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ABSTRACT
Primary productivity (PP) is a vital oceanographic process generated by photoautotrophic 
organisms that transform inorganic carbon into organic macronutrients and micronutrients 
via photosynthesis. While in situ studies have shed light onto the spatial and seasonal variations 
of chlorophyll a (Chl a) concentration, and thus PP, in specific study sites, there are no 
comprehensive monitoring programs to assess its long-term variation nor its seasonal patterns 
in broader areas of coastal Ecuador. The main objective of the present study is to evaluate 
changes in Chl a concentration along the coast of Ecuador and examine how these changes 
correspond to changes in Sea Surface Temperature (SST). Eighteen offshore and nearshore 
sampling sites along the Ecuadorian coast were studied over 15 years, using satellite measure
ments of MODIS-Aqua and MUR. Results show mean Chl a concentration in coastal Ecuador is 
rather low (1.5 mg m−3) in comparison with other oceanic regions. Puerto Bolivar, Gulf of 
Guayaquil and Esmeraldas were characterized by the highest mean Chl a concentration; while 
Galera San Francisco Marine Reserve, Cojimies and Cabuyal were characterized by the lowest. 
A positive trend in Chl a concentration was detected at the southernmost (Puerto Bolivar and 
Gulf of Guayaquil) and northernmost (Esmeraldas) study sites, with a seasonal trend following 
the observed seasonal SST trend. Chl a is high in areas under the influence of both the 
Humboldt upwelling system and river discharge. The positive correlation between Chl a and 
SST is likely a response to increased precipitation during warmer months. These results high
light the importance of improving our understanding of the effects of climate change on 
coastal PP, and the potential for these effects to influence the health of commercial and 
threatened marine species. Further research should assess the implications of changes in PP 
and SST for species of commercial and conservation importance along the coast of Ecuador.
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Introduction

Primary productivity (PP) is a vital oceanographic pro
cess generated by photoautotrophic organisms that 
transform inorganic carbon into organic macronutri
ents and micronutrients via photosynthesis [1,2]. PP is 
commonly measured as the concentration of chloro
phyll a (Chl a, mg m−3), as it is the main photosynthetic 
pigment present in primary producers (microalgae, 
macroalgae and macrophytes) [3,4]. Oceanic PP con
stitutes around 50% of the net carbon production 
per year of the biosphere [5]. Worldwide, diatoms con
tribute approximately 50% of total primary production, 
followed by coccolithophorids and chlorophytes with 
a contribution of 20% each, and cyanobacteria with 
a contribution of 10% [6]. Phytoplankton plays 
a fundamental role in the structuring of marine food 
webs, by synthesizing and incorporating matter and 
energy to consumers of higher trophic levels [7]. In 
addition, phytoplankton strongly influences the bio
geochemical cycles of carbon, nitrogen, phosphorus 
and silicon [8]. For example, marine cyanobacteria are 

the organisms responsible for the fixation of 45% of 
atmospheric nitrogen (9.5×1012 mol N year−1) to dis
solved organic nitrogen [9].

The spatial and seasonal dynamic of PP is influenced 
by physical processes, such as oceanic circulation, 
upwelling, ocean fronts, sea surface temperature 
(SST), solar incidence, stratification of the water col
umn and concentration of nutrients [10], and by bio
logical processes, such as grazing and absorption 
capacity of light by photoautotrophic organisms [11]. 
For example, in polar zones the annual phytoplankton 
biomass is higher in spring, due to the increase in solar 
radiation. In tropical zones, the annual concentration 
of Chl a is higher during the winter (October–January), 
when the mixture of winds and thermal convection 
replenishes the euphotic zone with nutrients [12]. In 
the same way, PP is also conditioned by continental 
fluvial output and runoff [13], due to the amount of 
nutrients and organic matter that is introduced into 
coastal waters [14]. The trophic role of phytoplankton 
causes it to be sensitive to climatic variations such as El 
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Niño Southern Oscillation (ENSO) effects, such as 
eutrophication and acidification of the oceans [15,16], 
and global warming [17]. Since the early 1980s, annual 
primary production in the oceans has decreased by 
6.3% and has been most evident at high latitudes 
[18]. This decrease is linked to the increase in ocean 
SST and the reduced supply of nutrients, specifically 
iron [19]. The alteration of the structure of oceanic 
phytoplankton biomass has important negative effects 
in the maintenance and conservation of marine biodi
versity and sustainable management of the fishing 
industry [20].

