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Abstract 

An ecosystem model – AQUATOX 3.1 (US EPA) – was used to evaluate the effects 

of single and mixed emerging pollutants and polycyclic aromatic hydrocarbons, in 

different temperature rise scenarios, on the macroinvertebrate’s communities from the 

Minho estuary (NW coast of Portugal). Biogeochemical and physiological 

parameterization was implemented based on available data. The used contaminant 

concentrations were annual average- Environmental Quality Standard while temperature 

rise scenarios were the representative concentration pathways RCP4.5 and RCP8.5. 

The biomass variation of the most representative macroinvertebrates species in the 

system according to the calibration set were analysed (C. carinata, H. diversicolor, H. 

ulvae, S. plana and C. maenas) and results showed that chemical mixture scenarios 

induced more adverse responses on the macroinvertebrate assemblages compared to 

single-stressor scenarios, suggesting the occurrence of non-linear interactions among 

stressors. From the four assessed emergent pollutants, 4-Nonylphenol was the one 

causing the most adverse effects on the macroinvertebrate assemblages, while 

fluoranthene was the most impactful polycyclic aromatic hydrocarbon, causing the 

enhancement of S. plana and the decline of the remaining species. Overall, this work 

shows that ecosystem modelling is a useful tool to test future scenarios of environmental 

pressure and, thus, may be used to support environmental management and decision-

making regarding estuaries and other aquatic ecosystems. 
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Emergent pollutants, Polycyclic aromatic hydrocarbons, Single stressors, Multiple 
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Resumo 

Um modelo de ecossistemas – AQUATOX 3.1 (US EPA) – foi usado para avaliar os 

efeitos de poluentes emergentes e de hidrocarbonetos policíclicos aromáticos, tanto 

isolados como em conjunto, em comunidades de macroinvertebrados do estuário do 

Minho (Costa Noroeste de Portugal), sob diferentes cenários de aumento de 

temperatura. A parametrização biogeoquímica e fisiológica foi implementada com 

recurso a informação já disponível. As concentrações de químicos usadas foram as 

médias anuais das normas de qualidade ambiental, enquanto que os cenários de 

aumento de temperatura foram de acordo com os “representative concentration 

pathways” RCP4.5 e RCP8.5. Foram analisadas as variações de biomassa das espécies 

de macroinvertebrados mais representativas do sistema de acordo com o modelo de 

calibração (C. carinata, H. diversicolor, H. ulvae, S. plana e C. maenas) e os resultados 

mostraram que os cenários com mistura de poluentes induziram respostas mais 

adversas para estas espécies do que os cenários com os poluentes isolados. Dos quatro 

poluentes emergentes testados, o 4-Nonylphenol foi o que causou efeitos mais adversos 

para a generalidade dos macroinvertebrados enquanto que o fluoranteno foi o 

hidrocarboneto policíclico aromático que causou mais impactos, nomeadamente ao 

exacerbar a biomassa de S. plana e ao restringir severamente as restantes espécies. 

No geral, esta tese mostra a importância da modelação de ecossistemas como uma 

ferramenta essencial para testar futuros cenários de pressão ambiental e, por isso, é 

recomendado o seu uso como suporte à gestão ambiental e à tomada de decisões no 

que diz respeito aos estuários e outros ecossistemas aquáticos. 
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1.  Introduction 

Water is, without a doubt, the most important natural resource on Earth. Going from 

its nano-scale molecule form, where its chemical properties allow several biological 

reactions, to its macro-scale as seas and oceans that, besides being the habitat of 

millions of species,  water is also important for the planet’s climate equilibrium and for 

the history of humanity throughout the centuries (e.g. constituting a milestone in the 

international trading and travel history). Nowadays, water remains essential to a wide 

range of human activities that ensure economic development and human welfare (e.g. 

providing energy in dams and as a support for people and goods transportation). 

