant temporal differences in the percentage organic 
carbon in the sediments evident during the investigation (p > 0.05) (Figure 6D).

Table 1 shows the mean values obtained from the textural analysis (grain size, porosity and 
humidity) and the organic carbon content of the sediment. The predominant grain size during 
the study showed no significant spatial variations and was comprised of medium sands (MS). 
The sediment porosity values averaged between 1.2 and 1.4 at stations in Basin I (1A and 1B). At 
those stations in Basins II (2C and 2D) and III (3E, 3F, 3G and 3H), the mean porosity values were 
lower and ranged between 0.4 and 0.8. Humidity showed a significant variation between the 
stations (p < 0.05). During February, the humidity was between 58.9 and 65.8% (Table 1), which 
decreased to 30.2% in March in Basin I, while in Basin II, higher percentages were preserved 
(78.1%). In May, this pattern continued with low humidity values in Basin I and high values in 
Basin II. During June, the humidity values showed the same behaviour obtained in February, 

Figure 5. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of pH in interstitial water on reforestation 
zones of Cuyutlán Lagoon.
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with high values in all the stations. The maximum percentage obtained was found in station 3H 
with 71.6% and the minimum in station 2D with 62.5% (Table 1).

In the replanting zones in the Cuyutlán Lagoon, two species of mangrove were recorded in 
Basins I and II, L. racemosa and R. mangle, while in Basin III, only L. racemosa was recorded. In 
2012, mangrove health was classified into three types: weak, vigorous and very vigorous. In Basin 
I, no results were obtained due to the lack of mangroves in the study areas. However, in Basin I, 
the mangrove was classified as vigorous in the southern area, while the northern area growth was 
deemed to be weak. Basin III mangroves were in a vigorous to very vigorous state in the areas 
near the shore (both in the north and south of the lagoon).

Throughout the investigation (2015), an evolution of the mangrove ecosystem was observed 
in each of the replanting zones of the Cuyutlán Lagoon. At those stations in Basin I (1A and 
1B), the mangrove was classified as vigorous with an initial reproduction process, so that the 
height of the forest in these stations was between 2 and 2.5 m, maintaining a very full and 
extensive coverage. Similarly, at Basin II (stations 2C and 2D), a very vigorous mangrove 
forest was also observed with mangrove heights of between 2.5 and 4 m which were in an 
advanced reproduction state. It is worth mentioning that at these stations, the greatest cover-
age and suitable mangrove growth were observed. By contrast, the mangroves in Basin III, 
particularly at stations 3F, 3G and 3H, were characterised as shrub growth and excessive salt 
secretion. To the contrary, station 3E presented optimal growth with the mangrove classified 
as vigorous.

Figure 6. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of organic carbon content in sediments of 
Cuyutlán Lagoon.
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With regard to the percentage organic carbon (OC), the highest values during the sampling period 
were recorded stations 1A, 1B, 2C, 2D and 3E. On the other hand, the months with the highest OC 
content on average were March (5.9%), May (5.6%) and August (5.5%) (Figure 6B). In February, 
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II (7.7% and 5.9%), while in Basin III, percentages were relatively low (2.7% and 3.2%). In general, 
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III (3.8%) (Figure 6C). There were no significant temporal differences in the percentage organic 
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with high values in all the stations. The maximum percentage obtained was found in station 3H 
with 71.6% and the minimum in station 2D with 62.5% (Table 1).

In the replanting zones in the Cuyutlán Lagoon, two species of mangrove were recorded in 
Basins I and II, L. racemosa and R. mangle, while in Basin III, only L. racemosa was recorded. In 
2012, mangrove health was classified into three types: weak, vigorous and very vigorous. In Basin 
I, no results were obtained due to the lack of mangroves in the study areas. However, in Basin I, 
the mangrove was classified as vigorous in the southern area, while the northern area growth was 
deemed to be weak. Basin III mangroves were in a vigorous to very vigorous state in the areas 
near the shore (both in the north and south of the lagoon).
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1B), the mangrove was classified as vigorous with an initial reproduction process, so that the 
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forest was also observed with mangrove heights of between 2.5 and 4 m which were in an 
advanced reproduction state. It is worth mentioning that at these stations, the greatest cover-
age and suitable mangrove growth were observed. By contrast, the mangroves in Basin III, 
particularly at stations 3F, 3G and 3H, were characterised as shrub growth and excessive salt 
secretion. To the contrary, station 3E presented optimal growth with the mangrove classified 
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Figure 6. Seasonal (A), monthly (B), spatial (C) and temporal (D) variation of organic carbon content in sediments of 
Cuyutlán Lagoon.