The Ecuadorian coastal current system is influenced 
by geomorphological features (beaches, bays, gulfs, 
estuaries, rocky coasts, cliffs and mangroves) [21] and 
unique oceanographic conditions (winds, marine cur
rents, coastal outcrops and the equatorial front) [22]. 
From December to May, the Panama Current brings 
warm and oligotrophic waters from Central America 
down to Ecuador and off to the equatorial region; 
while from June to November, Humboldt Current car
ries cold high-nutrient waters originated in the coast of 
Peru [23,24]. These two currents remain separated by 
a complex transition system called the Equatorial Front 
(EF) [25]. No significant upwelling events occur in 
Ecuadorian waters when comparing to the neighbor
ing Humboldt upwelling system found in coastal Peru, 
although the later can influence the southern region of 
Ecuador during strong upwelling events [26]. The coast 
of Ecuador is also characterized by the appearance of 
ENSO [27]. During the “El Niño” (EN) the equatorial 
front is pushed southward, and hot air masses 
increased producing high levels of precipitation 
along Ecuador’s coastline [28]. An inverse scenario 
occurs during “La Niña” (LN), when abnormal tempera
ture drops reduce the air masses’ temperatures and 
also the levels of precipitation along Ecuador’s coast.

This dynamic oceanographic setting causes the 
composition, abundance and distribution of primary 
production to vary spatially and seasonally [29]. In situ 
studies conducted along the coast of Ecuador have 
reported PP is higher in the south coastal area of 
Puerto Bolivar (El Oro) in comparison to northern 
study sites [30]. For example, the estuarine waters of 
the Gulf of Guayaquil (south of Ecuador) can reach Chl 
a concentrations from 0.66 to 0.74 mg m−3 [31], while 
the estuarine waters of the Chone River (central 
Ecuador) can reach from 0.20 to 0.44 mg m−3 [32]. 
Seasonal differences have also been reported. At the 
non-estuary area of the Jaramijó Bay (Manabí), Chl a is 
higher during the warm months (1.06 to 1.22 mg m−3) 
than during the cold ones (0.58 to 0.86 mg m−3) [33]. 
Seasonal differences are mostly driven by changes in 
the phytoplankton assemblage, with diatom species 
dominating during the cold months [34], and dinofla
gellates during the warm months [35]. While this in situ 
studies has shed light into spatial and seasonal 

variations of Chl a, and thus PP, along localized study 
sites, there are no dedicated investigations to assess its 
long-term variation nor its seasonal patterns in broader 
areas of the coast of Ecuador. The use of remote sen
sing thus provides a cost-effective tool to detect gen
eral spatial and seasonal trend patterns in primary 
production [36,37].

The main objective of the present study is to eval
uate changes in Chl a concentration along the coast of 
Ecuador and examine how these changes correspond 
to changes in SST. This study used information from 
remote sensing of nine localities on the Ecuadorian 
coast to 1) assess annual trends, 2) evaluate spatial 
variations (latitudinal gradient) and seasonal patterns 
(climatic seasons) in Chl a concentration and SST, 
and 3) assess the response of Chl a to SST variation. 
This study will hopefully serve as the basis for contin
ued long-term investigation into the effects of climate 
change on primary productivity and marine ecosys
tems along the Ecuadorian coast.

Materials and methods

Study area

Ecuador is located in the northeast of the South 
American continent between latitudes 01°27ʹ06”N 
and 05°00ʹ56 “S and longitudes 75°11ʹ49”W to 81° 
00ʹ40”W. It borders Colombia to the north, Peru to 
the south and east, and the Pacific Ocean to the west 
[38]. The Ecuadorian coast has about 2900 km of 
coastal profile, including inland waters, estuaries and 
protected coasts [39]. This region is characterized by 
humid-tropical to dry-tropical climates, with an aver
age annual temperature of 26°C [28]. The main hydro
graphy of the coastal zone is constituted by the 
Esmeraldas River (Esmeraldas Province), the Cojimíes 
River and the Chone River (Manabi Province), the 
Guayas River (Guayas Province) and the Jubones 
River (El Oro Province) [40]. Ecuadorian ocean waters 
are influenced by a system of currents that include 
the warm current of Panama originating from the 
north, the cold Humboldt current originating from 
the south, the equatorial current originating from 
the north and south and moving westward, and the 
Equatorial countercurrent or Cromwell current mov
ing eastward [28]. For the present work, 18 sampling 
sites distributed along the Ecuadorian coast were 
utilized. Nine sites were located at a distance of 
9.26 km from the coastline (red dots, Figure 1) and 
nine sites at a distance of 27.78 km (black dots, 
Figure 1). Four of the nine sites are influenced by 
river discharges (estuarine habitats), and five are not 
influenced by river discharge influence (non-estuarine 
habitats). Nearshore and offshore locations are just 
designations to differentiate the closest from the 
furthest study sites.
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Remote sensing data

