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Abstract 14 

 15 

Scientific research addressing environmental conditions of aquatic ecosystems has high priority 16 

in Peru. Nevertheless, there is a lack of knowledge on environmental contamination of Peruvian 17 

marine ecosystems. To address this knowledge gap, this review article summarizes the available 18 

information in order to estimate the environmental health status (EHS) of Peruvian marine 19 

ecosystems. In this study, 20 

21 

22 

Environmental contamination and stressors are also reaching the 23 
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Peruvian Marine Protected Areas (MPAs). The management of coastal marine areas and MPAs 24 

in Peru should be urgently re-formulated. This study also identifies the optimal bio-monitoring 25 

approach in the current economic situation in Peru, and how marine research studies can support 26 

adjacent fields, e.g. nutrition and human health.  27 

 28 

Keywords: Environmental health status; metal contamination; marine; malnutrition; future 29 

foods; Peru 30 

 31 

1. Introduction 32 

 33 

The environmental or ecosystem health status (EHS) is an integrated approach that could help 34 

to determine the degree of degradation of a specific ecosystem (EEA, 2019) and translate it into 35 

useful information for the local population and policy makers from Peru. EHS is not simple to 36 

define because it integrates the complexity of human-environment interactions. Moreover, the 37 

current diverse environmental problems (e.g. pollution; El Niño events  makes EHS even 38 

more difficult to address (EEA, 2019; WHO; 2019). In marine areas, humans have been 39 

operating with and within aquatic ecosystems for millennia, causing changes through often 40 

complex interactions (Lavallée & Michèle, 2012). The consequences of human activities on 41 

marine ecosystems around the globe have mostly been negative (EEA, 2019). A healthy 42 

ecosystem implies that adverse or possible negative conditions are minimal or absent for the 43 

ecosystem  Different international institutions or agencies aim to 44 

maintain ecosystems in a healthy, uncontaminated, productive and resilient condition, so that 45 

they provide services and benefits to humans (EEA, 2019; WHO; 2019). Within Europe for 46 

instance, the Marine Strategy Framework Directive (MSFD) defines a good environmental 47 
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status to marine waters that provide ecologically diverse and dynamic oceans and seas, which 48 

are clean, healthy and productive (MSFD, 2021). 49 

 50 

In Peru, studies with an ecosystem-based approach are lacking, with the exception of some 51 

recent trophodynamic and modelling studies in either pelagic or benthic ecosystems (Kluger et 52 

al. 2016; Espinoza et al. 2017; Loaiza et al. 2021). Peruvian marine ecosystems were described 53 

as unit, such as the northern Humboldt Current System (NHCS) by Chavez, 2008. At the same 54 

time, the latter study  mentioned the importance of an ecosystem based-management approach. 55 

The main reason for the lack of benthic-pelagic or ecosystem-based studies are that most studies 56 

in Peru focus on a single species  related to their economically and individually importance, 57 

Engraulis 58 

ringens, vs. numerous studies on Argopecten purpuratus ecology (Mendo et al. 2016; Moron 59 

et al. 2019). The recent Chilean study in nearby waters of Peru remarked that benthic-pelagic 60 

trophic interactions are highly important in the NHCS ecosystems, due to the upwelling-61 

governed marine system (Docmac et al. 2017).  62 

 63 

An ecosystem-based approach was also taken into account to study the seafood valuing in Peru. 64 

The Peruvian anchovy E. ringens and other marine commercial species were modelled in order 65 

to determine the contribution of each species or group of species to the national Gross domestic 66 

product (GDP) and employment in Peru. Unexpectedly, the study found that Peruvian anchovy 67 

accounts for only 31% of the sector contribution to GDP and for only 23% of the employment 68 

in Peru (Christensen et al. 2014). With a more eco-toxicology approach,  also 69 

addressed using different research methods in Loaiza et al. (2018; 2020a; b; c). These studies 70 

led to a consistent pattern for the EHS analysis in Peruvian marine ecosystems, showing that 71 

the southern locations (e.g. Paracas Bay - Ica and Punta San Juan  Marcona) were more 72 
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degraded and metal enriched than locations in the North (Sechura Bay). Metal contamination 73 

is currently a serious concern in Peru, especially in the southern part of Peru that has been 74 

ly metal- as stated by the government to explain the elevated 75 

concentrations of harmful metals, e.g. Cd, Pb (Barriga-Sánchez and Pariasca, 2018; SANIPES, 76 

2019).  77 

 78 

Peru is a mining country, being the first in gold and second in cadmium production in Latin 79 

America, and the second in copper, silver and zinc production worldwide (MINEM, 2019). The 80 

southern region has a high concentration of mining activities from Shougang down to 81 

Pucamarca at the border with Chile (e.g. up to 15 concessions in Arequipa), which could lead 82 

to substantially increased metal levels and low EHS in the southern marine and coastal 83 

environments (MINEM, 2019). Agriculture is also an economical activity that could contribute 84 

considerably to the high metal concentrations found along the coast of Peru (MINAM, 2019). 85 

This activity is poorly regulated and pesticides and other chemicals (i.e. metal derived-86 

compounds) are indiscriminately used, thus discharge in coastal marine areas can occur (Yucra 87 

et al. 2006).   88 

 89 

Peruvian marine ecosystems are still rich and abundant in living and non-living resources. This 90 

positive aspect could be also a threat for the conservation of these ecosystems. Over-91 

exploitation of Peruvian domain resources are highly possible to happen when no precautionary 92 

management plan is considered. Previous experiences on Peruvian anchovy and Peruvian 93 

scallop are - of the high and non-planned exploitation of marine resources 94 

(Chavez, 2008; Mendo et al. 2016). In the meantime, these species were also highly impacted 95 

by the 1972 El Niño: Peruvian anchovy, and by El Niño 82/83 and 97/98: Peruvian scallop, 96 

where both fisheries collapsed. This complex NHCS productive ecosystem is well known 97 
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because it is strongly affected by climate variabilities (e.g. ENSO) (Chavez, 2008; Mendo et al. 98 

2016). Therefore, scientific ecosystem-based research is urgently needed in this changing and 99 

unpredictable ecosystems.  100 

 101 

Peruvian marine ecosystems have been monitored since 1954 by the Consejo de Investigaciones 102 

Hidrobiológicas (CIH) (Chavez et al. 2008). So far, oceanographic and sanitary measurements 103 

have been reported in Peru, however a more research-based and improved approach should be 104 

implemented (IMARPE, 2019; SANIPES, 2019). In developing countries such as Peru, in-situ 105 

studies (or field monitoring) are a priority due to the lack of baseline information in marine 106 

ecosystems. Therefore, scientific knowledge on marine ecosystems is increasing in Peru, 107 

especially in oceanography due to the threats to the Peruvian anchovy industry, e.g. El Niño 108 

and ongoing Climate Change (IMARPE, 2019). This process is accelerated by extra funding 109 

from the Consejo Nacional De Ciencia y Tecnologia (Concytec) of Peru, which provides 110 

substantial funding for research serving the development of Peru (Melgar-Sasieta et al. 2018), 111 

including the present study. 112 

 113 

Different methods have been developed to study marine ecosystems as a unit, including new 114 

models to study trophic interactions and contaminants distribution (e.g., Ecosim model, 115 

Ecotracer; which are part of Ecopath with Ecosim (EwE) software), in order to integrate the 116 

different compartments (incl. contaminants) of the ecosystem under study (Walters and 117 

Christensen, 2018; Booth et al. 2020). These models helped to simulate, estimate and analyze 118 

the environmental status to understand its functioning for a proper management as an unit. The 119 

EwE software package can be used for multiple purposes, such as: 1) to address ecological 120 

questions; 2) to evaluate ecosystem effects of fishing; 3) to explore management policy options; 121 

4) to analyze impact and placement of marine protected areas; 5) to model effect of 122 
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environmental changes; 6) to facilitate end-to-end model construction; 7) to predict movement 123 

and accumulation of contaminants and tracers (Ecotracer) (Booth et al. 2020). 124 

