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Abstract: The environmental quality of mangroves is influenced by multiple factors, among which
shrimp aquaculture currently plays a major role. This study describes the alterations of natural
conditions of mangrove systems that house shrimp farms in the northern Ecuadorean coast. Water,
sediment quality and the structure of benthic assemblages of four sectors with different proportions
of mangroves and shrimp ponds are described. The samples were collected at the confluence of man-
grove drainages or tidal creeks, as well as in the modified drainages for shrimp farm infrastructures
towards navigable channels, during the dry and rainy seasons. Shrimp farm drainage water had a
17% higher dissolved oxygen concentration and 2.5 times higher total ammonium and phosphorus
compared to mangrove drainage water. The sediment in the latter decreased their total organic matter
and nitrogen content by 44% and 53%, respectively, slightly increasing the pH level and increasing
the ammonium content by 93%. Furthermore, the redox profiles were different between the types of
drainages. The soft-bottom benthic assemblages involved 56 species in the study area and exhibited a
variety of sectoral structures, with better indicators of ecological status in sectors with fewer shrimp
farms. Finally, improvements are suggested for monitoring the environmental quality of shrimp
farms in Ecuadorean mangrove systems.

Keywords: hydrography; aquaculture impacts; sediment carbon loss; AMBI index

1. Introduction

The whiteleg shrimp Penaeus vannamei (Boone, 1831), which is the most cultivated
aquaculture resource in the world, began its production with 10 t in Ecuador in 1968 [1]
reaching 5,812,180 t produced by 45 nations in 2020. Until 2002, its records occurred
exclusively from brackish waters. Since then, it was also recorded from freshwater and, as
of 2015, it was reported from the marine environment [2].

The rapid expansion in shrimp farming has caused side effects however, such as
inadequate culture technology, disease outbreaks, water pollution, and other environmental
degradation-related problems [3]. Shrimp farming is an industry in tropical and subtropical
climate countries [4]; it plays a crucial role in mangrove area reduction, as exemplified by
numerous studies in Asia and Latin America [5].

From 1990 to 2020, shrimp and other forms of aquaculture have driven the conversion
of 38% and 14% of mangrove areas, respectively, globally [6,7].

Consolidated studies reported 137,600 km2 of mangroves for 2010 [8] and 147,000 km2

for 2020 [9], as well as a decrease of 8600 km2 in global mangrove coverage between 1990
and 2020 [10]. In Ecuador, a national loss of mangrove areas of 43% was estimated between
1969 and 1999 [11], which would have extended up to 70% by 2018 [12].

Multiple studies describe the cumulative effects of the transformation and fragmen-
tation of mangroves on shrimp infrastructure [13,14]. Shrimp farming involves the loss
of ecological and socioeconomic functions of mangrove ecosystems, including changes
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in hydrology [4], salinization [15,16], the introduction of non-native species [17], and dis-
ease outbreaks [18,19]. Other issues include the pollution from effluents, chemicals and
drugs [20], the use of wild fish for feed [21], the capture of wild shrimp seed and the loss
of livelihoods and social conflicts which may arise therof [22,23]. Due to growing concern
about climate change, several studies have quantified the effects of the mangrove conver-
sion to shrimp ponds on the soil carbon stocks [24] and greenhouse gas emissions [25,26].

Shrimp farming employs ponds with a flow-through system that uses water exchange
rates to maintain optimal hydrological and biological parameters for the shrimp culture [27].
The water used in the ponds will have physicochemical and biological alterations since
effluents of shrimp farms add nutrients, organic matter and suspended solids to the
receiving water bodies [28,29].

Pond sediments therefore were high in the concentration of nutrients, organic matter,
and the density of microorganisms throughout the water column by several orders of
magnitude [30]. A large portion of the labile sediments from each productive cycle will
be released to the environment during the exchange of water discharge and after pond
harvest [31,32]. Thus, the effects of water discharge, along with the loss of mangroves,
becomes the main eco-hydrological impact on the site of an operating shrimp farm [33].

Several studies report changes to sectors associated with shrimp effluents in the com-
position and content of organic matter and nutrients in the receiving water bodies [34–38].
Additionally, a decrease in dissolved oxygen concentration [39,40], and an increase in trace
compounds have also been reported [41–44]. These effects extend to sediments associated
with shrimp effluents in concern with the level oforganic compounds [45–50] and the content
of metalloids [51–53], which influence the assembly of benthic organisms [54,55].

Knowledge of the impacts of aquaculture facilities on mangroves led to a global ban on
aquaculture farm facilities in mangroves and coastal wetlands. It also led to the requirement
in certain countries to implement crop water treatment systems prior to discharge. This
measure is theoretically required in Ecuador, given that in 2021, it was the largest producer
of whiteleg shrimp farmed in brackish waters, totaling at least 2150 farms with an area of
72.598 ha located in sectors of beaches and bays [56].

The present study describes the alterations of the natural conditions of Ecuadorean
mangrove systems that house shrimp farms to establish the chemical state of waters and
sediments, as well as the ecological state of the benthic assemblages in areas near shrimp
farms, which are currently not required to include water treatment systems in Ecuador.

2. Materials and Methods
2.1. Study Area

This research was carried out in two Ecuadorean coastal systems with mangrove
reserves in the province of Esmeraldas (Figure 1): the deltaic system the Ecological Reserve
Manglares Cayapas Mataje REMACAM (REM) located to the north on the border with
Colombia, and the estuarine system the Mangroves Estuary of the Muisne River Wildlife
Refuge RVSMMC (RVS) [57] located to the south of the province of Esmeraldas. In each
system, two main sectors were chosen: Palma Real (PR) and Tambillo (TA) in REM, and
Cojimíes (CO) and Muisne (MU) in RVS. Sectors were chosen based on their different levels
of conversion of mangroves to shrimp farms in 2020 [58].

2.2. Location of Sampling Sites

The selection of sites was carried out considering the greater presence of conglomerates
of aquaculture ponds in conjunction with mangrove formations. Spatial data were based on
the Land Use and Cover data updated in 2020 by the Ministry of Agriculture and Livestock
of Ecuador and was analyzed with the ArcGIS® software by ESRI. Conglomerates of
shrimp ponds and mangroves were first detected, and subsequently, the water bodies to be
evaluated were selected. The length of the water bodies was considered from upstream
of the shrimp/mangrove facilities to their mouth toward a main transition body. During
the initial navigational observation, similar drainages were located and distributed in the
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defined sections. Five sampling sites were allocated in each principal sector (Figure 2).
The sampling sites corresponded to the confluence of natural drainages or tidal creeks
entering the mangrove forest (MG) towards navigable channels, and in similar drainages
which transformed into shrimp farm (SF) infrastructures such as water discharge gates and
harvesting that are exemplified in Figure 3.
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River Wildlife Refuge RVSMMC, C = Muisne and D = Cojimies. The map is adapted from the geo-
graphic information on land use and cover of the Ministry of Agriculture of Ecuador, within the 
official borders of the protected areas of the Ministry of the environment, water and ecological tran-
sition of Ecuador. 
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Figure 1. Study area and principal sectors. Left, Ecological Reserve Manglares Cayapas Mataje
REMACAM inside of this A = Palma Real, B = Tambillo; right, Mangroves Estuary of the Muisne
River Wildlife Refuge RVSMMC, C = Muisne and D = Cojimies. The map is adapted from the
geographic information on land use and cover of the Ministry of Agriculture of Ecuador, within
the official borders of the protected areas of the Ministry of the environment, water and ecological
transition of Ecuador.