The information used in this work comes from remote 
sensors (satellites) specialized in taking color images 
(for Chl a) and infrared images (for SST). Chl 
a concentration information was obtained from the 
MODIS-Aqua Moderate Resolution Imaging 
Spectroradiometer satellite database [41]. Data used 
was the average monthly composite at a 0.0417 deci
mal degree spatial resolution. Sea surface temperature 
(SST) data was also download from the High Resolution 
Multi-Scale Analysis (MUR) fv04.1 database [42]. This 
data set has the average monthly information 
recorded in degrees centigrade (°C) with a 0.011 dec
imal degree spatial resolution. The extraction of this 
data was done using the package “xtractomatic” v.3.4.2 
[43] available for the R statistical software [44]. To fill in 
with missing (NAs) information within the imported 
Chl a and SST data, the algorithms found in the pack
age “Amelia” v.3.4.2 were used [45].

Compared to other regions of the world, current 
algorithms for ocean color detection have performed 
better in the Tropical Pacific Ocean. The MODIS-Aqua 
algorithms work well, but underestimate low chloro
phyll concentration by 10.6% [46]. On the other hand, 
the current version of MUR (fv04.1) incorporates 
a multiscale SST data interpolation and fusion techni
que (including in situ measurements) to correct biases. 
Overall, the biases from the data sets used by MUR are 
small (< 0.07°C) [47].

Data analysis

Chl a concentration and SST time series were pro
cessed and analysed in the R statistical software [44]. 
Data for each site was decomposed into its yearly 
trends, seasonal (monthly) variations and random por
tion following Stuart, Kendall [48]. We determined the 
trend component using a moving average and then 
removed it from the time series. The seasonal variation 
(anomaly) was then computed by averaging, for each 
time unit, over all periods. To evaluate significant dif
ferences between the time series of each site, the 
Nemenyi non-parametric analysis was executed for 
Kruskal–Wallis type data [49]. To assess if positive or 
negative changes occurred through time, yearly trends 
were examined using the Mann-Kendall analysis [50] 
available in the “trend” v1.1.0 package [51]. To com
pare the seasonal variations between sites, monthly 
Chl a concentration and SST anomalies were visually 
inspected. Finally, we assessed the relationship 
between Chl a concentration and SST by means of 
a smooth curve computed by locally weighted regres
sion smoothing (LOWESS) to a scatter plot [52].

Results

Chl a concentration and SST where highly variable 
across the 15-year study period (Figure 2). The mean 
Chl a concentration along the Ecuadorian coast was 

Figure 1. Location of sampled sites: Nearshore were at 9.26 km (red dots), and offshore at 27.78 km (black dots) from the coast. The 
diamonds represent the sites influenced by river discharges. This study was carried out in the following sites: Esmeraldas (ESM; 
–79.755828, 0.985231), Galera San Francisco Marine Reserve (GSFMR; –80.178535, 0.716439), Cojimies (COJ; –80.125645, 0.365199), 
Puerto Cabuyal (CAB; –80.486416, –0.299634), Manta (MAN; –80.925100, –0.974820), Machalilla (MAC; –80.897793, –1.554898), Salinas 
(SAL; –81.058012, –2.224775), Gulf of Guayaquil (GUA; –80.361911, –2.849038) and Puerto Bolivar (PBO; –80.169622, –3.279350).
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1.5 mg m−3, with higher values always recorded in 
nearshore sites. Puerto Bolivar, Gulf of Guayaquil and 
Esmeraldas held the highest mean Chl a; while GSFMR, 
Cojimies and Cabuyal held the lowest (Table 1). The 
highest Chl a concentration value (20.8 mg m−3) was 
recorded in Puerto Bolivar in the nearshore coastal 
zone during the cold season of 2004. The lowest Chl 
a value (0.01 mg m−3) was recorded in GSFMR in both 
the nearshore and offshore sites during the warm 
season of 2016.