 125 

The use of a large data set and Geoecological Information-Modeling System (GIMS) was 126 

performed to model the status of marine ecosystems (e.g. Okhotsk Sea). It is based on existing 127 

monitoring data from a marine ecosystem to predict its status, including its complex and 128 

nonlinear biological structure (biocomplexity) and its ability to remain alive or continue to exist 129 

(survivability) (Varotsos et al. 2018; 2019). The dependence of energy exchange processes on 130 

environmental factors is modeled with a minimum level of uncertainty. The biological 131 

components are modeled using traditional trophic balance equations, whose coefficients are 132 

determined from observational data. The Sea Ecosystem Model showed that the Okhotsk Sea 133 

could have a critical status, when the biocomplexity and survivability of this ecosystem reach 134 

dangerous levels due to Climate change after the 2075 year, the total production of Okhotsk 135 

Sea will begin to decline after that year (Varotsos et al. 2019).  136 

 137 

The present study assesses the metal contamination of Peruvian coastal ecosystems in Sechura 138 

Bay (incl. Illescas Reserved Zone), Paracas Bay and Punta San Juan. This study used the actual 139 

values of metals (As, Cd, Cu, Ni, Pb and Zn) and beneficial compounds (fatty acids) from 140 

previous studies, from different environmental compartments (i.e. from food sources to 141 

predators) and aquatic ecosystems, e.g. marine, brackish and freshwater ecosystems. The 142 

following research questions were addressed in this study: 1) how is the sediment and seston 143 

quality?; 2) is there an influx of contaminants from freshwater-brackish resources?; 3) how 144 

much is the degree of metal contamination in marine reserves or protected areas (MPAs)?; and 145 

4) how much is the content of beneficial elements/compounds and contamination in seafood? 146 

Additionally, the present study addresses the use of different approaches and designs for EHS 147 
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monitoring and how to provide information on the proper consumption of marine species in 148 

Peru, specifically for human use e.g. food safety and nutritional approaches. 149 

 150 

2. Methods  151 

 152 

2.1 Data analyses 153 

 154 

2.1.1 Environmental health status (EHS) 155 

 156 

Data on metal concentrations and estimated EHS of the following Peruvian ecosystems were 157 

taken from Loaiza et al. (2018; 2020a; b; c): Sechura Bay (southern location SL, northern 158 

location NL, incl. Illescas Reserved Zone IRZ), Paracas Bay (PL1, PL2) and Punta San Juan 159 

(PSJ, SHO) (Fig 1). Briefly, frozen tissues and the environmental compartments (POM; sensu 160 

lato, seston and sediments) were dried for at least 72 h at 60°C. The dried tissues were weighed 161 

and sorted into small (<0.06 g) and large (>0.06 g) tissues. Small and large tissues were digested 162 

overnight with respectively 1 or 2.5 ml of highly purified concentrated 69% nitric acid (HNO3). 163 

For filters (POM; sensu lato and seston) and sediments, 4 ml of highly purified concentrated 164 

(69%) HNO3 was used. Subsequently, all samples were heated to 110°C during 30 min in the 165 

digester. After cooling (~10 min), 0.1, 0.25, 0.5 ml of hydrogen peroxide (H2O2) was added for 166 

small tissues, large tissues and the environmental compartiments (POM; sensu lato, seston and 167 

sediments), respectively. The samples were heated again during 30 min at 110°C to complete 168 

the total digestion. The digested samples were diluted up to 5 (small), 10 (large) and 40 (filters 169 

and sediments) ml with Milli-Q grade for the metal analysis using inductively coupled plasma 170 

mass spectrometry (ICP-MS ; 7700×, Agilent Technologies). For samples below the detection 171 

limit (BDL) of the ICP, an extra analysis with the high resolution inductive coupled plasma 172 
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mass spectrometry (HR-ICP-MS; Element XR, Thermo Scientific, Finnigan element 2, 173 

Bremen, Germany) was performed. The quality controls for metal analysis consisted of standard 174 

reference material (SRM) for mussel tissues (2976, National Institute of Standards and 175 

Technology, NIST). The recovery ranges were 98.9 113.5% (n=71) for each metal. For filters 176 

and sediment, the certified reference materials were the Channel Sediment BCR-320R and the 177 

Estuarine Sediment BCR-277R, which exhibited recoveries from 70.3% to 121.1% (n=23, per 178 

metal). 179 

 180 

Metal and metalloid concentrations (As, Cd, Cu, Ni, Pb and Zn) in sediments and seston (also 181 

considered as re-suspended sediments) were compared with the different international limits 182 

(Long et al. 1995; U.S. EPA, 2019). Firstly, sediment and seston concentrations (µg/g dwt.) 183 

were compared to the estimated indices: Effects Range-Low (ERL) and Effects Range-Median 184 

(ERM) to determine adverse biological effects due to chemical sediment concentrations. The 185 

ERL values are the lowest concentration of a metal in sediment that produce adverse effects in 186 

10% of the data reviewed. Similarly, the ERM designates the level at which half of the studies 187 

reported harmful effects. Metal sediment and seston concentrations below the ERL value are 188 

not expected to cause adverse effects, while levels above the ERM value are likely to be very 189 

toxic. Locations were rated as EHS when the concentrations of all measured metals in 190 

sediments and seston were EHS rating applied if one 191 

metal exceeded EHS rating refers to an exceedance of the ERM 192 

limit for at least one metal (Long et al. 1995; U.S. EPA, 2019). Secondly, a similar approach 193 

was applied using the 194 

 the Canadian Council of Ministers of the Environment (1999)195 

196 
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197 

 198 

 199 

Basal resources (e.g. particulate organic matter or POM; sensu lato) were compared in relation 200 

to their origin, e.g. freshwater-brackish environments vs. marine environments, which gives an 201 

indication of the metal influx (i.e. As, Cd, Ni, Pb) from the freshwater-brackish ecosystems to 202 

the coastal marine ecosystems. The comparison was performed using statistical analysis (i.e. 203 

one-way ANOVA and post-hoc Tukey multiple comparison) in order to determine how 204 

significant (p < 0.05) and different are the environments in metal concentrations, and the 205 

possible metal contribution from one environment to the other one. To evaluate the EHS of 206 

ecosystems in the vicinity of the marine reserves or protected areas (MPAs) of Peru, POM sensu 207 

lato and sediment metal concentrations (µg/g dwt.) in different proximities (i.e. in front, near, 208 

far) to the MPAs were compared. The northern MPA is Illescas Reserved Zone, the center MPA 209 

is the Paracas National Reserve and the southern MPA is the Punta San Juan Reserve (i.e. part 210 

of the Peruvian Guano Islands, Isles and Capes National Reserve (RNSIIPG)). In front, near 211 

and at far distances refer to 1-5, 10-12 to up to 25 miles from the MPA, respectively. 212 

 213 

2.1.2 Human health and nutrition  214 

 215 

The maximum amount (limited by the most toxic metalloid and metal, e.g. inorganic As and 216 

Cd) that could be consumed of each species was based on results from Loaiza et al. (2018; 217 

2020b), while the nutritional and beneficial (EPA+DHA+ARA) intakes (mg/day) were taken 218 

from Loaiza et al. (2020b). Briefly, fatty acids (FAs) of tissues were extracted and methylated 219 

to FA methyl esters (FAMEs) by a modified 1-step derivatization method following Abdulkadir 220 

and Tsuchiya (2008) as in De Troch et al. (2012). Samples were freeze-dried for at least 48 h 221 
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and weighed and placed in glass tubes of 7 ml. Subsequently 2 ml of 2.5 % sulfuric acid 222 

(H2SO4)-methanol solution (in a proportion of 1:4) was added. An internal standard (1 mg/ml 223 

of methylnonadecanoate C19:0) was added and the solution was vortexed for 10 s, prior to 224 

placing them in a water bath at 80°C for 90 min. Samples were cooled down to room 225 

temperature (~5 min) and 1 ml of hexane and 1 ml of sodium chloride (NaCl) (0.98%) were 226 

added, followed by stirring again for 10 s. Samples were placed in a centrifuge 5810 R 227 