2.3. Water Analysis

The samplings were carried out during periods of low tide in November and December
2020, corresponding to the dry season of the Ecuadorean coast, and during June 2021, near
the end of the rainy season. At each site, the water quality parameters of temperature (◦C),
conductivity (µS/cm), salinity (ppt), dissolved oxygen (mg O2/L), and pH were recorded
with a HQ40d multiparameter sensor (HACH Company, Loveland, CO, USA). Additionally,
a 3 L sample of subsurface water was collected with a Van Dorn ABT-VD-04 Bottle (Aquatic
Biotechnology, Cadiz, Spain) by filling plastic bottles without the addition of fixing agents and
kept in a cooler until transported to the aquaculture reference laboratory of the National Center
for Aquaculture and Marine Research (CENAIM ESPOL) within less than 24 h after collection.
The content of the following chemical parameters was determined: nitrate NO3

−, nitrite NO2
−,

ammonium NH4
+, total Kjeldahl nitrogen (TKN), phosphate PO4

3−, total phosphorus, solids
in suspension SS, total settleable solids SST and the biochemical oxygen demand in five days
BDO5 expressed in mg/L, while chlorophyll a was recorded in µg/L. The measurements were
made following protocols described in the texts “Water Quality and Pond Soil Analysis for
Aquaculture” [59] and “Standard Methods for the Examination of Water and Wastewater” [60].
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2.4. Sediment Analysis

Sediment samples (1 kg of the first three superficial centimeters) were obtained with
a 0.08 m2 Van Been-type dredge and were transported to the GRUENTEC Cia. Ltd.a.
laboratory, which recorded pH (U.S. EPA 9045 D/SM 4500 H/MM-AG/S-01) and con-
ductivity (EPA 9050 A/MM-AG/S-02). The content of nitrate, nitrite, phosphate (EPA
300.1/MM-S-37), ammonium (SM 4500 Norg/MM-AG-15), and the metals copper, lead,
mercury and zinc (EPA 6020 A/MM-AG/S-39) was determined in wet weight. The total
Kjeldahl nitrogen content (HACH 8038/MM-S-35) was determined in dry weight.

A second sample of sediments from columnar cores was obtained with transparent
polycarbonate tubes of a 65 cm length and a 3 inchs internal diameter, connected to a one-
way valve to generate suction when lifted. The samples were sealed and kept cold during
their transfer to the laboratory, where they were refrigerated. Each cylinder of sediment
was sectioned every 2 cm using a plunger to move the sample, registering for each stratum
the oxidation-reduction potential (mV) with a HACH HQ40d redox sensor and adjusting
the registered values with a correction factor of 200 mV. These sections were then dried
at 60 ◦C for 24 h, homogenized in porcelain mortars after removing major residues such
as fragments of wood, leaves, rocks, concrete and mollusk shells when sieved at 300 µm.
Subsequently, they were incinerated at 550 ◦C for 5 h in a THERMO muffle, determining
the content of Total Organic Matter (TOM) as a function of the decrease in mass by means
of ignition [61].

2.5. Benthic Assemblage Analysis

The benthic assemblages analyzed came from the content of three dredges that were
deposited in a 20 L bucket. The content was reduced by washing with surrounding water
inside a 300 µm nitex sleeve and being deposited in 0.75 L plastic bottles. The bottles
were left with water for 25 min to allow the collected organisms to relax and extend the
useful structures for their later identification. Afterward, the excess water was replaced by
70% ethyl alcohol plus 3 mL of 37% formaldehyde as fixing agents. In the laboratory, the
samples were spread on white trays with good lighting, removing the visible organisms and
saving them in 60 mL flasks. The identification and count were carried out with a 1.3 MP
Dinolite -Premier digital magnifying glass (AnMo Electronics Corporation Taipei City,
China) and the use of keys, reaching the lowest possible taxonomic level. The descriptors
of the organisms’ assemblages included: abundance, species richness, dominance, the
Shannon-Weaner H’ index and the AZTI Marine Biotic Index AMBI developed by the AZTI
institute [62]. Its multivariate application M-AMBI [63,64] was carried out through the free
software PAST3x and AZTI-AMBI.

2.6. Data Treatment

The data obtained were grouped by sampling sectors: Palma Real (PR), Tambillo (TA),
Muisne (MU), and Cojimíes (CO); main mangrove systems: REMACAM and RVSMMC;
drain type: Natural drainages or mangroves (MG) and Modified drainages to shrimp
farm facilities (SF); in addition to the Summer (SU) and Winter (WI) sampling period.
After checking for normality using the Shapiro-Wilk’s test [65] and homoscedasticity of
variables using the Fligner-Killeen test [66], one-way ANOVAS were performed among
the different contrasting categories without using more contrasting ways, since not all
the grouping categories were shared among the four main sectors. Palma real presented
exclusively natural drainages (MG) and Muisne modified drainages toward shrimp farms
(SF). To determine between which compartments significant differences occurred, Tukey’s
a posteriori tests were performed, and Holm’s for the Kruskal-Wallis analyses with at least
95% confidence level.

Additionally, all the variables were processed through multivariate analysis of PCA
principal components and CCA canonical correspondence analysis to identify variables that
better explained the observed changes and their relationship with the benthic species shared
in the four sectors. Given the different magnitudes of variables, these were scaled [67,68].
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To observe the formation of conglomerates of benthic assemblages, an n-MDS analysis was
performed on the Bray Curtis similarity, exclusively integrating sediment quality variables
using the free software PAST 3x-The Past of the Future (Natural History Museum, Oslo,
Norwey) [69] and Rstudio 4.1.2 (Integrating Development Environment for R, Boston MA,
USA) [70].

3. Results
3.1. Water Quality

Table 1 shows the mean values of water quality variables grouped by main sectors,
types of drainage, and seasonality. Water temperature differed among sectors (KW = 21.949,
p < 0.01) and types of drainage (KW = 6.743, p < 0.01). These differences were attributed to
warmer water temperature in REMACAM, located to the north of Esmeraldas. REMACAM
includes eight of the nine sites corresponding to natural drainages, RVSMMC includes nine
of the eleven shrimp drainages in this study. There were no temperature differences among
the seasons. (KW = 3.387, p > 0.05).

There were no significative differences in the salinity between systems (KW = 0.77359,
p > 0.05) and sectors (KW = 4.5588, p > 0.05). Muisne exhibited the highest salinity variation
(15,507 ± 11,075 ppt).

Dissolved oxygen levels did not differ among sectors (KW = 0.30855, p > 0.05) and sampling
periods (KW = 3.0769, p > 0.05). However, the SF drains with a mean of 5.16 ± 1.37 mg O2/L
exceeded the natural MG drains (KW = 4.6878, p < 0.05) with a mean of 4.19 ±1.26 mg O2/L.
The biochemical oxygen demand in five days (BOD5) presented differences among sectors
(F3,36 = 2.98 p < 0.01) that were restricted towards Cojimíes (8.21 ± 2.75 mg O2/L) and Muisne
(12.16 ± 4.21 mg O2/L), having robust differences between sampling periods (F1,38 = 11.25,
p < 0.01), increasing the BOD5 in summer periods (13.65 ± 6.49 mg O2/L) and improving the
condition of the water in winter (8.36 ± 2.74 mg O2/L) without differing between estuaries and
type of drainage.

The pH exhibited differences among sectors (F3,33 = 6.37, p < 0.01) which occurred
between Muisne (7.74 ± 0.16) and Cojimíes (7.45 ± 0.36) with respect to Tambillo with
the lowest pH of 6.90 ± 0.51. In addition, the water from natural drainages was more
acidic than the water from shrimp drainages (F1,35 = 4.301, p < 0.05). The differences in pH
were amplified when considering the main systems (F1,35 = 10.46, p < 0.01) and seasonality
(F1,35 = 34.23, p < 0.001), observing a decrease in the pH from a summer value (7.74 ± 0.17)
compared to winter (7.08 ± 0.43), the rainy and warm period of the Ecuadorean coast. No
differences in Redox values were found among sectors (F3,36 = 2.858, p > 0.05), types of
drainage (F1,38 = 2.306, p > 0.05) and sampling periods (F1,38 = 1.698, p > 0.05).

The greatest differences occurred in organic variables, with subtle differences in
ammonium content when considering sectors (F3,36 = 2.832, p < 0.01), which extends to
main systems (F1,38 = 8.787, p < 0.01) and drainage type (F1,38 = 8.459, p < 0.01), where RVS
doubles REM. The ammonium content increased during the summer months (F1,38 = 4.688,
p < 0.05).