With the population growing exponentially accompanied by the demand for domestic 

freshwater, governments soon realised the urgent need to investigate how to extract, 

transform and reuse freshwater in a way that prevents its depletion. In this way, water 

treatment plants (WTPs) and wastewater treatment plants (WWTPs) were build. These 

infrastructures are a key step not only to produce treated water but also to remove 

unintended contaminants that could potentially be very harmful to aquatic environments. 

Decades later until today, the advances in industrial and agricultural activities caused 

new man-made chemicals to have negative impacts on the environment and public 

health. After being massively used in these sectors as well as incorporated in domestic 

and personal products, they find their way into water supplies, whether by discharges, 

leakages, or runoffs. Among the most impacted water bodies are estuaries. Estuaries 

can have long water residence times depending on their tidal range, potentially 

promoting the accumulation of contaminants as well as enhancing the appearance of 

algae blooms and other organisms (Warwick et al., 2018).  

Some of these new chemicals, like the endocrine-disrupting compounds (EDCs), can 

either mimic, obstruct or antagonize natural hormones in the endocrine system of 

animals, which have been linked to a variety of adverse effects to humans such as 

obesity, diabetes, cardiovascular diseases and abnormalities in the reproductive system 

(Balabanič et al., 2011; Giulivo et al., 2016 and references therein) but also to wildlife 

such as decreasing hatching success in turtles, masculinization (imposex) in female 

marine snails and reproduction impairment in fish (De Andrés et al., 2016; Domínguez-

Ojeda et al., 2015; Huang et al., 2015). 

Other chemicals such as pharmaceuticals and personal care products (PPCPs), 

which include antibiotics, hormones, antiepileptic and anti-inflammatory drugs (for 

pharmaceuticals) and insect repellents, preservatives and sunscreen UV filters (for 
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personal care products), are widely used for human therapy and livestock production 

and agriculture. PPCPs per se may not impose great risks to human health, as studies 

showed no significant effects based in the environmental concentrations found (Touraud 

et al., 2011; Yang et al., 2017). However, the addictive effects of PPCP mixtures, 

bioaccumulation, persistence and chronic exposures could be very impactful to the 

environment (De García et al., 2014; Ebele et al., 2017; Harada et al., 2008; Liu & Wong, 

2013). 

Both pharmaceuticals (Fent et al., 2006) and personal care products (Brausch & 

Rand, 2011) can act as EDCs or induce, for example, growth inhibition of algae (Yang 

et al., 2008) or oxidative stress in rainbow trout (Li et al., 2010).  

Also, continuous environmental exposure to antibiotics, for instance, may accelerate 

the emergence of antibiotic resistance genes (ARGs) which pose potential threat to both 

ecosystem and human health (Zhang et al., 2009). 

Some of the pollutants included in this work belong in the class of PPCPs (such as 

17α-etinylestradiol and diclofenac) and have reported impacts on aquatic life (Bhandari 

et al., 2015; Ericson et al., 2010; Fu et al., 2020; Länge et al., 2001; Laurenson et al., 

2014; Lonappan et al., 2016). Bisphenol A and 4-Nonylphenol may not be PPCPs, but 

they also are emerging pollutants. Thus, several studies have found evidence of toxicity 

to aquatic wildlife (Canesi & Fabbri, 2015; Kang et al., 2007; Soares et al., 2008). 

Wildfires are also responsible for releasing contaminants to aquatic environments 

such as PAHs. Among these, phenanthrene and fluoranthene will be studied. They are 

also chemicals of environmental concern like the previous chemicals, with some studies 

also pointing out toxicity to aquatic environments (de Souza Machado et al., 2014; Šepič 

et al., 2003; Spehar et al., 1999; Zhang et al., 2013). 