(Eppendorf) at 160 g speed for 10 min. Then, the extracted samples in hexane (upper layer) 228 

were transferred to small vials with sodium sulfate (Na2SO4) for absorption of the last remaining 229 

water for at least 1 h, and subsequently placed in a micro insert spring of 1 ml for FA analysis.  230 

 231 

The extracted FAMEs obtained were analyzed using a gas chromatograph (HP 6890N) coupled 232 

to a mass spectrometer (HP 5973). The samples were run in split10 mode injecting 1 l at an 233 

injector temperature of 250 °C using an HP88 column (Agilent J&W; Agilent Co., Santa Clara, 234 

CA, USA). The FAME were identified by comparing the retention times and mass spectra with 235 

authentic standards and mass spectral libraries (WILEY, NIST, FAME, own libraries) and 236 

analyzed with MSD ChemStation software (Agilent Technologies). The FAME quantification 237 

was calculated by linear regression of the chromatographic peak areas and corresponding 238 

concentrations of the external standards, ranging from 100 to 1000 µg/ml. Control samples 239 

(n=30) were treated and analyzed in the same way as the samples to test the applied analytical 240 

procedure accuracy. Internal standard (1 mg/ml of methylnonadecanoate C19:0) was also added 241 

in order to ensure precision control for the extraction procedure. All FA concentrations were 242 

calculated on mg/100g wet weight basis (wwt.). These units were selected in view of the 243 

relevance of the obtained data for the nutrition and food safety and industry approach (Loaiza 244 

et al. 2020b). 245 

 246 
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2.2. Statistical and numerical analyses  247 

 248 

2.2.1 Statistical analysis   249 

 250 

One-way ANOVA and post-hoc Tukey multiple comparison were performed to compare metal 251 

concentrations in freshwater-brackish and marine basal resources, as well as for the metal 252 

concentrations between different proximities to the MPAs. For non-parametric data, an 253 

extension of Kruskall-Wallis test was used with the post hoc non-parametric Kruskalmc test 254 

function. Results were statistical significant when p < 0.05. 255 

 256 

2.2.2 Numerical analysis 257 

 258 

The cost-benefit to conduct different EHS approaches  259 

 260 

Three different EHS approaches were applied to determine the cost-benefit of these potential 261 

monitoring strategies (Loaiza et al. 2018; 2020a; b; c): 1) single species approach, 2) multi-262 

species approach and 3) ecosystem-based approach. per 263 

sampling area and year based on the analysis of metals (e.g. potentially harmful), micro-264 

nutrients and fatty acids (non-harmful or beneficial), and stable isotopes as chemical analysis 265 

costs.  266 

 267 

The budget was estimated using the following equation: 268 

 269 

 270 

 271 
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where: 272 

 273 

environ. compart: environmental compartments (species and/or food sources); 274 

tspecies: tissues of species;  275 

SCam: sampling campaigns; considering campaign (incl. materials, fuel ;  276 

n: number of environ. compart, or tspecies or SCam; 277 

R: number of replicates; 278 

C.C.A: cost per chemical analysis: Digestion + first metal analysis metals 279 

are  (based on UAntwerpen facilities: https://www.uantwerpen.be/en/research-280 

groups/sphere/); 10  for stable isotope analysis (based on UC-DAVIS: 281 

https://stableisotopefacility.ucdavis.edu/); and 50  per fatty acid profiling (based on UGent 282 

facilities: http://www.assembleplus.eu/TA_UGent);  283 

T.L(f): time-lapse factor, 12 for monthly; 4 for seasonal; 1 for inter-annual evaluations.   284 

 285 

3. Results and discussion 286 

 287 

3.1 Environmental health status (EHS) 288 

 289 

290 

291 

292 

293 

294 

295 

296 
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297 

298 

299 

300 

301 

302 

303 

304 

305 

 306 

 307 

Oceanographic conditions (incl. El Niño effect) could also explain the EHS spatial and temporal 308 

variation in the Peruvian coastal waters. The important Northern Humboldt Current System 309 

(NHCS) flows northward from Chile to the north of Peru. Despite the fact that it is oceanic, this 310 

strong current probably washed contaminants from the south to the north, and distributed them 311 

along the way (center-south of Peru: Paracas and Punta San Juan) (Cabarcos et al. 2014). As 312 

this is a strong upwelling system, the sunken nutrients, minerals and possible contaminants are 313 

probably also brought to the surface and distributed along the water column, and as such will 314 

be distributed over the entire ecosystem. Peruvian Coastal Currents also play a crucial role in 315 

particulate matter distribution (i.e. chemicals), and reinforce what is brought up by the NHCS 316 

(Huyer et al. 1991; Cabarcos et al. 2014).  317 

 318 

During the strong-El Niño of 2017, river flow capacities reached their maximum in Peru due to 319 

the strong rains. Their discharges (incl. contaminants) were extremely high along the Peruvian 320 

coast, which substantially changed the environmental conditions (and thus health) of the marine 321 
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ecosystems (Loaiza et al. 2018; 2020a; 2020b). Fig 3 shows the metal contribution of freshwater 322 

and brackish environments to the marine environment. Metal levels (e.g. As, Ni) for the POM 323 

from the Sechura River, Virrila Estuary and San Pedro Mangrove were mostly 324 

higher than the concentrations in the marine ecosystems, and significantly different for the 325 

concentrations of As, Ni and Pb in sediments. The input from river and mangrove was also 326 

significantly higher in As and Ni concentrations than those in marine compartments (with the 327 

exception of Ni-seston). High variability was found for Cd in both environments, similar 328 

concentrations (up to ~5 µg/g) and non-significant differences were observed for the 329 

freshwater-brackish and marine basal resources (Fig 3).  330 

 331 

The metal contamination at different distances from the MPAs shows that the highest POM and 332 

sediment metal concentration (e.g. As, Pb) were measured near the southern MPA, followed by 333 

the location in front of the northern MPA (Fig 4). Overall, in front of (1-5 miles) and in the 334 

vicinity of (up to 12 miles) the MPAs a similar degree of metal contamination was observed, 335 

with slightly lower levels in the sampling locations further away. This pattern means that 336 

environmental contamination and stressors are reaching the MPAs and their surrounding areas. 337 

MPA management in Peru should therefore be re-formulated in terms of possible direct and 338 

indirect environmental impacts in their vicinity, from the south to the north. We suggest a 339 

proper marine monitoring program (incl. vigilance) along the coast and marine vicinity of the 340 

MPAs, to identify the main stressors and metal-driven activities. It is noteworthy to mention 341 

that the Peruvian government considered mainly the land area as the protected or reserved area 342 

for Illescas Reserved Zone and for Punta San Juan Reserve. It covers 4 miles without a proper 343 

maritime control from the government, which can explain the lack of control of these marine 344 

ecosystems. Therefore, when the northern MPA was evaluated, we could see that the major 345 

industrial activities were situated around that Illescas Reserved Zone and during water 346 



15 
 

collection, oil traces were observed along the water surface and sub-surface of the sampling 347 

locations (pers. obs.). 348 

 349 

Overall, the metal concentrations in environmental compartments, e.g. POM, sediment and 350 

seston strengthen the consistent pattern, e.g. the southernmost locations (i.e. SHO, IRZ, 351 

southern MPA) have a poor EHS, as shown in  previous EHS 352 

analyses were mainly based on organism specific-tissue metal accumulation that reflects 353 

the environmental current status. We emphasise that metal contamination is a serious concern 354 

in Peru, this is reflected in 1) the elevated sediment and seston concentrations that exceeded the 355 

international limits (e.g. ERM, PEL) being more pronounced in the southern locations; 2) the 356 

possible effect of metal (e.g. As, Ni) exchange between freshwater-brackish environments and 357 

marine coastal environments, and being intensive during El Niño events and 3) the level of 358 

degradation in the proximity of the MPAs, with the MPA in the South being the most metal 359 

enriched. As previously mentioned, mining (incl. illegal mining) and agriculture could be most 360 

important source of metal contamination, however more studies must be conducted to 361 

determine the activity contributing most to the metal levels in Peruvian aquatic systems.  362 