The nitrate content differed among sectors (F3,36 = 6.65, p < 0.01) with the highest
record in Cojimíes (0.270 ± 0.237 mg/L) that exceeded Tambillo (0.051 ± 0.058 mg/L)
and Palma Real (0.034 ± 0.031 mg/L). The difference was greater between main systems
(F1,38 = 14.38, p < 0.001). The nitrate content in RVS (0.21 ± 0.18 mg/L) was four times the
value observed in REM (0.04 ± 0.05 mg/L). However, there were no differences between
types of drainage (F1,38 = 2.05, p > 0.05) or sampling period (F1,38 = 0.465, p > 0.05). Likewise,
differences in nitrite levels among sectors were also found (F3,36 = 4.45, p < 0.01). Cojimíes
nitrate levels (0.130 ± 0.132 mg/L) were higher than Palma Real (0.018 ± 0.010 mg/L)
and Muisne (0.022 ± 0.009 mg/L), while no differences between estuaries (F1,38 = 1.986,
p > 0.05), sampling seasons (F1,38 = 1.578, p > 0.05) and type of drainage (F1,38 = 0.031,
p > 0.05) were observed.
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Table 1. Summary of water quality parameters (mean ± SD) measured in the confluence of drainages and the navigable channels of estuaries with mangroves in the
study area.

Parameter Global Mean
SECTORS SYSTEM TYPE SEASON

PR TA MU CO REM RVS SF MG SU WI

Temperature (◦C) 27.07 ± 1.39 27.85 ± 0.62 a 28.25 ± 0.95 a 26.34 ± 1.14 b 25.85 ± 1.18 b 28.05 ± 0.81 a 26.09 ± 1.15 b 26.63 ± 1.48 b 27.73 ± 0.96 a 26.53 ± 1.54 27.62 ± 0.99

Salinity (ppt) 15.82 ± 7.29 17.07 ± 6.81 13.23 ± 1.07 15.51 ± 11.07 17.49 ± 6.92 15.15 ± 5.14 16.50 ± 9.04 15.91 ± 8.31 15.69 ± 5.68 16.72 ± 7.70 14.93 ± 6.94

Dissolved oxigen * 4.78 ± 1.36 4.62 ± 1.17 4.73 ± 1.31 5.18 ± 1.38 4.59 ± 1.66 4.68 ± 1.21 4.89 ± 1.52 5.13 ± 1.35 a 4.26 ± 1.25 b 5.17 ± 1.37 4.39 ± 1.27

Oxigen
saturation % 60.30 ± 17.15 59.71 ± 15.68 60.65 ± 16.68 64.13 ± 17.55 56.72 ± 20.29 60.04 ± 17.05 58.71 ± 21.30 64.91 ± 19.02 55.14 ± 17.86 65.44 ± 18.45 a 51.68 ± 16.98 b

DBO5 * 11.01 ± 5.61 9.21 ± 3.47 a,b 14.46 ± 8.46 a 12.16 ± 4.22 a,b 8.21 ± 2.75 b 11.84 ± 6.85 10.18 ± 4.02 11.73 ± 5.56 9.93 ± 5.67 13.65 ± 6.49 a 8.36 ± 2.74 b

Electrical
conductivity
(µS/cm)

27.53 ± 10.89 29.55 ± 11.32 23.22 ± 2.24 28.33 ± 15.99 29.26 ± 11.87 26.38 ± 8.58 28.88 ± 13.24 27.79 ± 12.06 27.18 ± 9.47 29.85 ± 9.75 25.55 ± 11.63

REDOX (mV) 132.59 ± 60.29 112.11 ± 47.40 133.08 ± 90.40 110.12 ± 32.80 175.04 ± 35.01 122.59 ± 71.07 142.58 ± 46.90 144.21 ± 43.27 115.15 ± 77.71 120.28 ± 74.02 144.90 ± 40.77

pH 7.32 ± 0.49 a,b 6.90 ± 0.52 b 7.74 ± 0.16 a 7.46 ± 0.36 a 7.14 ± 0.53 b 7.60 ± 0.31 a 7.52 ± 0.40 a 7.23 ± 0.50 b 7.75 ± 0.17 a 7.08 ± 0.44 b

Ammonium * 0.08 ± 0.07 0.05 ± 0.04 0.05 ± 0.04 0.11 ± 0.06 0.10 ± 0.10 0.05 ± 0.04 b 0.11 ± 0.08 a 0.10 ± 0.07 a 0.04 ± 0.04 b 0.10 ± 0.06 a 0.06 ± 0.08 b

Nitrate * 0.12 ± 0.16 0.03 ± 0.03 b 0.05 ± 0.06 b 0.14 ± 0.10 a,b 0.270 ± 0.24 a 0.04 ± 0.05 b 0.21 ± 0.19 a 0.15 ± 0.17 0.08 ± 0.14 0.14 ± 0.18 0.11 ± 0.14

Nitrite * 0.06 ± 0.09 0.02 ± 0.01 b 0.06 ± 0.08 a,b 0.02 ± 0.01 b 0.13 ± 0.13 a 0.04 ± 0.06 0.08 ± 0.11 0.06 ± 0.08 0.05 ± 0.09 0.04 ± 0.08 0.07 ± 0.09

Total Nitrogen * 4.31 ± 1.69 4.10 ± 1.51 a,b 2.83 ± 0.34 b 4.57 ± 1.85 a 5.73 ± 1.33 a 3.46 ± 1.25 b 5.15 ± 1.68 a 4.64 ± 1.83 3.80 ± 1.35 3.83 ± 1.26 4.79 ± 1.95

Phosphate* 0.12 ± 0.07 0.09 ± 0.02 b 0.07 ± 0.03 b 0.20 ± 0.08 a 0.12 ± 0.04 b 0.08 ± 0.03 b 0.16 ± 0.07 a 0.14 ± 0.08 a 0.09 ± 0.03 b 0.13 ± 0.09 0.11 ± 0.04

Total
Phosphorus * 0.11 ± 0.11 0.04 ± 0.03 0.09 ± 0.14 0.16 ± 0.06 0.16 ± 0.15 0.07 ± 0.10 b 0.16 ± 0.11 a 0.15 ± 0.13 a 0.06 ± 0.06 b 0.11 ± 0.13 0.11 ± 0.10

Chlorophyll a
(µg/L) 25.72 ± 12.95 18.16 ± 7.82 26.66 ± 15.17 26.59 ± 9.53 27.47 ± 16.76 22.41 ± 12.53 27.03 ± 13.27 29.27± 13.32 a 17.89± 9.01 b 22.67 ± 10.29 26.77 ± 15.16

Settleable solids * 0.14 ± 0.40 0.10 ± 0.25 0.10 ± 0.12 0.06 ± 0.10 0.31± 0.74 0.10 ± 0.19 0.19 ± 0.53 0.18 ± 0.48 0.08 ± 0.20 0.25 ± 0.54 0.04 ± 0.08

Total suspended
solids * 51.08 ± 40.06 59.61 ± 43.41 33.46 ± 19.30 65.76 ± 54.18 39.92 ± 17.51 46.53 ± 35.34 57.15 ± 46.19 54.03 ± 41.24 47.14 ± 3 73.86 ± 50.98 a 34 ± 15.47 b

PR = Palma Real, TA = Tambillo, MU = Muisne, CO = Cojimies, REM = REMACAM, RVS = RVVMMC, SF = Shrimp Farm, MG = Mangrove, SU = Summer and WI = Winter. * = measured
in mg/L. Lowercase letters mean statistical differences; Cursive letters mean Kruskal-Wallis’s comparisons.
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The total nitrogen in water exhibited differences by sectors (F3,36 = 7.575, p < 0.001)
which occurred between Tambillo, with the lowest nitrogen content (2.830 ± 0.338 mg/L),
and Muisne (4.567 ± 1.853 mg/L) and Cojimíes (5.726 ± 1.327 mg/L). The differences
were amplified between main systems (F1,38 = 12.97, p < 0.001), without differing between
Drainage Types (F1,38 = 2.428, p > 0.05) or seasons (F1,38 = 3.431, p > 0.05).

The Phosphate content showed marked differences by sector (KW = 6.55, p < 0.001) in
Muisne (0.20 ± 0.08 mg/L), exceeding the values observed at Cojimíes (0.12 ± 0.04 mg/L),
Palma Real (0.09 ± 0.02 mg/L) and Tambillo (0.07 ± 0.03 mg/L). Significant differences
were observed in this parameter between the main systems (KW = 19.001, p < 0.001) and
type of drainage (KW = 4.667, p < 0.05), where shrimp drainages (0.147 ± 0.129 mg/L)
exceeded the value in natural drainages (0.060 ± 0.059 mg/L), but not observed between
seasons. Total phosphorus content differed between the estuaries (KW = 14.877, p < 0.05)
and drainage type (KW = 6.936, p < 0.05). The phosphorus content in RVS (0.16± 0.11 mg/L)
surpassed REM (0.07 ± 0.10 mg/L), without differing between seasons.