The mean SST on the coast of Ecuador was 25.3°C, 
with slightly higher values recorded in offshore sites. 
Esmeraldas, GSFMR and Cojimies held the highest 
mean SST values; while Salinas, Gulf of Guayaquil and 
Puerto Bolivar held the lowest (Table 1). The highest 
value was 29.9°C, recorded in Salinas during the warm 
season of 2017. The lowest value was 19.4°C, recorded 
in Puerto Bolivar during the cold season of 2005.

Spatial variation
A marked latitudinal gradient was observed in both Chl 
a concentration and SST, yet the former increased from 
north to south while later increased from south to 
north (Figure 3). The highest Chl a concentration was 
located mainly in the southern coastal zone (Gulf of 
Guayaquil and Puerto Bolivar), followed by the north
ern coastal area (Esmeraldas). The lowest concentra
tions were found in the central region, and markedly 
decreased with increasing distance from the coast 
(Figure 5). Regardless of the study site proximity to 
the coast, the latitudinal gradient resulted in signifi
cant differences (p < 0.05) between Chl a concentration 
at Puerto Bolivar and all study sites except the Gulf of 
Guayaquil (Table 2). Esmeraldas, the northernmost site 
and third highest in Chl a concentration, also showed 
significant differences (p < 0.05) with all the sites apart 
from GSFMR, the closest one geographically. All the 

Figure 2. Raw monthly time series data for Chl a and SST from 2003 to 2017 for the nearshore and offshore study sites.

Table 1. Chl a (mg m−3) and SST (oC) mean, minimum and maximum values recorded for both the nearshore and offshore study 
sites. Minimum and maximum values are in parenthesis.

Chl a SST

Site Habitat type Nearshore Offshore Nearshore Offshore

Esmeraldas Estuarine 1.4 (0.3–5.7) 1.0 (0.3–7.3) 26.6 (24.3–29.7) 26.5 (24.5–29.4)
GSFMR Non-estuarine 0.6 (0.2–8.7) 0.5 (0.1–7.3) 26.3 (24.4–29.2) 26.3 (24.4–29.3)
Cojimies Estuarine 0.7 (0.2–6.2) 0.4 (0.1–2.5) 26.2 (24.2–28.8) 26.1 (23.9–28.7)
Cabuyal Non-estuarine 0.7 (0.2–9.4) 0.6 (0.2–5.7) 25.8 (23.5–28.8) 25.7 (23.4–28.4)
Manta Non-estuarine 0.8 (0.2–7.5) 0.7 (0.2–9.3) 25.1 (22.3–28.2) 25.1 (21.9–28.5)
Machalilla Non-estuarine 1.0 (0.2–7.3) 0.9 (0.2–8.5) 24.8 (21.5–29.3) 24.7 (21.3–29.6)
Salinas Non-estuarine 1.1 (0.2–8.9) 1.0 (0.2–5.7) 24.3 (19.9–29.8) 24.1 (19.5–29.9)
Gulf of Guayaquil Estuarine 3.4 (0.7–7.7) 1.7 (0.5–4.6) 24.6 (19.6–29.2) 24.3 (19.6–29.3)
Puerto Bolivar Estuarine 5.6 (0.8–20.8) 3.4 (0.7–16.2) 24.2 (19.4–29.0) 24.2 (19.5–29.1)
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remaining sites located in the central coastal region 
had similar Chl a concentration, with some significant 
differences present. The sites influenced by the rivers 
discharge showed the highest Chl a concentration, 
both in nearshore and offshore locations.

In terms of the SST, the northern region was char
acterized by the warmest temperatures (>24°C) while 
the southern was characterized by the coldest (<20°C, 
Figure 3). Interestingly, SST range variation was nar
rower for higher than lower latitudes. The SST of the 
sites located in the northern zone were less variable (2° 
around the median); while those located in the south
ern zone presented a higher thermal stress (4° around 
the median). The SST at Esmeraldas was significantly 
different (p < 0.05) to that of all the other sites except 
GSFMR (Table 3). Similarly, recorded SST at Puerto 
Bolivar and Guayaquil were significantly different 
(p < 0.05) to all the other sites except Machalilla. SST 
variation was not significantly different between sites 
that were adjacent to each other. These results were 
consistent, regardless of the site’s proximity to the 
coast. The difference in SST between estuarine and 

non-estuarine sites was influenced by their latitudinal 
locations and not by rivers discharge.