 363 

Further studies that multi-integrate the environmental compartments could play a key role to 364 

estimate the EHS into a GIMS data and 365 

other complementary data; which could strength the insights of the study. Environmental metal 366 

concentrations is only one part of the stressors for aquatic ecosystems in Peru, the inclusion of 367 

Climate change and ENSO as driven variables in the model could give a more dynamic analysis 368 

that provides information for a better ecosystem-based management of Peruvian ecosystems. 369 

Varotsos et al. (2019) could determine that the Okhotsk Sea will decrease its productivity in 370 

~55 years due to Climate change. The same conclusion can also be made for Peruvian 371 
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ecosystems using a large data set (i.e. GIMS) combined with anthropogenic (e.g. metal 372 

contamination) factors. Two trophic model studies indicated that Sechura Bay Ecosystem is a 373 

relatively inefficient system from a community energetics point of view, likely due to the 374 

periodic perturbations of ENSO. These studies also found that the environmental driver 375 

variables, i.e. riverine inputs played a crucial role on the scallop survival and ecosystem 376 

dynamics, information that could also be integrated to the present study for ENSO scenario 377 

predictions, which is highly relevant for the management of marine ecosystems in Peru (Taylor 378 

et al. 2008; Loaiza et al. 2021).   379 

 380 

3.2. Designing strategies for EHS monitoring 381 

 382 

In determined time-frame studies, it is crucial to set priorities. Generally, research questions are 383 

determined first, and then a possible way to tackle these questions and find answers is designed. 384 

It is essential to take into account procedures that are economically, logistically and analytically 385 

feasible. This also partly explains why different approaches can be performed for EHS analyses 386 

(Long et al. 1995; Breitwieser et al. 2018). Different approaches for EHS or monitoring 387 

program design are always related to the cost-benefit of the involved activities. In terms of cost-388 

efficiency, a research-question approach prior to analysis is ideal for EHS. It is not always 389 

feasible to measure an enormous amount of biotic and abiotic environmental compartments to 390 

estimate EHS. Therefore, a summarizing analysis of the cost-benefit of the different approaches 391 

was made (Fig 5).  392 

 393 

The single species use is the economically most optimal approach (2 760 394 

substantial ecological knowledge of the species under study (e.g. potential bioindicator; A. 395 

purpuratus; Loaiza et al. 2020a) is required. The species could be analysed by using its different 396 
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compartments (e.g. 5 tissues: gills, digestive gland, -397 

specific contaminant accumulation for each season (T.L(f): 4) (Fig 5). It is noteworthy to 398 

mention that only relevant and specific contaminants (number of samples; n=3) must be 399 

considered including potentially harmful ; 6 replicates per tissue) due to their 400 

high persistence and for the food safety approach. Study areas should be separated by enough 401 

distance (not just a few miles) to disentangle population mixing. These distances will allow to 402 

compare different environmental conditions and pressure from anthropogenic activities (Loaiza 403 

et al. 2020a).  404 

 405 

A multi-species (number of samples; n=6) approach based on ecologically and economically 406 

important species requires a medium budget (~ 9 570  (Fig 5). The budget is mainly 407 

related to the measurement costs of biomarkers such as fatty acids 408 

replicates per species), but also numerous metals (n=7; As, Cd, Cu, Fe, Ni, Pb and Zn; 6 409 

replicates per species). The advantage of measuring fatty acids and micro-nutrients (e.g. Fe, 410 

Zn,...) is its dual use as tracer and biomarker, and as beneficial compound for nutritional 411 

approaches. Seasons but also low-and-high rain periods (T.L(f): 5; 4 seasons + 1 extra sampling 412 

in summer (i.e. high-raining period)) are considered in this approach based on the impact of the 413 

river discharges (incl. other environmental factors) on the seafood safety and quality (Loaiza et 414 

al. 2018). 415 

 416 

An ecosystem-based approach requires a large budget (~ 16 296  because of the 417 

high number of environmental compartments to be sampled, and the number of sampling (~ 6) 418 

expeditions in order to collect all samples per region (Fig 5). In order to have a robust picture 419 

of the ecosystem tropho-dynamics and functionality in Peruvian marine ecosystems, a 420 

minimum number of species (or trophic levels) is required for the analysis (n= ~23; 20 marine 421 
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his number of species is related to 422 

the high biodiversity (and abundance) found in the study locations along the Peruvian coast 423 

(Loaiza et al. 2020b; c). The budget of 16 296  (n=3; As, 424 

) and stable isotopes ( 15N and 13C) to be analyzed. In case of the nutritional 425 

approach, e.g. to search for new marine foods, the amount would reach up to a ~2-fold higher 426 

cost due to the fatty acid analysis (Loaiza et al. 2020b). Regional and seasonal samplings are a 427 

priority for numerous species approaches (i.e. multi-species or ecosystem) due to the high 428 

budget per sampling action. This sampling method has the advantage that it can answer 429 

additional research questions related to the effect of climate and oceanographic characteristics 430 

(i.e. ongoing Climate Change, El Niño event), which is stronger at the regional level.  431 

 432 

4. Future perspectives for marine contamination research in Peru  433 

 434 

4.1 Improving feeding practices and nutrition of Peruvians 435 

 436 

Health risk assessments could be part of an EHS monitoring when the human component is 437 

included, e.g. the analysis of beneficial and risk elements (or compounds) of commercial 438 

(~edible) species for humans; which gives insights and useful information to estimate the health 439 

status, risks and habits of certain populations (Oremus et al. 2011). Fig 6 shows preliminary 440 

guidelines for seafood consumption based on the results obtained in Loaiza et al. (2018; 2020b). 441 

Both studies used risk indices to estimate the possible adverse effects of metal ingestion through 442 

the consumption of edible, potentially-edible and non-edible species. In human health, a very 443 

precautionary approach must be considered in order to give preventive information to the 444 

decision makers (Lipfert et al. 2005).  445 

 446 
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Loaiza et al. (2018) used the maximum level (MAL) of metal in edible species for index 447 

calculations, instead of average values as was the case in Loaiza et al. (2020b). For example, 448 

the safe amount (per week) that can be consumed of the snail Bursa ventricosa was a rate of 449 

0.02 kg/week in Loaiza et al. (2018), a 10-fold lower value than the calculated amount (0.21 450 

kg/week) with the average metal concentrations of Loaiza et al. (2020b) (Fig 6). It is noteworthy 451 

to mention that Loaiza et al. (2020b) also included more precise ingestion rates in the analysis 452 

per study area, based on the frequency feeding questionnaires (FFQ; incl. anthropometrics), 453 

while the other study used ingestion rates estimated from the seafood (item) available for a 454 

Peruvian person from Food Balance Sheets (FBS) (FAO, 2019). 455 

 456 

When the estimated ingestion rates based on FFQ and FBS were compared, we found 457 

considerably differences: mollusks are ingested (or supplied) in up to 35 times larger quantities 458 

(in accordance to the FBS) than the ~0.4 g/day estimated value for snail consumption using the 459 

FFQ. An over-estimation could also be observed for crustaceans, up to 7-fold higer ingestion 460 

rates (i.e. 2.8 g/day) were calculated using FBS. However, octopus (i.e. cephalopods) 461 

consumption was under-estimated using FBS, with 0.8 g/day compared to an average of 5.0 462 

g/day, based on FFQ. For fish consumption, the FFQ results in a range of 36-42 g/day were 463 

comparable with the national estimated consumption (~14.5 kg/yr or 39.7 g/day; PRODUCE, 464 