The Relationship of Sediment and Intersitial Water Properties with Mangrove Health…
http://dx.doi.org/10.5772/intechopen.73045

107



4. Discussion

The reforestation zones showed a marked seasonal variation in the physicochemical variables 
during the study. Salinity in Basins I (1A and 1B), II (2D, 2C) and III (3E, 3F, 3G, 3H) were high-
est in summer (April-August), before the onset of the rainy season in September and October 
contributed to decreased values [29]. During the summer months, the volume of water inside 
the lagoon was reduced, and no sediment rinsing occurred causing an excessive accumulation of 
salts on the surface and generating dehydration in the plants, which is associated with biological 
stress. It has been reported that some mangrove species are not tolerant to elevated salinity or 
to desiccation conditions, which causes them to weaken and reduce competition against other 
vascular plant species [30]. Also, due to the high evaporation rates in this period, there is an 
increased availability of dissolved metallic cations, which are absorbed from the sediment by the 
roots of the mangrove. Once absorbed, these cations can cause enzymatic inhibition, generating 

Station

Date Parameter 1A 1B 2C 2D 3E 3F 3G 3H

February % organic carbon 6.940 7.692 3.365 4.423 4.036 2.727 1.653 1.598

Textural group MS MS MS MS MS MS MS MS

Porosity (%) 1.281 1.2880 0.702 0.771 0.844 0.715 0.583

Humidity (%) 62.61 62.74 65.86 62.47 58.91 65.17 71.63

March % organic carbon 6.057 8.902 2.050 5.669 Dry Dry Dry Dry

Textural group MS MS MS MS – – – –

Porosity (%) 1.433 1.327 0.447 0.958 – – – –

Humidity (%) 30.39 35.26 78.12 55.53 – – – –

May % organic carbon 7.594 6.962 4.127 3.252 Dry Dry Dry Dry

Textural group MS MS MS MS – – – –

Porosity (%) 1.409 1.381 0.826 0.891 – – – –

Humidity (%) 34.1 34.98 58.89 57.76 – – – –

June % organic carbon 5.053 5.906 4.210 3.177 4.114 2.846 3.247 2.718

Textural group MS MS MS MS MS MS MS MS

Porosity (%) 1.463 1.457 0.827 0.937 0.733 0.763 0.723 0.623

Humidity (%) 66.56 65.47 62.5 57.61 66.27 64.94 67.17 71.62

August % organic carbon 5.858 7.692 2.941 5.608 5.212 5.113 3.247 2.718

Textural group MS MS MS MS MS MS MS MS

Porosity (%) 1.381 1.317 0.534 0.858 0.458 0.458 0.723 0.623

Humidity (%) 32.91 35.75 73.89 60.16 79.08 85.92 67.17 71.62

Table 1. Monthly results of organic carbon, textural group, porosity and humidity of the sediments in the different 
mangrove replanting areas of Cuyutlán Lagoon (MS = Medium sand).

Estuary108

physiological stress, reduced growth and even desiccation (death) when drought conditions pre-
vail [31]. On the other hand, the tidal level also influences sediment rinsing and with it removal 
of the excess salts that accumulate in the sediment or in the roots due to evaporation or evapo-
transpiration of the silt, as has been reported by [32]. Therefore, the high tide level is an important 
factor inhibiting e salt accumulation in the sediments of mangroves.