The concentration of chlorophyll a differed between the type of drainage (KW = 8.314,
p < 0.01), with the values for modified drainages (31.165± 13.87 µg/L) exceeding the values
observed in natural drainages (17.76 ± 9.31 µg/L). No differences by sector (KW = 3.8363,
p > 0.05), larger systems (KW = 1.778, p > 0.05) or sampling periods (KW = 0.38033, p > 0.05)
were found. Finally, the content fo settleable solids only varied by season (KW = 9.824,
p < 0.01), doubling the sedimentation during the summer (73.86± 50.98 mg/L) with respect
to the winter period (34 ± 15.47 mg/L).

3.2. Sediment Quality

There were large differences in the sediment’s characteristics among sectors, main
systems and type of drainages (Table 2). The sediment pH displayed differences by sector
(KW = 14.503, p < 0.05), with the Palma Real sector being the most acidic (6.302 ± 0.391),
differing from Muisne (7.01 ± 0.354) and Cojimíes (6.979 ± 0.197). This difference is trans-
ferred to the main estuaries (KW = 11.609, p < 0.05) and the type of drainage (KW = 12.078,
p < 0.05). Natural drainages have a lower pH (6.412 ± 0.473) compared to shrimp ponds
drainages (6.955 ± 0.307), while winter (6.89 ± 0.37) showed higher pH levels than those of
summer (6.58 ± 0.50), evaluated through non-parametric tests.

The redox potential of the superficial layer of sediments did not show differences
among sectors (KW = 3.983, p > 0.05), main systems (KW = 2.812, p > 0.05), type of drainage
(KW = 0.019, p > 0.05) or station (KW = 3.793, p > 0.05). However, the average value
became negative during winter (−22.605 ± 131 mV), while remaining positive during the
summer (29.19 ± 100.63 mV). The Cojimíes sediments were the only sediments that yielded
a negative average (−52.69 ± 115.78 mV).

In a similar situation, the electrical conductivity with a global average of 8094± 3107µS/cm
did not show differences in all the contrasts carried out. The ammonium content in sediments
showed large differences by sector (F3,34 = 9.308, p < 0.001). Cojimíes (14.875 ± 7.772 mg/kg)
showed the highest ammonium content among the sectors (PR = 4.45± 2.871, TA = 4.850± 3.958,
MU = 5.250 ± 3.924). The excess of ammonium in Cojimíes resulted in ammonium content
differences among main systems (F1,36 = 6.823, p < 0.05) and types of drainages (F1,36 = 5.862,
p < 0.05). The natural drainages or mangroves averaged 4.133 ± 2.608 mg/kg and the modified
drainages averaged 8.804 ± 7.139 mg/kg, without any differences between sampling periods
(F1,36 = 0.121, p > 0.05).

An opposite situation occurred with the total nitrogen content that presents sectorial
differences (KW = 19.305, p < 0.001), where Palma Real (3325 ± 980 mg/kg) exceeds Tambillo
(2189 ± 962 mg/kg), Muisne (1179 ± 754 mg/kg) and Cojimíes (1174 ± 730 mg/kg), and
Tambillo exceeds Muisne and Cojimíes, who did not differ from each other. The differences
are transferred to systems (KW = 16.277, p < 0.001) and drainage type (KW = 15.895, p < 0.001)
where natural drains (2992 ± 1005 mg/kg) practically double in total nitrogen to shrimp
drains (1367 ± 899 mg/kg), there are also seasonal differences (KW = 4.807, p < 0.05) where
the nitrogen content increases during winters.
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Table 2. Summary of Physical and chemical parameters (mean ± SD) of sediments acquired in the confluence of drainages and navigable channels of coastal systems
with mangroves in Esmeralda´s province, Ecuador.

Parameter Global Mean
SECTOR SYSTEM TYPE SEASON

PR TA MU CO REM RVS SF MG SU WI

Electrical
conductivity
µS/cm

7973 ± 3177 8563 ± 2747 7204 ± 1470 7344 ± 4373 8779 ± 3564 7883 ± 2255 8062 ± 3952 7772 ± 3626 8273 ± 2433 8108 ± 3050 7837 ± 3373

REDOX
mV 3.29 ± 118.25 22.80 ± 101.17 32.29 ± 107.84 11.04 ± 142.76 −52.96± 115.78 27.55 ± 101.89 −20.96± 130.70 −7.29± 124.04 19.17 ± 110.96 29.19 ± 100.63 −22.61 ± 131

pH 6.72 ± 0.46 6.30 ± 0.39 b 6.67 ± 0.51 a,b 7.10 ± 0.35 a,b 6.98 ± 0.19 a 6.49 ± 0.48 b 6.92 ± 0.52 a 6.87 ± 0.52 a 6.45 ± 0.47 b 6.49 ± 0.61 b 6.91 ± 0.37 a

Ammonium * 6.91 ± 6.03 4.45 ± 2.87 b 4.85 ± 3.96 b 5.250 ± 3.92 b 13.10 ± 7.82 a 4.66 ± 3.37 b 9.18 ± 7.24 a 8.56 ± 7.07 a 4.43 ± 2.63 b 6.62 ± 6.72 7.20 ± 5.41

Total Nitrogen * 2052 ± 1213 3325 ± 981 a 2189 ± 963 b 1179 ± 755 b 1516 ± 967 b 2757 ± 1111 a 1347 ± 861 b 1567 ± 962 b 2779 ± 1211 a 1586 ± 1302 b 2519 ± 931 a

Phosphate * 4.30 ± 1.42 4.15 ± 1.39 4.5 ± 1.05 3.85 ± 1.92 4.70 ± 1.30 4.33 ± 1.22 4.28 ± 1.63 4.29 ± 1.54 4.31 ± 1.25 4.30 ± 1.23 4.30 ± 1.62

TOM % 15.25 ± 6.73 19.38 ± 4.57 a 17.07 ± 10.17 a,b 11.13 ± 3.66 b 13.42 ± 3.58 a b 18.23 ± 7.77 a 12.27 ± 3.72 b 11.74 ± 4.50 b 20.53 ± 6.10 a 14.02 ± 6.98 16.49 ± 6.39

Coppe r * 34.3 ± 11.78 34.2 ± 12.48 34.2 ± 15.51 33.9 ± 12.68 34.9 ± 6.57 34.2 ± 13.71 34.4 ± 9.85 35.75 ± 11.70 32.13 ± 11.93 36.75 ± 14.03 31.85 ± 8.67

Mercury * 0.05 ± 0.01 0.05 ± 0 0.06 ± 0.02 0.05 ± 0 0.05 ± 0 0.05 ± 0.01 0.05 ± 0 0.05 ± 0 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0

Lead * 3.69 ± 1.36 3.79 ± 1.77 a,b 3.04 ± 1.19 b 3.24 ± 0.99 a,b 4.69 ± 0.80 a 3.42 ± 1.52 3.97 ± 1.15 3.80 ± 1.11 3.52 ± 1.68 3.57 ± 1.48 3.81 ± 1.25

Zinc * 47.3 ± 14.03 43.4 ± 17.62 45.10 ± 17.66 49.30 ± 10.57 51.4 ± 8.57 44.25 ± 17.19 50.35 ± 9.43 50.38 ± 12.18 42.68 ± 15.69 55.20 ± 12.52 a 39.04 ± 10.44 b

PR = Palma Real, TA = Tambillo, MU = Muisne, CO = Cojimies, REM = REMACAM, RVS = RVVMMC, SF = Shrimp Farm, MG = Mangrove, SU = Summer and WI = Winter. * = measured
in mg/Kg. Lowercase letters mean statistical differences, cursive letters mean Kruskal-Wallis’s comparisons.
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The phosphorus content expressed as phosphate did not exhibit significant differences. A
similar situation occurred with the metalloid content, with no differences in the content of Cu,
Hg and Pb. However, the Zn content exhibited seasonal differences (KW = 15.159, p < 0.001),
increasing during summer (55.2 ± 12.52 mg/L) compared to winter (38.06 ± 10.44 mg/L).