Yearly and seasonal trends

The analytical decomposition of the Chl a concentration 
time series showed a stable yearly trend for all except 
two sites (Figure 4). Puerto Bolivar was the only site to 
show a significant positive trend for both the nearshore 
and offshore locations (p = 0.01; Table 4), yet changes in 
the nearshore site reached more than 1 mg m−3 during 
the assessed 15-year time period. The Gulf of Guayaquil 
was the only other site to show a significant increase in 
Chl a concentration. The Chl a concentration increased 
by 0.5 mg m−3 in the nearshore site (p < 0.00; Table 2). In 
terms of SST, the analytical decomposition exhibited 
a significant positive increase for all sites (p < 0.05; 
Table 2), regardless of the marked occurrence of colder 
temperatures in 2014 (Figure 4). No site showed 
a negative trend for Chl a or SST during the study 
period.

Figure 3. Variation in the concentration of Chl a (mg m−3) and SST (°C) for the nine sites studied along the Ecuadorian coast. Sites 
position on the y axis are ordered based on their latitudinal location along the coast of Ecuador: Top, northern sites; Bottom, 
southern sites. NS: nearshore; OS, offshore. The light blue boxes represent the sites influenced by river discharge.
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Figure 4. Decomposed yearly trends in Chl a concentration and SST across the nine study sites.

Figure 5. Annual (upper) and monthly (lower) variations in Chl a concentration (mg m−3) and SST (°C) at the 9 study sites. Monthly 
variations are expressed in anomaly scales.
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The concentration of Chl a showed a marked tem
porality for nearshore sites located mostly in southern 
coastal Ecuador (Figure 5). Puerto Bolivar reported Chl 
a seasonal differences of up to 6 mg m−3, with higher 
values recorded during the warm season (January 
through April), and lower ones during the cold (July 
through December). Puerto Bolivar was the only site to 
report similar trends in both the nearshore and off
shore sites. Esmeraldas, Manta and Salinas reported 

a similar scenario, but with changes only up to 2 mg 
m−3. Interestingly, the Gulf of Guayaquil, Cabuyal, and 
Machalilla showed an inverse scenario, with higher 
values mostly from September through January, and 
lower values from February through July. All of the 
other sites showed relatively low Chl a concentration 
changes (<0.5 mg m−3). The seasonal variation 
observed in offshore locations was generally smaller 
and followed a similar trend pattern than those 
observed nearshore. This was true everywhere except 
for the Gulf of Guayaquil, where the seasonal pattern 
showed higher values from January to May and lower 
values from July through December.

In terms of SST, nearshore and offshore sites reported 
the same seasonal patterns (Figure 5). For all sites, warmer 
SST were observed from January through May, and colder 
SST from July through November. Salinas, Gulf of 
Guayaquil, Machalilla and Manta reported seasonal 
changes in SST up to 4°C. The northern study sites showed 
smaller seasonal changes in SST (up to 2°C) in agreement 
with the latitudinal gradient observed in Figure 2.

Table 2. Kruskal–Wallis significance test for the concentration of Chl a at nearshore and offshore study sites. Significant differences 
are marked in bold.

Esmeraldas GSFMR Cojimies Cabuyal Manta Machalilla Salinas Gulf of Guayaquil Puerto Bolivar

Nearshore
Esmeraldas - < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.148 < 0.001 < 0.001
GSFMR - - 0.884 0.995 0.337 < 0.001 < 0.001 < 0.001 < 0.001
Cojimies - - - 0.999 0.993 0.009 < 0.001 < 0.001 < 0.001
Cabuyal - - - - 0.811 0.001 < 0.001 < 0.001 < 0.001
Manta - - - - - 0.141 < 0.001 < 0.001 < 0.001
Machalilla - - - - - - 0.403 < 0.001 < 0.001
Salinas - - - - - - - < 0.001 < 0.001
G. Guayaquil - - - - - - - - 0.124
Offshore
Esmeraldas - < 0.001 < 0.001 < 0.001 < 0.001 0.255 0.999 < 0.001 < 0.001
GSFMR - - 1.000 0.594 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cojimies - - - 0.321 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cabuyal - - - - 0.179 < 0.001 < 0.001 < 0.001 < 0.001
Manta - - - - - 0.081 < 0.001 < 0.001 < 0.001
Machalilla - - - - - - 0.620 < 0.001 < 0.001
Salinas - - - - - - - < 0.001 < 0.001
G. Guayaquil - - - - - - - - 0.000

Table 3. Kruskal–Wallis significance test for the differences in SST between locations. Significant differences are marked in bold.
Esmeraldas GSFMR Cojimies Cabuyal Manta Machalilla Salinas Gulf of Guayaquil Puerto Bolivar