The highest temperatures in the reforested zones occurred from June to October which could 
be attributed to the climatic variability of the region as it coincides with the hottest months and 
with the onset of the rainy season [25]. During this period, the sediments are exposed to wide 
temperature (26–35°C) variations between day and night, in addition to decreased water column 
height, exposing surface sediments to a higher incidence of solar radiation. These variations were 
recorded at Basin III (3E, 3F, 3G, 3H) stations, with the highest temperatures recorded during 
June to October. On the other hand, the temperatures were lower in stations of Basins I and II (1A, 
1B and 2C, 2D), due to substrate flooding by the tidal processes which promote water exchange 
through the Tepalcates and Ventanas Channels. In addition, the tide level is an important factor 
in the Cuyutlán Lagoon; generally, high-water levels occur in the winter months, decreasing in 
April due to the spring tides [33] influencing the temperature variations in the lagoon system 
substrate. Ref. [34] studied the dynamics of mangroves in Portete Bay (Cuba) and reported that 
temperature contributes to the zonation of different (plant) species of mangrove in coastal eco-
systems, while Ref. [35] indicated that the temperature inside these systems (lagoons or estuar-
ies) is an important factor at the physiological level, regulating growth, photosynthetic processes, 
respiration, and salt segregation from the organism. On the other hand, Ref. [36] reported that 
the incidence of radiation is a determining factor for the growth of mangrove ecosystems.

The mangrove reforestation zones showed marked differences in physicochemical param-
eters (p < 0.05) between basins; in general, low oxygen concentrations were observed in Basin 
III (3E, 3F, 3G and 3H), while elevated values were recorded in Basins I and II (1A, 1B and 
2C, 2D). High concentrations of dissolved oxygen were recorded during August to October 
(mean 3.4 mg/l) associated with water exchange with the Pacific Ocean through the Tepalcates 
and Ventanas Channels. In addition, rainfall and fluvial contributions to the lagoon generated 
sediment turbulence, atmospheric aeration, and a subsequent diffusion towards the interior 
of the sediments [25]. Therefore, the oxygen concentrations of interstitial waters in Basins I 
and II are associated with circulation mediated by tides [37], which causes turbulence and 
resuspension of the sediments. In the internal stations of Basin III, no direct influence of the 
tide was registered and low values of dissolved oxygen were observed. Ref. [38] carried out 
a work in the bay of Matanzas, Cuba, which reported how the dynamics and topography 
associated with the bay influence the high concentrations of oxygen because they determine 
the penetration of the tide and thus the exchange of surface water.

The pH in the interstitial waters of the reforestation zones ranged from 7.7 to 8.4 in the three 
basins during the study. Low values of pH in in sediments can be attributed to the high amounts 
of organic matter, which, when decomposed, generate fatty acids and release ions H+ that are 
absorbed by the sediments. On the other hand, basic conditions are generally caused by the 
increase of salts in the sediments which favours the formation of oxidrile ions (OH−) [39]. Ref. 
[40] attributed the degradation of organic material in mangrove sediments to intermediate pH 
values (7–7.5). This increases nutrient availability, because the redox potential of the sediments 
can increase to positive values (typical of anoxic systems), favouring the presence of organisms 
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vail [31]. On the other hand, the tidal level also influences sediment rinsing and with it removal 
of the excess salts that accumulate in the sediment or in the roots due to evaporation or evapo-
transpiration of the silt, as has been reported by [32]. Therefore, the high tide level is an important 
factor inhibiting e salt accumulation in the sediments of mangroves.

The highest temperatures in the reforested zones occurred from June to October which could 
be attributed to the climatic variability of the region as it coincides with the hottest months and 
with the onset of the rainy season [25]. During this period, the sediments are exposed to wide 
temperature (26–35°C) variations between day and night, in addition to decreased water column 
height, exposing surface sediments to a higher incidence of solar radiation. These variations were 
recorded at Basin III (3E, 3F, 3G, 3H) stations, with the highest temperatures recorded during 
June to October. On the other hand, the temperatures were lower in stations of Basins I and II (1A, 
1B and 2C, 2D), due to substrate flooding by the tidal processes which promote water exchange 
through the Tepalcates and Ventanas Channels. In addition, the tide level is an important factor 
in the Cuyutlán Lagoon; generally, high-water levels occur in the winter months, decreasing in 
April due to the spring tides [33] influencing the temperature variations in the lagoon system 
substrate. Ref. [34] studied the dynamics of mangroves in Portete Bay (Cuba) and reported that 
temperature contributes to the zonation of different (plant) species of mangrove in coastal eco-
systems, while Ref. [35] indicated that the temperature inside these systems (lagoons or estuar-
ies) is an important factor at the physiological level, regulating growth, photosynthetic processes, 
respiration, and salt segregation from the organism. On the other hand, Ref. [36] reported that 
the incidence of radiation is a determining factor for the growth of mangrove ecosystems.