2019) from the Peruvian goverment. It is worth noting that FBS estimations and national 465 

estimated consumptions are based on the entire Peruvian (population) regions, while the FFQ 466 

were conducted in coastal populations in the North and South, partially explaining some of the 467 

differences.  468 

 469 

In conclusion, a good preliminary analysis is required to properly address actual risks. In this 470 

case MAL values would give the most protective advise to the Peruvian authorities or decision 471 
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makers, i.e. SANIPES, PRODUCE, among others (see Fig 6). However, this risk could be over-472 

estimated when FBS data (i.e. food item supply or availability) are used. Individual intake levels 473 

(incl. anthropometrics) from nutritional and social surveys (e.g. FFQ) for specific populations 474 

give the most accurate information to determine the actual risks for seafood consumption in 475 

Peru. A probabilistic model (e.g. Monte Carlo simulation) that integrates the specific-individual 476 

intake and seafood nutrient/contaminant could be also an interesting methodology to determine 477 

the risk and benefit for Peruvian seafood consumption and was already suggested to be used in 478 

future studies (Sioen et al. 2007).  479 

 480 

Further studies and interventions on improving feeding practices and nutrition of the local 481 

population on the long term are needed in Peru. Chronic malnutrition in children (< 5 year) and 482 

chronic diseases in adults are still severe problems in Peru (Majluf et al. 2017). Risk estimations 483 

are valuable information but posteriori actions are the important steps to tackle and attenuate 484 

the real problem. This can be realized 1) by providing education on seafood quality to 485 

researchers, doctors, fishermen and teachers at the local scale, and 2) by increasing awareness 486 

on food safety and food quality for seafood through guidelines at the national level. The 487 

combined work of public health experts and marine biologists could lead to actions (e.g. human 488 

health evaluations) at different levels of organization and interactions (Fig 7). 489 

 490 

491 

and perceived benefits over health (e.g., malnutrition and chronic diseases) are factors that 492 

could contribute to the acceptance and consumption of seafood (Laraia et al. 2013). We suggest 493 

the use of a socioecological perspective for understanding the range of factors and actors that 494 

influence health and seafood consumption (Peters et al, 2008).  The socio-ecological model 495 

proposes that behaviour is influenced by five levels of social environments which include 496 
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intrapersonal, interpersonal, institutional, community and public policy: i) at personal level, e.g. 497 

with issues related to knowledge and skills, ii) at interpersonal level e.g. factors influencing the 498 

social network or the interaction between community members, and family, iii) at community 499 

level, e.g. information available at a health care level or from programme promoters, iv) at 500 

institutional level, e.g. availability of actors and programmes and delivered interventions in the 501 

study area and v) at policy level, e.g. general mandates or governmental sectoral policies (incl. 502 

human health care projects) (Fig 7). As a result, all actors will be involved in the development 503 

of guidelines for seafood consumption in Peruvian populations.  504 

 505 

To improve feeding practices and nutrition of the local population in Peru on the long term, we 506 

proposed to design an intervention study over a 4-year period. Data collection will include 507 

repeated observations of the same variables at two moments, at the baseline (before the 508 

intervention) and at the end of the study (after the intervention). Participants will include 509 

children under 5 years, and men and women from specific locations in Peru. The following data 510 

could be collected at the baseline and the end of the study: 1) Socio-economic status (SES) and 511 

livelihoods questionnaire: socio-economic information will include demographic 512 

513 

adapted from the National Demographic and Health Survey (INEI, 2021; ENDES, 2020).  514 

Additionally, the questionnaire will collect information regarding the five capitals of the 515 

Sustainable Livelihoods Framework: financial, human, social, physical and natural (Lax & 516 

Krug, 2013). All this information will be used to determine the changes that improving seafood 517 

consumption can have over those capitals providing a score, which can subsequently be 518 

translated to poverty reduction, well-being and capabilities as well as livelihoods adaptation, 519 

vulnerability and resilience (Fig 7) (Commodore et al. 2013); 520 

 521 
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2) Food security and feeding practices assessments: This will be carried out in a food frequency 522 

questionnaire (FFQ) to estimate dietary intake and through direct observation on a subset of 523 

participants as in Loaiza et al. (2020b) (Fig 7);  524 

 525 

3) Health assessments: For  children under 5 years old, anthropometric measurements will be 526 

conducted to determine the prevalence of stunting, wasting, and the use finger pricking to 527 

determine anemia prevalence in these populations. In case of men and women, they will 528 

undergo a health evaluation that includes: anthropometric measurements, blood pressure, and a 529 

lipid and glucose profile using a point of care system. These measures will allow the diagnosis 530 

of metabolic syndrome, hypertension and diabetes (Fig 7) (Sanchez-Samaniego et al. 2019);  531 

4) Elaborate and implement an education food safety guideline/educational materials: The 532 

seafood composition and properties, estimates of dietary intake and health assessments at the 533 

beginning and after the intervention will provide an insight of the required changes to improve 534 

the feeding habits. Food safety and food quality guidelines will be developed in cooperation 535 

with the local population (incl. teachers, doctors, fishers and government functionaries) in 536 

workshops. Awareness of possible consequences of seafood consumption for human health will 537 

also be discussed during these activities. Finally, this will provide the basic information to 538 

establish policies for socio-environmental and human health care at the national government 539 

level (Fig 7).  540 

 541 

All actors will be informed about seafood biochemical properties and the benefits and risks of 542 

seafood consumption, in terms of human health conditions. So far, local population and 543 

authorities are not aware about the consequences of consuming contaminated seafood, and what 544 

frequency and amount of consumption is possible according to risk assessments. On the other 545 

hand, micronutrients and fatty acids (e.g. omega-3 fatty acids) from seafood can contribute to 546 
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a good nutrition of children and the local population in general. At the same time, to know 547 

which species are the richest in nutrients and properties and how this varies according to 548 

individual size, season, location, etc., is required for a sustainable use of marine resources on 549 

the long term.  550 

 551 

4.2 New marine foods for alternative diets 552 

 553 

Peruvian marine species exhibited high average amounts of 180, 100 and 40 mg/100g for EPA, 554 

DHA and ARA, respectively along the Peruvian coast (Loaiza et al. 2020b). Some of the highest 555 

concentrations were found in marine species that are characterized as potentially-edible or non-556 

edible species for Peruvian consumers, suggesting that consumption of at least these species 557 

considered as potentially-edible could be promoted.  558 

Food resources from land or sea ecosystems are getting depleted worldwide (Assadourian, 559 

2010). The food industry has exponentially increased in recent decades because of the need to 560 

produce enormous amounts of food (Parodi et al. 2018). The overexploitation of marine-based 561 

resources is also the reason of the abrupt decline of the biomass of some species (Morato et al. 562 

2006). The over-fishing of a few marine species as food sources and under-utilization (e.g. 563 

discards) of others is the cause of environmental degradation, as has been registered in fisheries 564 

historical records (e.g. Peruvian anchovy Engraulis ringens) (Boerema & Gulland 1973). 565 

Because of this non-sustainable scenario the use of alternative diets must be considered (Parodi 566 

et al. 2018). 567 

 568 

New marine foods, perceived as potentially edible or even when considered non-edible by 569 

Peruvians, offer possibilities to be used as alternative diets (Loaiza et al. 2020b). However, 570 

attention has to be paid to food processing of different marine species (i.e. sea urchin, crabs, 571 
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572 

potentiality as nutritive commercial products. Physical and chemical processes could be applied 573 

to change texture and taste, and simultaneously to reduce their content of any toxic or harmful 574 

elements (e.g. metals, viruses, or other contaminants/patogens) (Hajeb et al. 2014; Piras et al. 575 

2016). A scientific approach should be applied to find the most suitable process to minimize, 576 

for example, the metal contamination in these new marine foods. In addition, it is necessary to 577 

try to give them the best sensorial properties for human consumption.  578 

 579 

Next to their shape and best properties, the method of preparation/cooking will be important as 580 

well. Increasing temperature by baking and steaming could considerable decreased the Pb and 581 