Chemical contaminants aren’t the only concern to the well-being of an ecosystem, 

since there is more and more evidences of climate change seriously affecting the aquatic 

environments and human well-being (Doney et al., 2011; Pecl et al., 2017), specifically 

temperature. Temperature rise can induce effects on the abundance and distribution of 

aquatic organisms such as benthic communities (Crespo et al., 2017; Hiscock et al., 

2004) as well as causing stress physiology in fish (Alfonso et al., 2020; Pörtner & Knust, 

2007), potentially disrupting the ecosystem balance. 

If both abiotic stressors are present (chemical inputs and temperature rise), it is 

expectable that a combined pressure to the ecosystem can occur. Its response to these 

multiple stressors can vary and should always be taken in consideration since it can lead 
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to unexpected responses (e.g. synergistic and antagonistic interactions) (Cabral et al., 

2019; Martins et al., 2019; Romero et al., 2018; Saaristo et al., 2019). 

 

1.1. Estuarine ecosystems 

The word estuary comes from the Latin word “aestuarium”, which is the combination 

of “aestus” (tide) plus “arium” (place for), indicating the tidal importance in its definition. 

Because there are many descriptions of an estuary, Wolanski and Elliott (2015) 

combined them into one, i.e. “a semi-enclosed body of water connected to the sea as far 

as the tidal limit or the salt intrusion limit and receiving freshwater runoff, recognizing that 

the freshwater inflow may not be perennial (it may occur only for part of the year) and 

that the connection to the sea may be closed for part of the year (e.g. by a sand bar) and 

that the tidal influence may be negligible”. Thus, the abiotic characteristics of an estuary 

are different from the sea and the river and there are usually more fluctuations of some 

factors such as salinity, temperature, and turbidity (McLusky & Elliott, 2004). These 

features make estuaries the home to unique plant and animal communities that have 

adapted to brackish water, the mix of freshwater and saltwater. This particular adaptation 

limits the biodiversity of estuaries when compared to truly marine environments or truly 

freshwater rivers. Nonetheless, the biomass and abundance of estuarine species is 

usually very high (Meire et al., 2005). 

Estuaries tend to be a detritus-based system, in which organic matter coming from 

different sources create rich layers of nutrients that supports all types of life (Wolanski & 

Elliott, 2015). This continuous input of new nutrients into the system, reaching both water 

column and sediments, makes estuaries a very productive ecosystem (McLusky & Elliott, 

2004). 

The primary producers of an estuary are essentially photosynthetic and attached to 

the substrate can be plants (e.g. salt marsh plants, see weeds, or eel grass), filamentous 

algae and microphytobenthos whereas in the water column it can be found 

phytoplankton. The consumers can be divided in primary consumers (deposit feeders 

such as annelids and suspension feeders such as molluscs, as well as zooplankton) and 

secondary consumers (such as crabs, fishes and birds) (McLusky & Elliott, 2004; 

Wolanski & Elliott, 2015). 

Estuaries can provide several ecosystem services, i.e., benefits people obtain from 

ecosystems (Table 1). The concept of ecosystem services was first used in the late 

1960s and research on them has been increasing over the years (Beaumont et al., 2007; 
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Boyd & Banzhaf, 2007; Burkhard & Maes, 2017; Costanza et al., 1997; De Groot et al., 

2002). 

They can be divided in provisioning, regulating, and cultural services that directly 

affect people and supporting services needed to maintain the other services (Leemans 

& De Groot, 2003). 

 

Table 1– Ecosystem services, divided in provisioning, regulating, cultural and supporting categories. Source: (Leemans 

& De Groot, 2003) 

 

 

Among the services estuaries can provide are climate regulation (e.g. flood 

mitigation), biogeochemical and nutrient cycling (e.g. nitrogen and phosphorus), 

biological control (i.e. trophic-dynamic regulations of populations), habitat (e.g. migratory 

species), food production (e.g. fish and crustaceans), raw materials (e.g. sand and fuel), 

and recreational and cultural activities (Costanza et al., 1997; Meire et al., 2005). This 

contributed to classify estuaries among the most valuable ecosystems (Costanza et al., 

1997). 