The mangrove reforestation zones showed marked differences in physicochemical param-
eters (p < 0.05) between basins; in general, low oxygen concentrations were observed in Basin 
III (3E, 3F, 3G and 3H), while elevated values were recorded in Basins I and II (1A, 1B and 
2C, 2D). High concentrations of dissolved oxygen were recorded during August to October 
(mean 3.4 mg/l) associated with water exchange with the Pacific Ocean through the Tepalcates 
and Ventanas Channels. In addition, rainfall and fluvial contributions to the lagoon generated 
sediment turbulence, atmospheric aeration, and a subsequent diffusion towards the interior 
of the sediments [25]. Therefore, the oxygen concentrations of interstitial waters in Basins I 
and II are associated with circulation mediated by tides [37], which causes turbulence and 
resuspension of the sediments. In the internal stations of Basin III, no direct influence of the 
tide was registered and low values of dissolved oxygen were observed. Ref. [38] carried out 
a work in the bay of Matanzas, Cuba, which reported how the dynamics and topography 
associated with the bay influence the high concentrations of oxygen because they determine 
the penetration of the tide and thus the exchange of surface water.

The pH in the interstitial waters of the reforestation zones ranged from 7.7 to 8.4 in the three 
basins during the study. Low values of pH in in sediments can be attributed to the high amounts 
of organic matter, which, when decomposed, generate fatty acids and release ions H+ that are 
absorbed by the sediments. On the other hand, basic conditions are generally caused by the 
increase of salts in the sediments which favours the formation of oxidrile ions (OH−) [39]. Ref. 
[40] attributed the degradation of organic material in mangrove sediments to intermediate pH 
values (7–7.5). This increases nutrient availability, because the redox potential of the sediments 
can increase to positive values (typical of anoxic systems), favouring the presence of organisms 
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associated with mangrove communities, such as polychaetes and bivalves. The activity of these 
organisms generates diffusion and water exchange, which helps maintain an adequate pH for 
these species (7–7.5) and results in positive cyclic oxic conditions for the ecosystem.

All the reforested mangrove sampling sites presented variable OC percentages associated with 
sediment depth. The elevated percentage of organic carbon at the surface can likely be attributed 
to the high contributions of leaf litter. After accumulation, the remineralisation of the matter gen-
erates the formation of new organic compounds, which in turn promote the early diagenesis and 
later migration of labile OM towards the deep sediments [41, 42]. The increase in organic carbon 
in the first 5 cm of sediments in Basins I and II could likely be attributed to high rates of sediment 
accumulation (with high organic matter content) registered in these zones which is influenced 
by the connections with Manzanillo Bay (Ventanas Channel) and the Pacific Ocean (Tepalcates 
Channel), respectively [25]. In addition, water from anthropogenic activities and runoff carry 
new sedimentary material, which rapidly remineralises with the recently deposited organic 
matter, promoting carbon accumulation below the most active diagenetic zone. Otherwise, the 
vertical profile shows a decrease of organic carbon through the sedimentary column, which can 
be interpreted as a characteristic process, because in sediments with high interstitial water flow, 
carbon is highly remineralised into carbohydrates and lignin [25]. Ref. [43] mentioned that the 
decreases of the organic carbon are due to a process of bacterial degradation of the first order, 
which quickly degrade the organic compounds by means of the available oxygen.