Cd concentration in fish (Atta et al. 1997). Cooking and boiling of algae could eliminate As up 582 

to 95% and 50%, respectively (Hajeb et al. 2014). Preparation and proper cleaning of edible 583 

tissues (e.g. remove of kidney, hepatopancreas) also considerably reduced the metal contents 584 

in mollusk bivalves (Bach et al. 2014). On the other hand, ethylenediaminetetraacetic acid 585 

(EDTA) and cysteine are chemicals (i.e. chelating agents) with the highest potential application 586 

of the industrial removal of toxic elements (Hajeb and Jinap 2012; Hajeb et al. 2014). By using 587 

response surface methodology (RSM), dipping raw mackerel fish fillets in a mixed solution of 588 

i.e. cysteine, EDTA, hydrochloric acid, sodium hydroxide and salt, the optimum conditions 589 

resulted in up to 91% Hg reduction (Hajeb and Jinap 2012). 590 

 591 

Loaiza et al. (2020b) confirmed that the most promising new marine foods were the crabs 592 

Cycloxanthops sexdecimdentatus and Cancer plebejus, because of their beneficial chemical 593 

profile and low levels of potentially harmful (e.g. As, Cd) metals. The sea urchin Tetrapigus 594 

niger, the crab Inachoides lambriformis, the mussel Semimytilus algosus, the mantis shrimp 595 

Squilla sp. and the highly abundant squat lobster Pleuroncodes monodon contained high LC-596 
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PUFA (EPA + DHA + ARA) concentrations but also Cd concentrations, which makes it more 597 

complex to select them as suitable food.  598 

 599 

When these new marine foods are compared to land-based foods (meat), the EPA + DHA 600 

concentrations are up to ~190-fold higher (see Fig 8). Their use as edible species could be 601 

possible after testing by an appropriate process for metal depuration and/or sequestration. It is 602 

worth to mention that the previous physical (e.g. thermal treatment) and chemical processes 603 

could also alter the beneficial compounds, e.g. PUFAs (Piras et al. 2016). Subsequently the new 604 

marine foods could be tested as safe and acceptable (i.e. certified) for human consumption. 605 

Ecosystem-based management studies must be conducted prior to their exploitation in order to 606 

avoid and repeat previous experiences of intensive resource exploitation (e.g. as most large 607 

fisheries from the last decades).  608 

 609 

5. Conclusions 610 

 611 

612 

613 

614 

615 

616 

617 

POM sensu lato618 

Environmental 619 

contamination and stressors are even reaching the Peruvian MPAs. The management of coastal 620 

marine areas and MPAs in Peru should be re-formulated in terms of possible direct and indirect 621 
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environmental impacts in their vicinity. For a proper EHS monitoring, we suggest to consider 622 

the single-species approach with a previously studied species (or genus), this approach could 623 

be optimal in terms of cost-benefits (budget: 2 76 ), while give interesting insights 624 

of the current EHS. Adjacent fields (e.g. human health, nutrition) could be covered when EHS 625 

monitoring are performed, whether the beneficial compounds (e.g. PUFAs) and elements (e.g. 626 

Fe, Zn) for humans are considered in the analysis. Safe amounts of seafood for human 627 

consumption are more reliable when FFQ data is used, estimations indicated that amounts are 628 

species-specific according to the metal load per species, and from 130 to 680 g are allowed for 629 

consumption per week. The beneficial intake as consequence of the consumption of Peruvian 630 

seafood at these safe amounts could reach about 200 mg PUFA, which could substantially help 631 

to improve the health of Peruvians in a sustainable way. For future marine research in Peru, the 632 

human component should be always considered in order to talckle current concerns in Peru, 633 

e.g. malnutrition and anaemia which could be addressed by providing new knowledge of 634 

nutritive marine foods.      635 

 636 

6. Acknowledgments 637 

 638 

This study was conducted in the frame of the MACOPSproject 639 

(https://macopsproject.wordpress.com) and was supported and financed by Consejo Nacional 640 

de Ciencia, Tecnología e Innovación Tecnológica (CONCYTEC), Peru. Contrato 214-2015-641 

FONDECYT. The research leading to the results (i.e. fatty acids) presented in this publication 642 

was carried out with infrastructure funded by EMBRC Belgium - FWO international research 643 

infrastructure I001621N. The fatty acid profiling was also supported by Special Research Fund 644 

of Ghent University (BOF-645 

last author. Sincere thanks to Giuliana 646 



27 
 

S. Samaniego and Stella M. Hartinger for their comments and suggestions to help to improve 647 

the human health section (i.e. Improving feeding practices and nutrition of Peruvians) of this 648 

study. We would like to also thank to Renata A.M.S that helped with the ArcGIS of this 649 

publication, and Bruno Vlaeminck (UGent), Steven Joosen and Valentine Mubiana (UAntwerp) 650 

for their help with the chemical analyses. 651 

 652 

7. References 653 

 654 
 Abdulkadir, S., & Tsuchiya, M. (2008). One-step method for quantitative and 655 

qualitative analysis of fatty acids in marine animal samples. Journal of Experimental 656 

Marine Biology and Ecology, 354(1), 1 8. https://doi.org/10.1016/j.jembe.2007.08.024 657 

 Assadourian, E. (2010). Transforming cultures: From consumerism to sustainability. 658 

Journal of Macromarketing, 30(2), 186-191. 659 

https://doi.org/10.1177/0276146710361932  660 

 Atta, M. B., El-Sebaie, L. A., Noaman, M. A., & Kassab, H. E. (1997). The effect of 661 

cooking on the content of heavy metals in fish (Tilapia nilotica). Food Chemistry, 58(1-662 

2), 1-4.  https://doi.org/10.1016/0308-8146(95)00205-7 663 

 Bach, L., Sonne, C., Rigét, F. F., Dietz, R., & Asmund, G. (2014). A simple method to 664 

reduce the risk of cadmium exposure from consumption of Iceland scallops (Chlamys 665 

islandica) fished in Greenland. Environment International, 69, 100 103. 666 

https://doi.org/10.1016/j.envint.2014.04.008 667 

 Barriga-Sánchez, M., & Pariasca, D. A. (2018). Bioacumulación de plomo, cadmio y 668 

mercurio en Argopecten purpuratus (Lamarck, 1819) y Aulacomya ater (Molina, 1782), 669 

especies comerciales del perú, y su evaluación de riesgo a la salud. Ecología Aplicada, 670 

17(1), 53-60. http://dx.doi.org/10.21704/rea.v17i1.1173   671 

 Boerema, L. K., & Gulland, J. A. (1973). Stock assessment of the Peruvian anchovy 672 

(Engraulis ringens) and management of the fishery. Journal of the Fisheries Board of 673 

Canada, 30(12), 2226-2235. 674 

 Booth, S., Walters, W. J., Steenbeek, J., Christensen, V., & Charmasson, S. (2020). 675 

An Ecopath with Ecosim model for the Pacific coast of eastern Japan: Describing the 676 



28 
 

marine environment and its fisheries prior to the Great East Japan earthquake. 677 

Ecological Modelling, 428, 109087. https://doi.org/10.1016/j.ecolmodel.2020.109087 678 

 Breitwieser, M., Vigneau, E., Viricel, A., Becquet, V., Lacroix, C., Erb, M., ... & Graber, 679 

M. (2018). What is the relationship between the bioaccumulation of chemical 680 

contaminants in the variegated scallop Mimachlamys varia and its health status? A study 681 

carried out on the French Atlantic coast using the Path ComDim model. Science of the 682 

Total Environment, 640, 662-670. https://doi.org/10.1016/j.scitotenv.2018.05.317 683 

 Cabarcos, E., Flores, J. A., & Sierro, F. J. (2014). High-resolution productivity record 684 

and reconstruction of ENSO dynamics during the Holocene in the Eastern Equatorial 685 

Pacific using coccolithophores. The Holocene, 24(2), 176-187. 686 

 Canadian Council of Ministers of the Environment, 1999. Canadian Sediment Quality 687 