 

1.2. Environmental stressors and estuarine communities 

1.2.1. Temperature rise as a consequence of climate change 

Climate change, according to the Intergovernmental Panel on Climate Change 

(IPCC) is “a change in the state of the climate that can be identified by changes in the 
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mean and/or the variability of its properties, and that persists for an extended period, 

typically decades or longer”. It also assumes that these changes are due to natural 

variability or as result from human activity (IPCC, 2007). 

 

 

Figure 1- Time series showing the five-year average variation of global surface temperatures - 1990 (a), 2000 (b), 2010 

(c) and 2019 (d). Dark blue indicates areas cooler than average. Dark red indicates areas warmer than average. 

Source: https://climate.nasa.gov/vital-signs/global-temperature/, accessed in 20/10/2020. 

 

Climate change is linked to gas emissions so it manifests through global gradual 

temperatures rises that can potentially lead to sea-level rises. Data from NASA/GISS 

demonstrates this temperature increase among the years as illustrated in Figure 1. 

Human activity (mainly agriculture, industry, transportation and electricity/heat 

production) is extremely likely to be the main trigger to climate change and temperature 

rise, as they result in emissions of four long-lived greenhouse gases (GHGs): carbon 

dioxide (CO2), methane (CH4), nitrous oxide (N2O) and fluorinated gases (F-gases) 

(IPCC, 2014). All these gases trap heat in the Earth atmosphere, contributing to its 

continuous warming. 

The alarm bell rings with the projections for the remaining of the 21st century (Table 

2). The Representative Concentration Pathways (RCPs) describe four different 21st 

century pathways of GHG emissions and atmospheric concentrations, land use and air 

pollutant emissions. In all the scenarios, surface temperature is projected to rise and it 

is very likely that heat waves will occur more often and last longer, among other adjacent 

problematics like extreme precipitation events becoming more intense and frequent as 

(a) (b) 

(c) (d) 

https://climate.nasa.gov/vital-signs/global-temperature/
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well as a continuous warming and acidification of the ocean, with global mean sea level 

rise (IPCC, 2014).  

 

Table 2- Projected change in global mean surface temperature for the mid- and late 21st century, relative to the 1986–

2005 period. RCP2.6 is a stringent mitigation scenario that aims to keep global warming likely below 2 ºC above pre-

industrial temperatures. RCP4.5 is a reduction scenario in which a significant GHG mitigation policy is implemented. 

RCP6.0 is a normal reduction scenario in which an ordinary GHG mitigation policy is implemented. RCP8.5 is a scenario 

with very high GHG emissions. Scenarios without additional efforts to constrain emissions lead to pathways ranging 

between RCP6.0 and RCP8.5. 

 

 

 This problematic can have long-term effects on populations of ectothermic aquatic 

organisms (e.g. in marine and estuarine ecosystems) since warmer surface waters 

generally enhance metabolic rates such as photosynthesis and respiration (Doney et al., 

2011). However, this positive reinforcement in primary production and growth rates is 

balanced by alterations in the physiological responses of organisms (Alfonso et al., 

2020). For example in fish, there is not enough energy intake to satisfy their higher 

energy requirements because some abiotic factors such as lower oxygen levels and 

different thermal tolerance leads to a reduction in oxygen consuming activities such as 

feeding, digestion, muscular activity, growth, reproduction and predator avoidance 

(Doney et al., 2011; Pörtner & Knust, 2007). These changes in behavioural and 

physiological responses at the individual level can be extrapolated to ecosystem level. 

Increasing shifts in distribution and abundance of organisms can disrupt the biological 

interactions between populations and communities, lead to cascade effects until it affects 

the functioning of the ecosystem (Crespo et al., 2017; Doney et al., 2011; Hiscock et al., 

2004). 