The content of total organic matter (TOM) in the first 3 cm of the surface exhibited
differences by sector (KW = 7.425, p < 0.05), observed between Palma Real (19.38 ± 4.56%)
and Muisne (11.13 ± 3.66%), sectors integrated exclusively by natural drainages and modi-
fied drainages, respectively. This difference increased when contrasting types of drainages
(KW = 17.379, p < 0.001). Natural drainages averaged a TOM content of 20.52 ± 6.09%
while modified drainages averaged 11.73 ± 4.49%. Seasonal differences (KW = 1.416,
p > 0.05) were not observed.

The analysis of 636 sections obtained every 2 cm of depth from 40 columnar sediment
samples showed that the OM content differed considerably among sectors (F3,560 = 52.07,
p < 0.001). Palma real had 18.29 ± 6.02% OM content; followed by Tambillo, with
14.68 ± 8.02%; Cojimíes, 12.31 ± 3.78%; and finally, Muisne, with 10 ± 4.39%. In all
sectors except Muisne, a slight increase in OM was observed with increasing depth. The dif-
ferences were strengthened when contrasting the type of drainage (F1,533 = 225.3, p < 0.001),
observing a decrease in organic matter content in modified drainages (10.82 ± 4.5%),
compared to natural drainages (17.92 ± 6.73) (Figure 4).
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drainages (SF).

The vertical distribution of the redox potential by type of drainage appears in Figure 5.
The redox potential exhibited different vertical patterns according to the type of drainage.
Natural drainages, considering all the depth strata (n = 286), had a mean of −91 ± 94 mV
and described an inverse correlation of −0.530 (p < 0.01) with increasing depth without
differing among sectors (F2,275 = 0.647, p > 0.05). However, differences were found between
sampling locations (F9,268 = 7.074, p < 0.001), the ones located towards the interior of the
mangroves without connections to freshwater rivers showed values that fluctuate between
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−148 to −158 mV, while sites located closer to the sea or connected to freshwater courses in
the headwaters of mangroves presented had reported values in the range −58 to −76 mV;
sediments from modified drainages (n = 350) showed a redox potential of −76 ± 101 mV.
Depth slightly affected the decrease in redox potential, describing a correlation of −0.135
(p < 0.05) at these sites.
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Figure 5. Redox potential by depth in natural drainages (MG) and modified drainages (SF).

Unlike natural drainages, modified drainages differed among sectors (F2,325 = 65.18,
p < 0.001) and showed the lowest redox potential values recorded in Cojimíes (−155± 56 mV),
compared to Muisne (−38 ± 102 mV) and Tambillo (−42 ± 83 mV). Cojimíes redox potential
values showed magnitudes between −171 and −176 mV in remnants of internal Cojimíes
mangroves connected to small watercourses, while locations close to the sea and headwaters
of bodies of water showed positive values of 15 mV in T5 and 124 MV in M1.

3.3. Benthic Assemblages

A total of 801 benthic organisms of 56 species were collected (Table 3). The most
abundant and richest groups were polychaetes with 24 species (78.03% relative abundance),
followed by malacostracan arthropods with 13 species (9.24%). In third position were the
bivalve mollusks with nine species (7.12%). In fourth place appeared insects with only two
species in larval stages (2.15%). Among the less abundant groups appeared ophiuroids
with two species (1.12%), gastropod mollusks with three species (0.87%), one planarian
(0.87%), and one individual from each of the phyla Bryozoa and Cnidaria (0.12%). A great
variation in the richness of benthic assemblages was observed in the different sampling
periods. During the summer of 2021, 406 specimens of 51 species were collected, while
during the winter of 2022, 395 specimens of 29 species.
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Table 3. Collected benthic species from soft sediments in the confluence of drainages and navigable
channels of estuaries with mangroves in the study area.

SYSTEM

REM RVS

SECTORS

PR TA MU CO

Phyllum/Class Family Genus/Specie/Type SU WI SU WI SU WI SU WI

1

Annellida,
Polychaeta

Capitellidae
Capitella sp. 6 1 4 5 28 27 11 9

2 Notomastus sp. - - - - 3 - - -

3
Nephtyidae

Nepthys sp2 6 2 5 2 1 3 2 -

4 Nepthys sp1 18 1 2 4 4 - - -

5
Nereididae

Perinereis sp. 1 - 5 8 4 6 8 -

6 Nereis succinea 1 - 1 - - - - -

7 Hessionidae Hesione picta 11 1 - 2 - - - 2

8
Maldanidae

Maldane sp. 12 - 4 - 1 3 - -

9 Euclymene sp. 2 12 18 21 5 2 2 -

10 Terebellidae Terebellidae 1 - - - - - - -

11
Phyllodocidae

Phyllodoce sp1 4 1 4 1 1 6 3 24

12 Phyllodoce sp2 1 - 3 - 1 - 8 -

13 Poecilochaeitidae Poecilochaetus sp. 2 - - 1 3 - 2 -

14
Oenonidae

Arabella sp. 6 7 14 2 - - - -

15 Drilonereis sp. 1 - 1 1 3 - - -

16 Opheliidae Armandia sp. 5 3 1 - 1 - - -

17 Spionidae Prionosprio sp. 13 7 13 14 8 34 4 -

18 Gonionidae Glycinde sp. 2 - 4 3 - - - -

19 Cossuridae Cossura rostrata - - 1 - 9 107 - 6

20 Cirratulidae Caulleriella sp. - - - - 1 - 2 -

21 Glyceridae Glycera sp. 1 - 1 - 1 - - -

22 Oweniidae Oweniidae 1 - 2 - - - 1 -

23 Pecteneridae Amphictene sp. - - - 2 - - - -

24 Sternaspidae Sternaspis sp. - 2 - - - - - -

25

Mollusca,
Bivalvia

Cyrenidae Corbicula fluminea - - - - - - 3 -

26 Mytilidae Modiolus sp. - - - - - - 1 -

27 Veneridae Leukoma asperrima 1 - - - - - 2 -

28
Tellinidae

Tellina ecuadoriana - - 6 - 20 - - -

29 Tellina recurvata - - - - 2 - - -

30 Solecurtidae Tagelus bourgeoisae 1 - - 1 3 1 - -

31 Mytilidae Mytella guyanensis - - 2 2 - - - -

32 Cyrenidae Polymesoda inflata 1 1 4 2 - - - -

33 Crassatellidae Crasinella pacifica - - 4 - - - - -

34
Molusca,
Gastropods

Columbellidae Cosmioconcha modesta 4 - - - - - - -

35 Polinicinae Polinices grayi - - 1 - - - - -

36 Nassariinae Nassarius versicolor 2 - - - - - - -
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Table 3. Cont.

SYSTEM

REM RVS

SECTORS

PR TA MU CO

Phyllum/Class Family Genus/Specie/Type SU WI SU WI SU WI SU WI

37

Arthropoda,
Malacostraca

Panopeidae Panopeus sp. - - - - - - 5 -

38
Penaeidae

Penaeus vannamei 1 - 1 - - - 1 -

49 Protrachypene
precipua 1 1 - 1 - - - -

39 Portunidae Callinectes sp. - - - - - - 1 -

40 Mithracidae Microphrys bicornutus - - - - - - 2 -

41 Ocipodidae Uca sp. - - - - 4 - - -

42 Alpheidae Alpheus sp. 2 - 4 2 1 - - -

43 Leptocheliidae Chondrochelia sp. - 10 2 - - - - -

44 Paratanaidae Pseudoparatanais sp. - - - - 5 - - -

45 Amphilochidae Amphilochus sp. - 12 - - - 1 - -

46 Goneplacidae Carcinoplax sp. 4 3 2 2 1 1 - -

47 Balanidae Balanus sp. - - - - - - 1 -

48 Hexapodidae Mariaplax sp. 1 - - - 1 - - -

53 Arthropoda,
Insecta

Diptera NA - - - - 1 - - -

54 Chironomidae Chironomus sp. - 2 - 15 - 2 - -

50
Echinodermata,
Ophiuroidea

Ophiotrichidae Ophiotrix spiculata - - 1 - 1 - - -

51 Ophiodermatidae Ophioderma
panamense 1 - 3 - 1 - 2 -

52 Platyhelminthes Planariidae Planaria sp. 2 - 1 2 2 - - -

55 Bryozoa Stenolaemata Briozoa - - - - - - 1 -

56 Cnidaria Anthozoa Anemone 1 - - - 1 - - - -

PR = Palma Real, TA = Tambillo, MU = Muisne, CO = Cojimies, REM = REMACAM, RVS = RVVMMC, SF = Shrimp
Farm, MG = Mangrove, SU = Summer and WI = Winter.