Guidelines for the Protection of Aquatic Life 688 

 Chavez, F. P., Bertrand, A., Guevara-Carrasco, R., Soler, P., & Csirke, J. (2008). The 689 

northern Humboldt Current System: Brief history, present status and a view towards the 690 

future. Progress in Oceanography, 79, 95-105. DOI: 10.1016/j.pocean.2008.10.012 691 

 Christensen, V., De la Puente, S., Sueiro, J. C., Steenbeek, J., & Majluf, P. (2014). 692 

Valuing seafood: The Peruvian fisheries sector. Marine Policy, 44, 302-311. 693 

https://doi.org/10.1016/j.marpol.2013.09.022 694 

 Commodore, A. A., Zhang, J. J., Chang, Y., Hartinger, S. M., Lanata, C. F., Mäusezahl, 695 

D., ... & Wang, J. S. (2013). Concentrations of urinary 8-hydroxy- -deoxyguanosine 696 

and 8-isoprostane in women exposed to woodsmoke in a cookstove intervention study 697 

in San Marcos, Peru. Environment international, 60, 112-122. 698 

https://doi.org/10.1016/j.envint.2013.08.013 699 

 De Troch M, Boeckx P, Cnudde C, Van Gansbeke D, Vanreusel A, Vincx M, Caramujo 700 

MJ (2012) Bioconversion of fatty acids at the basis of marine food webs: insights from 701 

a compound-specific stable isotope analysis. Mar Ecol Prog Ser 465:53-67. 702 

https://doi.org/10.3354/meps09920  703 

 Docmac, F., Araya, M., Hinojosa, I. A., Dorador, C., & Harrod, C. (2017). Habitat 704 

coupling writ large: pelagic derived materials fuel benthivorous macroalgal reef fishes 705 

in an upwelling zone. Ecology, 98(9), 2267-2272. https://doi.org/10.1002/ecy.1936 706 

 EEA, 2019. European Environment Agency. https://www.eea.europa.eu/soer-707 

2015/europe/marine-and-coastal#tab-based-on-indicators 708 



29 
 

ENDES, 2020. La Encuesta Demográfica y de Salud Familiar ENDES, 2020. 709

https://proyectos.inei.gob.pe/endes/  710 

 Espinoza, P., Lorrain, A., Ménard, F., Cherel, Y., Tremblay-Boyer, L., Argüelles, J., ... 711 

& Bertrand, A. (2017). Trophic structure in the northern Humboldt Current system: 712 

new perspectives from stable isotope analysis. Marine Biology, 164(4), 1-15. 713 

https://doi.org/10.1007/s00227-017-3119-8 714 

 FAO, (2019). Food and Agriculture Organization of the United Nations. 715 

http://www.fao.org  716 

 Hajeb, P., & Jinap, S. (2012). Reduction of mercury from mackerel fillet using 717 

combined solution of cysteine, EDTA, and sodium chloride. Journal of agricultural and 718 

food chemistry, 60(23), 6069-6076. 719 

 Hajeb, P., Sloth, J. J., Shakibazadeh, S., Mahyudin, N. A., & Afsah Hejri, L. (2014). 720 

Toxic elements in food: Occurrence, binding, and reduction approaches. 721 

Comprehensive Reviews in Food Science and Food Safety, 13(4), 457-472. 722 

https://doi.org/10.1111/1541-4337.12068 723 

 Huyer, A., Knoll, M., Paluszkiewicz, T., & Smith, R. L. (1991). The Peru Undercurrent: 724 

a study in variability. Deep Sea Research Part A. Oceanographic Research Papers, 38, 725 

S247-S271. 726 

 INEI, 2021. El Instituto Nacional de Estadísticañ e Informática (INEI) , 2021. 727 

https://www.inei.gob.pe/ 728 

 Kluger, L. C., Taylor, M. H., Mendo, J., Tam, J., & Wolff, M. (2016). Carrying 729 

capacity simulations as a tool for ecosystem-based management of a scallop 730 

aquaculture system. Ecological modelling, 331, 44-55. 731 

https://doi.org/10.1016/j.ecolmodel.2015.09.002 732 

 Laraia, B., Epel, E., Siega-Riz, A. M., 2013. Food insecurity with past experience of 733 

restrained eating is a recipe for increased gestational weight gain. Appetite, 65, 178-734 

184. 735 

 Lavallée, D., & Michèle, J. (2012). Prehistoria de la Costa Extremo Sur del Perú. Los 736 

pescadores arcaicos de la Quebrada de los Burros (10 000 7000 BP). 737 

 Lax, J., & Krug, J. (2013). Livelihood Assessment: A participatory tool for natural 738 

resource dependent communities (No. 7). Thünen working paper. 739 



30 
 

Lipfert, F., Morris, S., Sullivan, T., Moskowitz, P., & Renninger, S. (2005). 740

Methylmercury, fish consumption, and the precautionary principle. Journal of the Air 741 

& Waste Management Association, 55(4), 388-398. 742 

 Loaiza I. (2020c). Marine species associated to Peruvian scallop Argopecten purpuratus 743 

culture: trophic interactions and contaminant exposure. Doctoral thesis. Ghent 744 

University, 345 pp.  745 

 Loaiza, I., De Boeck, G., Alcazar, J., Campos, D., Cárdenas Alayza, S., Ganoza, M., 746 

... & De Troch, M. (2021). Trophic interactions and metal transfer in marine 747 

ecosystems driven by the Peruvian scallop Argopecten purpuratus aquaculture. 748 

Journal of the World Aquaculture Society. https://doi.org/10.1111/jwas.12822 749 

 Loaiza, I., De Troch, M., & De Boeck, G. (2018). Potential health risks via consumption 750 

of six edible shellfish species collected from Piura  Peru. Ecotoxicology and 751 

Environmental Safety, 159(November 2017), 249 260. 752 

https://doi.org/10.1016/j.ecoenv.2018.05.005 753 

 Loaiza, I., De Troch, M., & De Boeck, G. (2020b). Marine species as safe source of LC-754 

PUFA and micronutrients: insights in new promising marine food in Peru. Food 755 

Chemistry, 126724. https://doi.org/10.1016/j.foodchem.2020.126724 756 

 Loaiza, I., Pillet, M., De Boeck, G., & De Troch, M. (2020a). Peruvian scallop 757 

Argopecten purpuratus: From a key aquaculture species to a promising biondicator 758 

species. Chemosphere, 239, 124767. 759 

https://doi.org/10.1016/j.chemosphere.2019.124767 760 

 Long, E. R., Macdonald, D. D., Smith, S. L., & Calder, F. D. (1995). Incidence of 761 

adverse biological effects within ranges of chemical concentrations in marine and 762 

estuarine sediments. Environmental management, 19(1), 81-97. 763 

https://doi.org/10.1007/BF02472006 764 

 Majluf, P., De la Puente, S., & Christensen, V. (2017). The little fish that can feed the 765 

world. Fish and fisheries, 18(4), 772-777. https://doi.org/10.1111/faf.12206 766 

 Melgar-Sasieta, H. A., Brossard-Nunez, I. P., & Olivares-Poggi, C. A. (2018). Current 767 

Status of Research Information Management in Peru. 768 

https://doi.org/10.1016/j.procs.2019.01.096 769 

 Mendo, J., Wolff, M., Mendo, T., & Ysla, L. (2016). Scallop fishery and culture in 770 

Peru. In Developments in Aquaculture and Fisheries Science (Vol. 40, pp. 1089-771 