Nearshore
Esmeraldas - 0.677 0.106 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSFMR - - 0.986 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cojimies - - - 0.027 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cabuyal - - - - 0.004 < 0.001 < 0.001 < 0.001 < 0.001
Manta - - - - - 0.616 0.001 0.148 0.001
Machalilla - - - - - - 0.220 0.992 0.266
Salinas - - - - - - - 0.733 1.000
G. Guayaquil - - - - - - - - 0.789
Offshore
Esmeraldas - 0.798 0.073 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
GSFM - - 0.920 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cojimies - - - 0.054 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Cabuyal - - - - 0.006 < 0.001 < 0.001 < 0.001 < 0.001
Manta - - - - - 0.395 < 0.001 0.011 0.001
Machalilla - - - - - - 0.101 0.878 0.528
Salinas - - - - - - - 0.848 0.991
G. Guayaquil - - - - - - - - 0.999

Table 4. Mann-Kendall trend significance test for the concen
tration of Chl a and SST in both inshore and offshore locations. 
Significant differences are marked in bold.

Chl a SST

Sites Nearshore Offshore Nearshore Offshore

Esmeraldas 0.09 0.76 0.001 0.002
GSFMR 0.30 0.37 0.011 0.005
Cojimies 0.28 0.84 0.004 0.008
Cabuyal 0.52 0.85 0.013 0.017
Manta 0.49 0.61 < 0.001 < 0.001
Machalilla 0.24 0.30 < 0.001 < 0.001
Salinas 0.34 1.00 < 0.001 < 0.001
Gulf of Guayaquil 0.20 0.02 < 0.001 < 0.001
Pto. Bolivar 0.0003 < 0.001 < 0.001 < 0.001
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Chl a and SST correlations

The smoothed curves show a substantial nonlinear 
relationship between the Chl a with temperature 
(Figure 6). This relationship is positive and strong par
ticularly for the nearshore locations of Puerto Bolivar 
(R2 = 0.16), Gulf of Guayaquil (R2 = 0.23) and 
Esmeraldas (R2 = 0.05). Cojimies (R2 = 0.02) and 
Cabuyal (R2 = 0.01) follow these sites, with slightly 
positive relationships between Chl a and SST.

Discussion

The evaluation of trend patterns in PP is of great 
importance to ecological studies, natural resource 
management, and terrestrial carbon sink estimates 
[53]. Photosynthesis by oceanic phytoplankton is 
a vital link in the cycling of carbon between living 
and inorganic stocks [54], and its variation exerts 
a bottom-up control on primary and secondary con
sumer’s biomass [7]. This research shows PP in coastal 
Ecuador is rather low in comparison with other oceanic 
regions. A positive trend in Chl a concentration was 
detected for the southernmost (Puerto Bolivar and Gulf 
of Guayaquil) and northernmost (Esmeraldas) study 

sites, which positively responded to changes in 
local SST.

The Ecuadorian coast is located in the equatorial 
Pacific Ocean, which is considered a region with high 
nutrient content but low PP as a consequence of 
reduced levels of atmospheric deposition of iron in 
the ocean [18]. In most of the studied areas, the aver
aged Chl a concentration was around 1.5 mg m−3, 
which is classified as a low level of PP [55]. The highest 
concentration of Chl a values were recorded in Puerto 
Bolivar (e.g. 20.8 mg m−3); however, this is still low 
compared to the coastal upwelling systems of Peru 
and Benguela, whose annual concentration of Chl 
a reaches up to 120 mg m−3 and 160 mg m−3, respec
tively [56]. Iron controls the phytoplankton productiv
ity rate in the equatorial Pacific by restricting the 
consumption of available macronutrients (nitrates, 
phosphates and silicates) by phytoplankton [57]. Iron 
is generally deposited in the ocean via atmospheric 
deposition, upwelling and coastal river discharges 
[58]. Even though coastal outcrops are recorded for 
areas such as Machalilla and Puerto Bolivar [59], coastal 
upwelling does not occur in Ecuadorian waters in the 
same magnitude as in the coast of Peru. Puerto Bolivar 
and the Gulf of Guayaquil are the only areas seasonally 