Just 11 species were common in the four study sectors. Cossura rostrata polychaetes
accounted for 15.3% of the total organisms collected. Followed by Prionosprio sp. (11.61%),
Capitella sp. (11.36%), Euclymene sp. (7.74%), Phillodoce sp. (5.49%), Perinereis sp. (3.99%),
Nephthys sp1. (3.62%), Arabella sp. (3.62%) and Nephthys sp2 (2.62%). On the other hand, the
malacostraca Carcinoplax sp represented 1.62% and the bivalve Polymesoda inflata represented
0.99% of the total number of individuals collected. These eleven species represented 68.03%
of all the organisms collected.

Using the abundance of benthic assemblages as an input for a non-metric multidimen-
sional scaling analysis (n-MDS) using the Bray Curtis operator as a dissimilarity factor, two
distinct clusters are obtained (Figure 6).

Table 4 shows the ecological descriptors of the benthic assemblages. The abundance
of benthic organisms showed weak differences by sector (F3,36 = 2.483, p < 0.1) between
Muisne, with an average collection of 30 organisms collected per site, and Cojimíes, with
only 10 individuals. The abundance of benthic organisms did not differ between systems,
drainage types or sampling periods. Dominance did not differ between assemblages. Even
though Shannon—Weaner H′ diversity did not vary between sectors, it did vary between
major systems (KW = 4.359, p < 0.05), where REM presented a medium diversity condition
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(H′ = 1.758) versus RVS that showed a low level of diversity (H′ = 1.311). There were
differences between sampling periods (KW = 6.478, p < 0.05) but none between drainage
types. Summer assemblages showed an intermediate diversity (H′ = 1.824), but winter
assemblages showed a low diversity (H′ = 1.233).
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A significant seasonal decrease in benthic richness was observed (KW = 5.902, p < 0.05),
finding richer assemblages in summer, with 9 ± 5 benthic species per sampling site com-
pared to 5 ± 4 species in winter. Differences by sector were also observed (KW = 8.945,
p < 0.05) between Tambillo with 10 ± 5 species and Cojimíes, 4 ± 4, as well as between
main systems (KW = 5.968, p < 0.05), where REM with 9 ± 5 species per site surpassed
RVS with 5 ± 4 species. However, no differences in benthic richness were detected when
considering the type of drainage (KW = 1.137, p > 0.05).

The AMBI Index, which assesses the ecological status of marine environments, had
a global mean of 2.481 and interpreted the study area as a slightly disturbed system with
large differences by sector (F3,36 = 11.78, p < 0.001). Thus, Tambillo (1.416 ±0.583) and
Palma Real (1.269 ± 0.697) were interpreted as slightly disturbed sectors close to the
condition of undisturbed sectors, while Muisne (3.175 ± 0.808) was interpreted as a slightly
disturbed sector close to a moderately disturbed condition, and Cojimíes (4.06 ± 2.199) as a
moderately disturbed sector (Figure 7).

The differences increase when contrasting principal systems (F1,38 = 32.31, p < 0.001). REM
(1.342 ± 0.630), in a slightly disturbed condition, approached a situation of an undisturbed
sector, while RVS (3.61 ± 1.675) was found to be moderately disturbed. A similar situation
was observed between natural drainages and modified drainages (F1,38 = 5.729, p < 0.05).

Although the ANOVA test did not detect seasonal differences in AMBI values, it is
important to note the considerable variation in the ecological condition in RVS associated
with seasonality. During the summer of 2020, eight of the ten sites evaluated were inter-
preted as slightly disturbed and two sites as moderately disturbed. By winter 2021, three
sites were azoic and therefore extremely disturbed, four sites were moderately disturbed,
and only three sites remained slightly disturbed.
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Table 4. Descriptors of soft bottom benthic assemblages, acquired in the confluence of drainages and navigable channels of coastal systems with mangroves in
Esmeralda’s province, Ecuador.

Descriptor/
Index Global Mean

SECTOR SYSTEM TYPE SEASON

PR TA MU CO REM RVS SF MG SU WI

Richness 7 ± 5 8 ± 5 a,b 10 ± 5 a 7 ± 4 a,b 4 ± 4 b 9 ± 5 a 5 ± 4 b 6 ± 5 8 ± 5 9 ± 5a 5 ± 4 b

Abundance 20 ± 18 18 ±14 a,b 21 ± 13 a,b 31 ± 27 a 10 ± 10 b 19 ± 13 21 ± 22 21 ± 21 18 ± 12 20 ± 14 20 ± 22

Dominance 0.313 ± 0.229 0.302 ± 0.261 0.213 ± 0.102 0.383 ± 0.226 0.371 ± 0.304 0.257 ± 0.198 0.378 ± 0.252 0.335 ± 0.239 0.283 ± 0.220 0.222 ± 0.127 0.420 ± 0.277

Shannon 1.552 ± 0.687 1.627 ± 0.746 1.888 ± 0.513 1.314 ± 0.663 1.306 ± 0.759 1.758 ± 0.637 a 1.311 ± 0.681 b 1.485 ± 0.700 1.640 ± 0.681 1.824 ± 0.605 1.233 ± 0.652

AMBI 2.481 ± 1.670 1.269 ± 0.698 b 1.416 ± 0.584 b 3.175 ± 0.808 a 4.062 ± 2.199 a 1.343 ± 0.631 3.619 ± 1.676 2.977 ± 1.861 1.737 ± 1.103 2.145± 1.022 2.817 ± 2.156

M-AMBI 0.476 ± 0.234 0.580 ± 0.173 0.632 ± 0.151 0.425 ± 0.171 0.273 ± 0.262 0.606 ± 0.160 0.349 ± 0.229 0.426 ± 0.254 0.555 ± 0.183 0.581 ± 0.198 0.374 ± 0.226

PR = Palma Real, TA = Tambillo, MU = Muisne, CO = Cojimies, REM = REMACAM, RVS = RVVMMC, SF = Shrimp Farm, MG = Mangrove, SU = Summer and WI = Winter. The
lowercase letter means statistical differences, cursive letters means Kruskal-Wallis’s comparisons.
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These changes were not as pronounced in REM where in the summer of 2020, six of
the ten evaluated sites were considered slightly disturbed, and the remaining four were
considered undisturbed sites. This proportion was preserved during the winter of 2021,
with six sites that continued being slightly disturbed. In the Tambillo sector, the T1 and T4
sites remained undisturbed, while in Palma Real, the P2 and P4 sites that were considered
undisturbed during the summer 2020 changed to moderate and good conditions, however,
the sites P3 and P5, were considered unaltered during the winter of 2021.

Finally, M-AMBI, which incorporates the variables of H′ diversity and species richness,
showed significant differences by sector (KW = 14.79, p < 0.01), where Palma Real and
Tambillo differed from Cojimíes. This analysis establishes five intervals of ecological quality
from 0, which is interpreted as the worst condition, to 1, which is understood as a pristine
state. Thus, values in the interval from 0 to 0.2 suggest a poor ecological condition; from
0.2 to 0.4, an impoverished quality; from 0.4 to 0.6, a moderate quality; 0.6 to 0.8, a good
ecological condition; and from 0.8 to 1 is interpreted as high ecological quality.

According to M-AMBI, it should be interpreted that for the summer of 2020, of the
10 sites of the RVS estuary, four had a good ecological condition, four sites had a moderate
quality, only one site was considered impoverished, and one site returned a poor condi-
tion. Switching over winter, where only one site was of moderate quality, six sites had
impoverished, and three sites were azoic.

The fluctuations in REM went from having four sites with moderate quality, four sites
with good quality, and two sites with high ecological quality in summer 2020, to having one
impoverished site, three sites with moderate quality, and six sites with a good ecological
condition during winter 2021.
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3.4. Multivariate Analyses

The analysis of 35 components analyzed by PCA showed that more than 70% of
the accumulated variance resided in seven components. When adjusting the analysis
towards these seven components and plotting the distribution of sites, the first component
accumulated 48.06% of the variance and the second 19.74%.