 

1.2.2.  Emerging pollutants resulting from anthropogenic activities 

The development of modern societies brought an increase in living standards and a 

higher consumer demand, amplifying human activities in several sectors such as 

industry, transport, agriculture, and urbanisation. These activities have amplified the 

pollution of our planet, whether in the air (like GHG mentioned above), in the water (with 

a variety of chemicals, nutrients, leachates, oil spills, among others) and in the soil (due 
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to the disposal of hazardous wastes, spreading of pesticides, sludge, among others). 

Some of these pollutants are called emerging pollutants (EPs), which are new products 

or chemicals without regulatory status and there is not enough knowledge regarding their 

effects on the environment and on human health (La Farre et al., 2008). They are man-

made chemicals such as pesticides, flame retardants, personal and household care 

products, cosmetics, pharmaceuticals, among others, used worldwide and every day 

since most of them are currently indispensable for daily routines. Even though the EU 

Water Framework directive has already announced a list of priority substances that need 

to be monitored and/or removed from water bodies in order to achieve good ecological 

status, illegal or neglected discharges of some of these pollutants may still occur 

(Gavrilescu et al., 2015; Matthews, 2020). 

Their impacts and the middle and long-term effects on human health and the 

environment are still under study. It is known that some of this EPs are widely present in 

estuaries and other aquatic ecosystems (Meador et al., 2016; Mijangos et al., 2018; Tang 

et al., 2019) and some studies have already reported impacts of some EPs on aquatic 

life (Brausch & Rand, 2011; Fabbri & Franzellitti, 2016; La Farre et al., 2008). 

Depending on their physicochemical properties, such as solubility, vapor pressure 

and polarity in water, their behaviour in the environment can change. Also, there is the 

possibility for the formation of potentially toxic by-products that can be even more toxic 

than the parenting compound as well as more persistent (Boxall et al., 2004). 

The occurrence of EPs primarily results from WWTPs effluents (urban and industrial) 

or diffuse pollution through runoffs, discharges, leachates, and atmospheric deposition. 

They end up reaching water bodies, and sometimes even avoiding the WWTPs (La Farre 

et al., 2008). During their lifespan, they undergo degradation and transformation 

processes like biodegradation and photolysis, which can have different elimination 

efficiencies depending on the physicochemical properties of the pollutant (Geissen et al., 

2015). However, the efficiency removal or treatment at WWTPs is sometimes limited 

(Deblonde et al., 2011) (Figure 2). The success of the removal will depend on retention 

time and techniques used (biological, chemical and physical), which should vary 

depending on the targeted pollutants (Rosal et al., 2010). The physicochemical 

properties of the pollutant such as its hydrophobicity also affect the effectiveness in the 

removal mechanisms. Other factors like season variation can affect the removal of some 

of these compounds in the WWTPs. Some studies showed that there were significant 

seasonal trends in the observed removal efficiencies, with reduced efficiencies in colder 

months (Golovko et al., 2014). This high inter annual variability in removal rates is 
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expected due to different pollutant concentrations in the environment and different 

elimination processes and rates. 

 

 

Figure 2 - Removal rate in percentage for some classes of compounds. (AAI, analgesics and anti-inflammatories). 

Source: (Deblonde et al., 2011). 

 

Most studies related to determining EPs toxicities to aquatic organisms are usually 

more directed for PPCPs since these are the most frequently classes of EPs found on 

the environment and their purpose is to induce biological or physiological effects to 

humans, potentially making them biologically active for non-target species (La Farre et 

al., 2008; Santos et al., 2010). PPCPs and other chemicals classified as EPs are 

responsible for acute and chronic effects such as oxidative stress, neurotoxicity, immune 

responses, and other behavioural and metabolic changes (Brausch & Rand, 2011; 

DeLorenzo et al., 2008; Fabbri & Franzellitti, 2016; La Farre et al., 2008; Lau et al., 2007; 

Oberdörster et al., 2006). 