1109). Elsevier. https://doi.org/10.1016/B978-0-444-62710-0.00028-6 772 



31 
 

MINEM. 2019. Ministerio de Energía y Minas, 2019. https://www.gob.pe/minem773

 Morato, T., Watson, R., Pitcher, T. J., & Pauly, D. (2006). Fishing down the deep. Fish 774 

and fisheries, 7(1), 24-34. 775 

 Moron, G., Galloso, P., Gutierrez, D., & Torrejon-Magallanes, J. (2019). Temporal 776 

changes in mesoscale aggregations and spatial distribution scenarios of the Peruvian 777 

anchovy (Engraulis ringens). Deep Sea Research Part II: Topical Studies in 778 

Oceanography, 159, 75-83. https://doi.org/10.1016/j.dsr2.2018.11.009 779 

 MSFD, 2021. The Marine Strategy Framework Directive (MSFD). European 780 

Comission. https://ec.europa.eu/environment/marine/eu-coast-and-marine-781 

policy/marine-strategy-framework-directive/index_en.htm  782 

 ODPHP, 2019. Office of Disease Prevention and Health Promotion. 783 

https://www.healthypeople.gov/2020/topics-objectives/topic/environmental-health 784 

 Oremus, M., Hammill, A., & Raina, P. (2011). Health risk appraisal. 785 

 Parodi, A., Leip, A., De Boer, I. J. M., Slegers, P. M., Ziegler, F., Temme, E. H., ... & 786 

Van Loon, J. J. A. (2018). The potential of future foods for sustainable and healthy diets. 787 

Nature Sustainability, 1(12), 782. https://doi.org/10.1038/s41893-018-0189-7 788 

 Peters, D. H., Garg, A., Bloom, G., Walker, D. G., Brieger, W. R., & Hafizur Rahman, 789 

M. (2008). Poverty and access to health care in developing countries. Annals of the 790 

new York Academy of Sciences, 1136(1), 161-171. 791 

 Piras, C., Roncada, P., Rodrigues, P. M., Bonizzi, L., & Soggiu, A. (2016). Proteomics 792 

in food: quality, safety, microbes, and allergens. Proteomics, 16(5), 799-815. 793 

 PRODUCE, 2019. Ministerio de la Producción, 2019. https://www.gob.pe/produce. 794 

 Sanchez-Samaniego, G., Mäusezahl, D., Carcamo, C., Probst-Hensch, N., Verastegui, 795 

H., & Hartinger, S. M. (2019). Improved cookstoves and the prevalence of metabolic 796 

syndrome in the rural Peruvian Andes: a quasi-experimental study. 797 

https://doi.org/10.21203/rs.2.14701/v  798 

 SANIPES, 2019. Organismo Nacional de Sanidad Pesquera, 2019. 799 

https://www.sanipes.gob.pe 800 

 Sioen, I., De Henauw, S., Verbeke, W., Verdonck, F., Willems, J. L., & Van Camp, J. 801 

(2008). Fish consumption is a safe solution to increase the intake of long-chain n-3 fatty 802 

acids. Public health nutrition, 11(11), 1107-1116. 803 

https://doi.org/10.1017/S1368980007001450 804 



32 
 

Tacon, A. G., & Metian, M. (2013). Fish matters: importance of aquatic foods in human 805

nutrition and global food supply. Reviews in Fisheries Science, 21(1), 22-38. 806 

https://doi.org/10.1080/10641262.2012.753405 807 

 Taylor, M. H., Wolff, M., Vadas, F., & Yamashiro, C. (2008). Trophic and 808 

environmental drivers of the Sechura Bay Ecosystem (Peru) over an ENSO cycle. 809 

Helgoland Marine Research, 62(1), 15-32. 810 

 U.S. EPA, 2019. Sediment Contamination. 811 

est5  812 

 Varotsos, C. A., & Krapivin, V. F. (2018). Pollution of Arctic waters has reached a 813 

critical point: an innovative approach to this problem. Water, Air, & Soil Pollution, 814 

229(11), 1-14. https://doi.org/10.1007/s11270-018-4004-x  815 

 Varotsos, C. A., & Krapivin, V. F. (2019). Modeling the state of marine ecosystems: 816 

A case study of the Okhotsk Sea. Journal of Marine Systems, 194, 1-10. 817 

https://doi.org/10.1016/j.jmarsys.2019.02.003  818 

 Walters, W. J., & Christensen, V. (2018). Ecotracer: analyzing concentration of 819 

contaminants and radioisotopes in an aquatic spatial-dynamic food web model. 820 

Journal of environmental radioactivity, 181, 118-127. 821 

https://doi.org/10.1016/j.jenvrad.2017.11.008 822 

 WHO, 2019. The World Health Organization. http://www.euro.who.int/en/health-823 

topics/environment-and-health/pages/european-environment-and-health-process-824 

ehp/environment-and-health-in-europe-status-and-perspectives 825 

 Yucra, S., Steenland, K., Chung, A., Choque, F., & Gonzales, G. F. (2006). Dialkyl 826 

phosphate metabolites of organophosphorus in applicators of agricultural pesticides in 827 

Majes Arequipa (Peru). Journal of Occupational Medicine and Toxicology, 1(1), 27. 828 

https://doi.org/10.1186/1745-6673-1-27 829 



1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Location of the sampling areas in Sechura Bay (incl. Zona Reservada Illescas), Paracas 

Bay and Marcona. Southern (SL) and Northern (NL) locations in Sechura Bay; one location in 

front of the Illescas Reserved Zone (IRZ); PL1 and PL2 locations in Paracas Bay; and PSJ in 

front the Zona Reservada Punta San Juan, and SHO in front of the Shougang iron mining 

company. 
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Fig 2. of sediment (circle) and seston (triangle) per location 

compared to the Effects Range-Low (ERL) (   ) and Effects Rage-Median (ERM) (   ) limits 

from Long (1995), and 

Canadian Council of Ministers of the Environment (1999). 

  



5 
 

 

 

 

Marine basal resource Fresh-brackish basal resource 

a 

c 
a 

bc 

bc 

b 

a 

c 
a 

bc ac 

b 

Marine basal resource Fresh-brackish basal resource 

Marine basal resource Fresh-brackish basal resource 



6 
 

 

Fig 3. Metal concentrations (µg/g dwt.) in environmental compartments from the freshwater-

brackish and marine water environments. Different letters indicate significant (p<0.05) 

differences between freshwater-brackish and marine basal resources. 
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Fig 4. Metal concentrations (µg/g dwt.) in sediment and POM in the proximity to the MPAs. 

The northern MPA is Illescas Reserved Zone, the center MPA is the Paracas National Reserve 

and the southern MPA is the Punta San Juan Reserve. In front, near and far distances refer to 

1-5, 10-12 to up to 25 miles, respectively from the MPA. Different numbers indicate significant 

(p<0.05) differences within distances in the north (1,2,3) and in the south  (4,5), and different 

letters for significant differences between regions within front (a,b,c) and near (d,e) locations.
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Note.- to our knowledge, the most (financially) feasible pathway is printed in black, and toward the lighter attenuation up to white as 

the least (financially) feasible. 

 

Fig 5. Cost-benefit analysis based on the different approaches to estimate environmental health 

status (EHS) in marine studies (Loaiza et al. 2018; 2020a; 2020b)

calculated using: metals (e.g. potentially harmful), micro-nutrients and fatty acids (non-harmful 

or beneficial) and stable isotopes as chemical analysis costs; and per sampling area and per 

year. Marine species drawings were made by the Peruvian artist Samantha Scavino, 2018. 
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Species and maximum allowed amounts to eat per week that are printed in red were calculated using maximum metal levels (MAL), 

while the printed in black were calculated with average metal levels (Loaiza et al. 2018; 2020b). Potentially edible and non-edible 

species and their respective EPA + DHA + ARA intakes that are printed in grey are based on the consumption of 100 g. (*) The flatfish 

P. adspersus -As concentrations, Cd 

was BDL for this species. The highest calculated values (i.e. maximum allowed amount and/or respective intake) were printed in bold.  

Fig 6. Guidelines for consumption of seafood from Peruvian marine sources 
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Fig 7. Scheme of interventions for improving feeding practices and nutrition for Peruvians. 
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Fig 8. EPA + DHA concentrations (mg/100g wwt.) for the new marine foods and land-based 

foods. Land-based EPA and DHA concentrations were based on Tacon & Metian, (2013). 