The distribution of sites categorized by sector and seasons is shown in Figure 8. The
factors that determine the distribution of these with the greatest weight in the first compo-
nent were the organic compounds accumulated in sediments: nitrite, nitrate, ammonium
and phosphate, followed by the electrical conductivity and REDOX of sediments, as well
as the salinity-electrical conductivity of the water and to a lesser extent the abundance and
richness of benthic organisms.
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In the second component, the variables with the highest incidence were the water pH,
OD and parameters involved in the organic enrichment of the water, such as total nitrogen,
ammonium, nitrate the ammonium, followed by the pH of sediments and suspended
settleable solids.

The distribution of sites and sectoral groups showed different situations between
sampling periods. RVS sites concerning REM drift apart during the winter (Figure 8, lower
graph). During the summer (Figure 8, upper graph) the PCA analysis showed a high
similarity of conditions between Tambillo, Palma Real and Muisne.
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The analysis of canonical correspondences between sedimentary variables and benthic
species did not show a distribution determined by sector when inputting the 56 collected
species. This was attributed to the low relative abundance of 23 species (less than 1%) and
nine species with single collections. By adjusting the analysis towards the 11 species shared
between the four sectors in any seasonal period (Figure 9), the Polychaetes Nephthydae
Nephtys sp1, Maldanidae Euclymene sp and the bivalve Polymesoda inflata would decrease
associated with the lower values of REDOX and the total nitrogen content in the sediments.
Moreover, the polychaete Cossuridae Cossura rostrata would increase with the accumulation
of ammonium, nitrates, nitrites, phosphates and the increase in electrical conductivity and
pH of sediments.
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Figure 9. Canonical correspondence analysis between common benthic species and quality parame-
ters of sediments. Species code: Phyl. Sp1 = Phyllodoce sp1, Cap. sp = Capitella sp., Peri. sp = Perinereis
sp., Prion. sp = Prionosprio sp., Cos. Rostrata = Cossura rostrata, Carc. sp = Carcinoplax sp., Eucly.
sp = Euclymene sp., Poly. Inflata = Polymesoda inflata, Nep. sp1 = Nepthys sp1, Nep. sp2 = Nepthys sp2,
Ara. sp = Arabella sp.

4. Discussion

The REMACAM deltaic system comprises a plain of 49,350 ha of mangroves [71] and
by the year 2019, it had 3848 ha of shrimp ponds in operation [72]. It exhibited salinity
values that varied from 5.15 ppt in its most internal locations to 23.7 ppt at its closest spot
to the sea. On the other hand, the RVSMMC estuary, with only 3153 ha of mangroves [73],
houses 6404 ha of shrimp ponds. It is a narrow system flanked by a coastal mountain range
that compresses the area with mangroves towards the Muisne sector, which registered
salinity values of 1.11 ppt at its innermost point and 30.5 ppt at its closest site to the sea.

Several authors consider shrimp production in mangroves as unsustainable [74] given
its direct relationship with the loss of these scarce ecosystems. Ecuador does not escape
this reality and has the highest rate of mangrove loss in the American continents, estimated
at an 80% loss of the stock of live carbon or biomass of mangrove forests on its continental
coast due to the displacement of mangroves to shrimp farms [75].

There are different criteria regarding the radius of influence of the shrimp farm in-
frastructures in mangroves estuaries, and the environmental impact of aquatic cultures
depends largely on the culture method, the stocking density, type of feeding and the hy-
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drography of the culture site [76]. The changes in the TSS and organic compound content
of the water are estimated to be imperceptible within 750 m of a discharge [77].

The determination of similar sites to compare systems with mangroves and shrimp
farms is not simple given the great heterogeneity of the study area. The present study
aimed to cover a wide range of conditions in which drainages or tidal streams of mangrove
forests are useful as evidence of alterations after being modified to function as shrimp
infrastructures, showing differences in the chemical state of the water and sediments as
well as in the ecological state of benthic assemblages.

The observed changes respond to a transformation gradient. The best condition was
observed in Palma Real of the REMACAM system, which lacked shrimp production. The
worst scenario occurred in Cojimíes of the RVSMMC system, with the highest transfor-
mation to shrimp farms in the study area, estimated at 50% of its surface until the year
2014 [58].

The study involved four main sectors that integrated seven navigable channels at low
tide, with hydrological differences related to the proximity of the outlet to the sea and
whether there was an upstream connection with a freshwater course and the received flow.
Inland mangrove spaces without a superficial connection to freshwater courses, known
locally as “blind” mangroves (2 channels present in REMACAM), or those connected
to small bodies of freshwater, will have greater tidal stagnation of water in dry periods.
This reduces the levels of dissolved oxygen and increases the deposition of fine settleable
material, such as the accumulation of leaves and mangrove wood, generating substrates
loaded with more OM rich in nitrogen [78] that will have an acidic nature.

This situation was known for decades. Therefore, the first shrimp farms installed
in the late 1980s in RVSMMC were located near outlets to the sea with longer hours for
water exchange to the ponds. This thus lowered the risk of contaminants entering from
the runoff from oil palm crops, livestock activities, population centers lacking sewage
treatment systems and other shrimp farms that proliferated upstream over time.

However, the natural conditions of mangrove systems defy environmental quality
models developed for other ecosystems while providing multiple benefits, highlighting
their high capacity to store carbon in unfavorable conditions [79], the anoxic and salty
conditions in mangrove substrates, root remnants, and litterfall accumulate in the sediments
making them some of the most carbon-rich ecosystems on earth [80,81]. The alteration of
these “unfavorable” natural conditions must be interpreted as impacts.

Regarding the quality of the water, the modified drainages had 17% more dissolved
oxygen. Due to the large cultivated shrimp population (90,000–150,000 individuals/ha)
concentrated in waters with little movement and higher temperatures (from the absence
of shadows on the ponds), there was an expectation of significant oxygen consumption.
However, there were records higher than 7mg O2/L which were associated with routine
water changes. The cause of this increase could be attributed to the widespread use
of aerator systems in aquaculture ponds. This situation results in benefits for shrimp
producers who, being able to reduce water exchange rates due to the avoided oxygen
depletion, continue in the search to enter zooplankton as additional food to the artificial
diet supplied and reduce the accumulation of organic compounds in ponds. This situation
was also evidenced in the higher pH of shrimp drainages that could be linked to the entry
and subsequent discharge of water, with a greater marine influence being pumped in at
high tides.

Despite the recurrent use of bacterial agents to improve the water quality in ponds
and the improvement of oxygen supply, there was 2.5 times more ammonium and total
phosphorus content in the modified drainage water. This increase led to a subsequent
increase of 47% nitrate, 36% phosphate and 35% chlorophyll a with respect to natural
drainage. Ammonium is regulated in Ecuador. Its highest record occurred in a narrow
interior channel connected to a small body of fresh water in the Cojimíes sector, with values
of 0.24 and 0.3 mg/L in summer and winter, close to the maximum admissible value for
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the protection of aquatic life established at 0.354 mg/L for marine/estuarine waters, with a
temperature close to 25 ◦C and a pH of 8 [82].

Although the water quality indicators did not show major excesses, it is important to
remember the samplings carried out were punctual and occurred in periods of flooding
when the difference in intertidal height increases, sometimes exceeding 4 m. The samplings
coincided with dates without shrimp harvests, when the increase of compounds generated
by the total emptying of ponds that carry labile sediments would last for up to five days
after a harvest [37]. Therefore, it is feasible to expect worse water quality scenarios when
sectoral harvests coincide.

This aspect should be considered for future environmental monitoring efforts where
the continuity of records becomes relevant, given the increase in organic compounds
in rainy seasons that mask the role of shrimp farms in the face of the greater runoff of
compounds generated on land.

The modified drainage sediments presented higher pH values and increased ammo-
nium content by 93%, while total nitrogen content decreased by 53% and total organic
matter by 48%. This trend of decreasing TN differs from studies that report its increase in
mangrove forests closest to shrimp farms [44,49].

The behavior of the redox potential associated with the depth of sediments also
showed differences. Natural drainages registered more negative values at lower depths,
having an average value of −100 mV at 20 cm. However, this value was registered after
40 cm in modified drains. A different situation is reported for semi-arid mangroves in
Brazil, where drainages influenced by shrimp farm effluents had lower values than sectors
not influenced by shrimp farms, both exhibiting positive values [45,48,50].