Ref. [44] observed that the percentages of organic carbon are negligible at depths of 30–90 cm 
due to their degradation in the presence of dissolved oxygen. This pattern was seen in Basin III 
stations, which had a 30% reduction of organic carbon in the first 5 cm. Ref. [45] suggested that 
the presence of organic carbon in sediments associated with mangroves controls the variations 
of the physicochemical parameters (salinity and pH) in the sediment column, due to the leach-
ates that are generated. In this work, percentage organic carbon (2–15%) in the sediment is in 
the range reported by [46] in the most important mangrove ecosystem of the Gulf of Mexico 
(Tabasco). This suggests that the diagenetic process found in this system is in agreement with 
the availability of organic material and the sediment stability of a tropical coastal system.

The predominance of the MS fractions at the sampling points where there was no mangrove 
reforestation can in all likelihood be attributed to the sediment runoff, due in the first instance to 
the direct contact between the stations with the sandbar that divides the lagoon from the Pacific 
Ocean, and in the second, the proximity of the Basin II to the Tepalcates Channel which promotes 
the accumulation of inorganic sedimentary material by the high hydrodynamics associated with 
this area [25]. Similarly, the effect of the terrestrial runoff into the lagoon is a determining factor 
for the accumulation of these sediment fractions. Similar trends have been reported by [5] who 
found that MS and coarse sands predominate in areas with greater dynamics; while Ref [47] 
conclude that the topography favours distribution, because coastal lagoons with greater depth 
favours the presence of fine inorganic sediments and in shallower areas, thicker sizes (coarse 
sands). Regarding the relationship between grain size and mangrove growth, Ref. [16] mention 
that in these ecosystems, the main sedimentary composition associated with the best develop-
ment of the mangrove are fine sediments (silt-clays) that favour the accumulation of more mate-
rial organic, avoiding its early degradation, contrary to sediments that generate interstitial water 
penetration and therefore, a high rate of degradation of accumulated organic matter.
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In the coarse sand sedimentological fraction, the dominant factor contributing to the varia-
tion in e porosity was the biogenic composition (bioclasts), which generated high porosities. 
At depth, the MS fraction dominated favouring a smaller interstitial space between the sedi-
ments. On the other hand, the stations of Basin III (3E, 3F, 3G and 3H) show homogeneity in 
the sedimentological fractions (MS) so they have relatively low porosities, this pattern can be 
attributed to the benthic vertical flow within the sediments. Ref. [25] demonstrated that the 
accumulation of new sedimentary material compacted the deeper sediments resulting in ele-
vated porosities only in the upper surface layers. This was observed at the stations of Basins I 
(1A and 1B) and II (2C and 2D) during February where flooding and proximity to urbanised 
areas, which contributed to new anthropogenic material with coarse size due to continental 
runoff, increasing interstitial spaces; and the second is related to the contribution of mangrove 
organic matter and remains of organisms that lead to the accumulation of organic carbon in 
the form of coarse particles that increase the porosity values of the sediments.

The humidity content of sediment is directly related to the grain size and high porosities, 
since if the interstitial spaces are larger in the sedimentary column, the accumulation of water 
is favoured, which favours the diffusive flow of compounds and the degradation of organic 
matter caused by the presence of oxygen availability to carry out this process. While low 
humidity content with high porosity are related to the level of tide and the thickness of the 
water layer above each site, which generates sediments with low or high-water contact affect-
ing the flow inside the sediments. This process was observed in the seasons of Basins I (1A 
and 1B) and II (2C and 2D) during the month of March where the tide level was low; however, 
high porosities and low moisture content were recorded.

5. Conclusions

Two principal factors which influenced the physicochemical parameters that support ideal 
ranges for mangrove development are the morphology of the study area and tidal levels. The 
decrease in OC with depth relates to bacterial remineralisation which uses the dissolved oxygen 
resulting from interstitial water exchange; low OC is a stressor for nutrient uptake and, in turn, 
reduces growth in these types of plants. Mangroves in areas with more favourable hydrodynam-
ics conditions and physicochemical parameter stability, such as those recorded in Basins I and 
II, were found to be in a better overall condition after replanting. Basins II and II are therefore 
feasible areas for the conservation of these ecosystems, as opposed to Basin III, where dwarfism 
(weak mangrove) was registered. Finally, the ecological importance of mangrove ecosystems as 
filters that increase nutrient concentrations and other sources of organic matter was confirmed.
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