Figure 6. LOWESS scatter plots of the relationship between Chl a (mg m−3) and SST (°C) for the nearshore study sites.
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influenced by the strengthening of the Humboldt 
upwelling system and the Humboldt Current [60]. 
The influence of these currents explains the higher 
values of Chl a observed in those areas in comparison 
to the other study sites. However, the remoteness of 
Esmeraldas to the Humboldt upwelling system sug
gests nutrient fertilization also occurs from coastal 
river discharges and mangroves. The Gulf of 
Guayaquil and Esmeraldas receive the water dis
charges from the largest hydrographic systems of the 
Ecuadorian coast [40]. Compared to other coastal 
zones of Ecuador, estuaries exhibit high concentrations 
of nitrates, phosphates and silicates [61,62]. These 
nutrients promote the growth of phytoplankton bio
mass, particularly of species belonging to the group of 
diatoms [63,64], which have been recognized as the 
main contributors to the total marine PP and particu
late carbon exported to the depths [65]. Our study 
reported Chl a concentration values ranging from 1 
to 7 mg m−3 for both sites, which are similar to pre
vious in situ studies linking nutrient contribution to 
river discharge [66,67]. Iriarte, Vargas [68] reported 
that the discharge of the great Itata River in the 
Concepción area (Chile) sustained the phytoplankton 
biomass during the winter season. Dasgupta, Singh 
[69] analyzed the Chl a concentration of the world’s 
oceans and determined that it is generally high near 
the coasts as a result of coastal waters and river dis
charge mixture. These studies support our findings, 
and suggest PP could be driven by both the 
Humboldt upwelling system and river discharges 
along the coast of Ecuador.

In the last 15 years the concentration of Chl a along 
the Ecuadorian coast showed a tendency to increase, 
especially in the coastal areas of the Gulf of Guayaquil 
and Puerto Bolivar. In contrast, Boyce, Dowd [70] deter
mined global surface Chl a concentration decreased by 
62% from 1890 to 2010. This downward trend in PP is 
associated with recent ocean warming, estimated to 
be about 0.1°C per decade since 1951 [71]. These 
studies provide a conflicting panorama to our results. 
Under the global scenario, PP should follow an inverse 
trend to that of SST, yet a negative trend in Chl a was 
not observed at any of our study sites. Marrari, Piola 
[72] reported that Chl a concentration significantly 
increased in the last 20 years in areas such as the 
Marino Grande Ecosystem of the Patagonian 
Platform, the Humboldt Marine Large Ecosystem, and 
the Central American Coastal Pacific Marine Ecosystem. 
Since 1980, regions near the continental shelves 
showed positive trends in Chl a concentration [73], 
a product of constant coastal eutrophication and land 
runoff [74]. Surely, the convergence of river discharge 
and marine currents are supplying the necessary nutri
ents to explain the increase in phytoplankton biomass 
in Puerto Bolivar, the Gulf of Guayaquil and to a lesser 
extent Esmeraldas [75]. Precipitation in Ecuador’s coast 

is directly linked to high SST, particularly during ENOS 
events [76], as warm surface waters induce abundant 
rains along the coast and western region of the Andes 
Mountain Chain [2]. As such, positive correlation 
between Chl a and SST are likely a response to 
increased precipitation during warmer months, and 
could thus explain the upward trend in PP linked to 
SST for Puerto Bolivar, Gulf of Guayaquil and 
Esmeraldas.

In our study, SST has steadily increased during the 
15-year study period. This time frame is rather short to 
draw conclusions on possible global warming scenar
ios, yet other studies have reported the same warming 
trend in Ecuador’s coast since 1975. For example, 
Nieto, Martínez [77] determined that the SST rose 
around 0.82°C from 1975 to 2001, while Breaker, Loor 
[78] determined an increase of 1°C from 1990 to 2014. 
Our study time frame (2003–2017) shows SST incre
ment is still undergoing, and it is stronger in southern 
coastal Ecuador where a high SST variability was also 
observed. This variability is likely in response to intra- 
seasonal (trapped coastal waves), annual (Rossby 
waves), inter-annual (ENSO) and decadal (Pacific 
Decadal Oscillation, PDO) events interacting with the 
prevailing oceanic currents [60]. For example, there 
was a sudden drop in SST during 2014 that matches 
the year with the highest PP values recorded for 
coastal Ecuador. While global average SST has signifi
cantly increased since 1951, there is evidence that this 
warming has slowed down since 1998 [79]. In fact, the 
Eastern Pacific Ocean is the only large marine ecosys
tem that shows a cooling trend for both its Humboldt 
upwelling [80] and Galapagos upwelling ecosystems 
[81]. Dai, Fyfe [82] attributed this to the cooling phase 
of the PDO, which since 1999 changed from its hot 
phase (positive) to its cold phase (negative) [83]. Other 
authors explain that the pause in the warming of SST is 
linked to a decadal La Niña type decay in the equatorial 
Eastern Pacific [84] and the pronounced Pacific trade 
wind strengthening in the last two decades [85]. The 
interactions between these factors could be responsi
ble for the observed thermal stress, particularly in the 
south region of coastal Ecuador.