The pH, the redox potential and the total organic matter content are used to evaluate
the environmental quality of water bodies associated with fish cultured in cage rafts located
in coastal waters of temperate countries. A team led by Hargrave described that the
enrichment of organic matter in sediments produced anoxia and decreased the pH and
redox potential in sediments associated with salmon farming [83,84]. These indicators
were included in the regulatory frameworks of salmon-producing countries such as Chile,
which established thresholds to allow the continuity of the operation of production centers
when the sediments under and in the vicinity of cages have a pH value greater than 7.1, a
redox potential greater than −50 mV and the organic matter content did not exceed 9%, in
accordance with Resolution No. 3612 of 2009 [85].

Although these indicators are practical for monitoring, since they allow (except for
OM content) in situ recording with easily acquired sensors, their usefulness would require
multiple verification tests (lines of evidence) in addition to the opinion of mangrove experts
once they were established, since tropical mangrove systems behave differently from
temperate and cold-water environments with higher dissolved oxygen contents.

The capacity to store carbon in mangrove systems varies between different envi-
ronmental factors that combine the origin of the sediments (terrigenous or carbonated)
with different geomorphic settings (deltas, estuaries, lagoons and open coasts). Terrige-
nous deltaic and estuarine mangroves corresponding to the studied area are the ones that
accumulate the most carbon [86].

The loss of carbon would be proportional to the loss of total organic matter following
the Van Bemmelen factor 1.724 [87]. Nitrogen is associated with deforestation processes
and the removal of previous soils when shrimp ponds were built. The decrease of OM in
shrimp ponds and mangroves receiving shrimp effluents has been described for Brazil [14],
Saudi Arabia [88] and southern Ecuador [89], and the increase of carbon in mangroves
by shrimp effluents has been described in China [90]; changes in the composition of
mangrove sediments receiving shrimp farm effluents decrease the diversity of the bacterial
microbiome [91].

In the Matang Mangrove Forest Reserve system of Malaysia, it was described that one
year after the mangrove felling, the content of carbon and nitrogen in soils and fallen wood
decreased by half. After 40 years of reforestation, the same sites had 26% less carbon and
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15% less nitrogen compared to control forests [92]. These results allow us to notice the slow
recovery of mangroves that takes several decades.

The assessment and monitoring of sediment quality in tidal creeks receiving shrimp
farm effluent can support environmental protection and decision making for sustainable
development in coastal areas, since sediment quality often shows essential information
on long-term aquatic ecosystem health. Chemistry and the data of benthic assemblages
combined produced a better description of the quality and impacts of the evaluated envi-
ronments [55]. The multivariate analyses of this study confirmed that sediment quality
variables have a greater influence on the structuring of sector groupings, as well as on the
distribution of benthic creatures shared among the compared sectors.

A canonical correspondence analysis integrating both sampling periods shows ten
species decreasing when the total nitrogen content and REDOX of the sediment decrease;
four polychaetes (Euclymene sp., two types of Nepthyidae and Arabella sp.) and one bivalve
Polymesoda inflata would be more related to this trend, and only one polychaete Cossura
rostrata increased its population when the organic compounds and the pH level increased;
however, two sampling campaigns of 20 sites are not enough to conclude on this regard, as
there are considerable interannual variations in the wild productivity along the Ecuadorian
coast [93].

Although differences were not significant in the benthic assemblages between drainages,
differences in the richness and H′ diversity of the benthic assemblages between the studied
mangrove systems were found. The AMBI index interpreted the REMACAM system as
slightly disturbed but close to an undisturbed situation. RVSMMC was in a situation of
moderate disturbance that increased in the Cojimíes sector.

The applicability of the AMBI index and its variant M-AMBI in tropical estuarine
systems has been confirmed [94,95]. Despite the complexity of the identification of non-
commercial marine invertebrates, this study presents the first description of benthic as-
semblages for systems within mangroves from the Esmeraldas province. Although the
species level could not be reached in several organisms, the values assigned to different
ecological groups categorized by AMBI were consistent within families [96], and differences
not perceived by traditional ecological descriptors were detected.

Without substantial differences in water quality and sediments between the seasons
concerning the rest of the sites, the azoic condition observed in three Cojimíes sites during
the winter of 2021 would respond to harmful practices performed by empirical shrimp
farmers in this sector. These practices include adding biocidal compounds to the ponds
between production cycles during the winters, due to the proliferation of the fish Poecelia
reticulata and other invertebrates in ponds. This has been denounced by conservation
organizations [97] and local fishermen who express the absence of fish populations in the
zone with their return after two to three months [98]. Likewise, massive mortalities of
bivalve mollusks and crustaceans have been reported in mangrove swamps close to shrimp
farms. In the present study, pesticide residues in the water or sediments were not analyzed
due to their high cost, but it is considered feasible that pesticide runoff from oil palm
plantations also affects the Cojimíes and Palma Real sectors.

Situations of this type corroborate the need for a specific environmental regulation
for aquaculture activities in Ecuador, as there are still gaps in the permission and control
of aquaculture centers in operating in coastal systems with mangroves. The regulation of
the current fishing and aquaculture law [99] establishes that new aquaculture concessions
cannot be granted near beaches and bays while existing ones must be regularized. The
latter are required to obtain operating permits for a period of one year that may be renewed
after completing administrative procedures and issuing an environmental permit.

The environmental permit should include a baseline description, which currently
does not require the survey of environmental quality indicators in the area near the farm.
Nonetheless, this turns out to be a basic aspect for subsequent monitoring of the chemical
and ecological state of a body of water. Likewise, the permit should contain an Environ-
mental Management Program where an Environmental Monitoring and Follow-up Plan
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should be specified. However, its implementation is at the discretion of the applicant, since
there is no specific guideline for it, and, as mentioned, indicators to be monitored were not
determined, nor is the volume of information specified (i.e., number of samples required
with respect to the surface or the number of ponds involved, and the frequency of sampling
that should be related to each production cycle).

As expected, the quality of studies and audits varies between large companies capable
of contracting competitive services and opting for international certifications versus small
aquaculture producers who will seek the cheapest available offer.

There are also limitations to the correct monitoring of environmental quality in
Ecuador, such as an inadequately installed analytical capacity. In the present study, it
was not feasible to analyze the content of sulfides and sulfates in water and sediments,
which provide important information on biogeochemical processes.

Given these restrictions, it is recommended to use other specific bioindicators in
addition to benthic assemblages, such as the macroinvertebrates developed on the roots of
red mangroves with intertidal exposure. Other suggestions include installing water quality
dataloggers from the coastal edge to the limit of mangroves in inland waters, whose costs
would decrease with the increasing demand in the country, and developing programs that
increase the national coverage of environmental quality information, an initiative that is
increasingly necessary for a situation of uncertain environmental changes as a result of
climate change.

Finally, the conservation of mangrove systems is not guaranteed. These systems
provide services that benefit shrimp farmers due to their ability to remove excess organic
compounds in the vicinity of shrimp farm drainage, functioning as biofilters [100–103].
Hence, the involvement of the shrimp sector in the development of applied research and
local strengthening actions (i.e., support for the training of local professionals, support for
communities in their area of influence in mangrove reforestation) is necessary. The conser-
vation of mangrove systems coexisting with shrimp farms must involve the participation
of all its actors.

5. Conclusions

Shrimp farming in Esmeraldas’ mangroves systems reduces water quality and mod-
ifies the characteristics of sediments and their benthic assemblages. Shrimp farming
increases the organic enrichment in the water while reducing the organic matter content
in sediments or the equivalent carbon storage, one of the most important functions of
mangrove ecosystems.

The proximity to sea outlets and the connectivity with the watercourses allow for more
favorable conditions than the inland sites where tidal currents decrease. The three inland
locations of Cojimies presented the worst conditions within the evaluated sectors, and the
REMACAM close to sea outlets showed good conditions.

Cossura rostrata populations increase in shrimp farms drainages and the polychaetes
Nepthyidae, Oenonidae and Maldanidae and the bivalve Polymesoda inflata populations de-
crease with total nitrogen levels in the sediments, however, to corroborate their qual-
ity as indicators, further sampling is required in more estuaries with mangroves on the
Ecuadorean coast.

The analysis of more biological variables associated with sediment quality, such as the
description of microbial communities, should be included in future monitoring systems
exclusively focused on water quality.

Finally, the regulatory framework for shrimp farms in mangrove systems should be
more specific regarding information requirements on the chemical and ecological status
within farms and their adjacent environment.
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