The present work will consider four EPs, namely bisphenol A (BPA), 4-nonylphenol 

(4-NP), 17α-etinylestradiol (EE2), and diclofenac (DCF) (Figure 3). These chemicals 

have been detected in wastewaters and water bodies such as estuaries all around the 

globe, in some cases at high concentrations, so they are a common study object in 

several ecotoxicological studies (Deblonde et al., 2011; Meador et al., 2016; Tang et al., 

2019). 

Bisphenol A (4,4'-isopropylidenediphenol) is a synthetic compound present in the 

manufacturing of polycarbonate plastics and used in some epoxy resins. The plastic 

products include re-usable drink and food containers, dental monomers, toys, sport 

equipment and consumer electronics. Resins containing BPA are used to coat the inside 

of water pipes and cans for food and drink to increase their shelf-life and to avoid getting 
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a metallic taste to the consumables. BPA has been shown to leach from food and 

beverage containers, and some dental sealants and composites under normal conditions 

of use (Vandenberg et al., 2007). Because of that, several studies demonstrated the toxic 

effects of BPA to human health and animals, causing heavy restrictions in its usage (e.g., 

in 2016 the European Commission decided to restrict BPA in thermal paper – a type of 

paper used for shop sales receipts, and public transport and parking tickets – in the EU, 

with effective ban taking place in 2020).  

There is a lot of evidence that BPA can adversely affect humans. A review article 

from 2013 already had found 91 studies linking BPA to human health. Among the effects 

were reproduction problems such as fertility, sperm quality and endometrial disorders, 

development problems such as birth weight and neurobehavioral development, and 

metabolic diseases such as type 2 diabetes, cardiovascular diseases and obesity 

(Rochester, 2013). Since BPA can leach from plastic products, high levels of this 

chemical can be found in the environment, with demonstrated acute toxic effects to 

aquatic life (Canesi & Fabbri, 2015; Kang et al., 2007). 

4-Nonylphenol is a degradation product of nonionic surfactants alkylphenol 

polyethoxylates (APEs) widely used as plasticizers (e.g., in high density polyvinyl 

chloride – PVC), in the manufacture of textiles, paper and agricultural chemical products. 

Due to its low solubility and high hydrophobicity, 4-NP tends to accumulate in matrices 

such as sewage sludge and river sediments but can also be found in effluents from 

sewage treatment works, river water, soil and groundwater (Salgueiro-González et al., 

2012). Toxicological studies revealed that exposures to 4-NP can be associated with 

morphologic, functional, and behavioral anomalies related to reproduction such as 

feminization of aquatic organisms and a decrease in male fertility (Calafat et al., 2005; 

Soares et al., 2008). With its capacity to disrupt the endocrine system and with its 

detection in human urine, blood and breast milk, 4-NP could pose potential risks to 

human reproductive function and cardiovascular diseases (Li et al., 2013). 

17α-etinylestradiol is included in some of the most prescribed pharmaceutical 

estrogens, with several indications such as oral contraceptives, deficits associated with 

menopause, hormone replacement therapies, hypoestrogenism, and the management 

of some pre- and postmenopausal symptoms. Since it is used on a daily basis, this 

“pseudo-persistent” chemical is excreted as a metabolite of pharmaceutical or natural 

estrogens and introduced into water bodies via WWTPs effluents. Hence, exposure to 

aquatic organisms is possible. Studies revealed that EE2 is linked to reproductory 

abnormalities and malfunctions such as intersex (the presence of ovarian tissue and 
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eggs in the testes) and induction of vitellogenin in male fish (an egg yolk precursor 

protein which would normally only be expressed in females) (Länge et al., 2001; 

Laurenson et al., 2014). Impacts on other aquatic species like amphibians and reptiles 

have also been reported (Bhandari et al., 2015). 

Diclofenac belongs to the class of organic compounds known as dichlorobenzenes. 