Uncertainty associated to remote sensing

Satellite estimates have certain inaccuracies particularly 
near the coast, as the estimates are skewed by the colors 
of suspended materials [86]. Investigations have deter
mined that the accuracy of the satellite data is affected 
by the degree of turbidity of the waters [87,88]. Similarly, 
the availability of color data of the oceans is also 
affected by the cloudiness of the area [89]. It has been 
suggested that remote sensed data could overestimate 
plant pigment concentrations by 2–4 times, particularly 
in marginal seas and coastal waters [90]. Despite these 
limitations, recent advances in the use of remote sensors 
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have developed methods to correct ocean color read
ings via algorithms and in situ data collection [91]. 
Through this discussion, we have provided evidence 
that our results match those results from in situ data 
collected across coastal Ecuador. Regardless of its limita
tions, the use remote sensing should not be discredited. 
Remote sensing is an accessible tool that allows scien
tists to obtain data from a wide range in time and 
a greater spatial coverage than in situ studies [36].

Implications for marine biodiversity

Marine coastal ecosystems are one of the most valuable 
and widely used natural systems worldwide [92]. These 
areas rely on PP to sustain balanced coastal and pelagic 
secondary productivity. Changes in PP can significantly 
affect the amount of energy transferred to higher 
trophic levels, increasing the number of trophic links 
and creating less efficient food webs [93], impacting the 
biomass and fitness of commercially exploited species 
[94], and affecting the marine community’s biodiversity 
[95]. For example, tuna species have high-energy 
requirements due to their characteristic rapid develop
ment, and a decrease in the productivity of the micro
nekton (primary consumers) and zooplankton 
(secondary consumers) on which they feed could ser
iously affect their populations [96]. Projected changes 
in PP suggest also that an increase in SST and 
a decrease in PP could restrict the distribution of spe
cies such as Pacific sardines (Sardinops sagax) [97]. On 
the other hand, changes in the phytoplankton assem
blage could induce a sharply decline in body size and 
biomass of certain fish communities, while favoring 
other fish species. Pennington, Mahoney [98] reported 
this for the Humboldt upwelling system, where warmer 
water conditions favor picoplankton-dominated phyto
plankton communities that boost sardine’s biomass; yet 
cooler water conditions favor diatom-dominated phy
toplankton communities that boost anchovy’s biomass. 
Such variations have been already reported for specific 
sites in the coast of Ecuador, suggesting an important 
change in the phytoplankton community between the 
warm and cold months [34,35]. Given the current ocean 
warming and PP patterns, and the lack of formal 
research undertaken in this topic in coastal Ecuador, it 
is difficult to infer in any potential PP change scenario 
and how it will affect species of commercial and con
servation interest. This is of particular concern as nearly 
57,158 Ecuadorian fisher families rely on the exploita
tion of fish stocks as a source of employment and food 
production [99]. Also, the seasonal presence of the 
plankton-feeder species such as giant manta rays 
(Mobula birostris) and whale sharks (Rhincodon typus) 
could also be affected [100], and thus the marine tour
ism activities that rely on this species. These links high
light the importance of improving our understanding of 

the effects of climate change on coastal PP, and the 
potential for these effects to influence on the health of 
commercial and threatened marine species.

Conclusions

PP in Ecuador is located mainly in coastal areas, as 
a result of constant coastal eutrophication due to river 
discharge. In the last two decades, PP showed 
a tendency to increase, especially in Puerto Bolivar, 
Gulf of Guayaquil and Esmeraldas. For the southern 
areas, the increase is associated with the influence of 
the Guayas River and the extension of the cold 
Humboldt current. SST off the coast of Ecuador was 
characterized by high temperatures in the northern 
region of the country and low temperatures in the 
southern region. However, in the last 15 years the SST 
showed an upward trend for all sites. The study of PP 
using remote sensors allows for coverage of a wide 
spatial and temporal range, unlike in situ methods. This 
tool can be used to generate knowledge about the 
dynamics of primary production, which is important for 
the conservation of marine biodiversity and the sustain
able management of fisheries. Further research should 
assess the implications of a changing PP and SST for 
species of commercial and conservation interest along 
the coast of Ecuador. This should be focused particularly 
on those species with a restricted distribution and those 
that are particularly sensitive to thermal stressors.
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