It is a non-steroidal anti-inflammatory drug used in both humans and livestock for the 

acute and chronic treatment of signs and symptoms of osteoarthritis and rheumatoid 

arthritis. One of the most impactful reported effects of DCF in wildlife was the decline in 

the vulture population (>95%) in India associated with renal failure and visceral gout (the 

birds would consume DCF treated livestock) (Oaks et al., 2004). But effects on aquatic 

organisms can also occur such as alterations in the liver, kidney, gills and gastrointestinal 

tissue damage in fish (Fu et al., 2020; Lonappan et al., 2016), and alterations in the 

metabolism and growth of mussels (Ericson et al., 2010). DCF degradation can also 

produce more bio accumulative and toxic metabolites that may contribute to enhanced 

toxicity (Fu et al., 2020). 

 

 

Figure 3 – Chemical structures of BPA, 4-NP, EE2 and DCF, from left to right.  Source: PubChem database 

 

1.2.3.  PAH’s resulting from forest fires 

Other concerning pollutants are polycyclic aromatic hydrocarbons (PAHs). They are 

aromatic hydrocarbons with two or more fused benzene rings that can either occur 

naturally by forest and range land fires, oil seeps, volcanic eruptions and exudates from 

trees, or by anthropogenic sources like combustion of fossil fuel, coal tar, wood, garbage, 

municipal solid waste incineration, petroleum spills and discharge (Kaushik & Haritash, 

2006). 
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Due to their low solubility and hydrophobicity, PAHs tend to adsorb on solid particles 

of the soil and reach water bodies through runoffs and atmospheric fallout. They are also 

persistent organic pollutants, i.e., due to their lipophilicity, tend to accumulate in the lipidic 

membrane of cells instead of entering them. This confers persistence since the 

metabolism to degrade them is low and therefore, they tend to bioaccumulate in food 

chains (Jones & De Voogt, 1999). 

A total of 16 PAHs are registered US EPA list of priority pollutants, because of their 

adverse effects to both wildlife and human health (Lerda, 2011). It is known that the size 

and structure of the PAH influence the type and magnitude of the toxicological effect and 

the presence of other chemicals or mixtures of PAHs can also change the how these 

pollutants will act (Logan, 2007). They are well-known for their mutagenic and 

carcinogenic toxicity (Li et al., 2014) such as enhancing DNA mutation, developmental 

and reproductive toxicity, cancer formation and acting as endocrine disruptors, to a wide 

range of organisms, but also responsible for acute toxicity such as  negatively affecting 

survival, growth and/or metabolic activity (Campos et al., 2012). 

Regarding the effects to human health, PAHs can be responsible for acute symptoms 

such as eye irritation, nausea, vomiting, diarrhea, skin irritation and inflammation, as well 

as long-term health effects such as several cancers (skin, lung, bladder and 

gastrointestinal), DNA malformations and damage, among others (Kim et al., 2013). 

Wildfires can generate considerable quantities of PAHs and the resulting ashes may 

end up in water bodies through runoffs (Campos et al., 2012). In the last decades there 

has been some research on the distribution and levels of PAHs in the aquatic 

environment after forest fires (Olivella et al., 2006; Schäfer et al., 2010; Vila-Escalé et 

al., 2007), which led to study the toxicity risks of these pollutants to communities in, for 

example, rivers (Yang et al., 2013), lakes (Zhang et al., 2018), gulfs (Rajpara et al., 2017) 

and estuaries (He et al., 2014; Rogers, 2002). In Portugal, wildfires are particularly 

problematic since they have been affecting large areas in the past decades and claiming 

people’s properties and even human lives (Mateus & Fernandes, 2014). Nunes et al. 

(2016) went further and acknowledge that Portugal, out of all southern Europe countries, 

has the highest ignition density and relative burnt area. Therefore, it is imperative to study 

the fire resulting chemicals such as PAHs and their effects on aquatic ecosystems. The 

present work will consider two PAHs, namely phenanthrene (PHE) and fluoranthene 

(FLA). They are both included in the US EPA priority substances list and have a 

worldwide distribution. They also have more available ecotoxicological data than most 

studied PAHs. 
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Research on phenanthrene revealed a wide range of toxicity to aquatic animals such 

as hyperstimulation in amphipods (Gauthier et al., 2016), reproduction impairment and 

survival in copepods (Bellas & Thor, 2007), DNA damage and oxidative stress in 

gastropods (Bhagat et al., 2016), oxidative stress in bivalves (Yan et al., 2020), survival 

in polychaetas (Emery Jr & Dillon, 1996) and DNA damage, oxidative stress and cardiac 

arrhythmia in fish (de Souza Machado et al., 2014; Torreiro-Melo et al., 2015; Zhang et 

al., 2013). Research on fluoranthene effects to aquatic life is more scarce but some 

studies revealed fluoranthene associated toxicity such as survival, avoidance and 

inhibition of mobility in crustaceans (Boese et al., 1997; Šepič et al., 2003), survival and 

reproduction impairment in copepods (Lotufo, 1998), bivalves (Magara et al., 2018; Paul-

Pont et al., 2016) and cardiotoxicity, biomarker responses and loss of equilibrium in fish 

(Brown et al., 2016; Lu et al., 2018; Spehar et al., 1999). 

 

1.2.4.  Effects of combined stressors on estuarine communities 

The likelihood of the pollutants to act isolated is rather low. Most of them are 

ubiquitous and found in a “cocktail” of chemicals (Birch et al., 2015; La Farre et al., 2008; 

Meador et al., 2016; Mijangos et al., 2018). Thus, the potential impacts of EPs can be 

different and are generally higher when in the presence of multiple chemicals (Di Poi et 

al., 2018; Godoy & Kummrow, 2017), even if they are present below their individual non-

observed effect concentration (NOEC) (Backhaus, 2014). 

Additionally, the interaction between multiple stressors can lead to unexpected 

responses, that can be addictive (when the effects are the same as the sum of the 

individual stressor effects) or non-addictive responses (when multiple stressors induce 

negative and positive interactions among them, i.e. antagonistic and synergistic 

interactions, respectively) (Romero et al., 2018). For instance, Romero et al. (2018) 

suggested that in a scenario of future global change with multiple stressors (water 

temperature, desiccation and chemicals) may induce non-addictive responses in a 

complex freshwater community, and that these responses were primarily driven by 

physical stressors. Other studies such as Martins et al. (2019) revealed antagonistic 

effects between some physical stressors (temperature rise, river flow decrease, dry 

years and rainy years) to macroinvertebrate communities in the Minho estuary, while 

Engraff et al. (2011) tested the effects of PAHs as single and multiple stressors on two 

species of benthic amphipods and results varied between species. To one of the species, 

O. pinguis, there was an addictive response since PAH mixture was rather toxic even 

though the individual PAHs induced limited to no acute toxicity. To another species, C. 
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volutator, the sum of chemical activities of single PAH did not predict toxicity of the 

mixtures. Folt et al. (1999) results revealed that multiple stressors combined 

(temperature, toxin, and low food) were more harmful to zooplankton than the single 

stressor temperature, and that most multiple stress responses were antagonistic. On the 

contrary, Cabral et al. (2019) suggests that synergistic interactions tend to be more 

frequent compared to additive and antagonistic ones. Overall, this shows that using 

multiple stressors scenarios to access their ecological risk is still an ongoing discovery 

and that there is a lack in knowledge and standards on how the environment will respond 

to multiple stressor pressures. 

 

2.  Aims of the study 

The aims of the present work are: i) to assess the effects of 4 single EPs (4-NP, EE2, 

BPA and DCF) and their mixture on the macroinvertebrate communities from the Minho 

under different temperature rise scenarios and ii) to assess the effects of two single and 

combined PAH’s resulting from forest fires on the macroinvertebrate communities from 

the Minho estuary different temperature rise scenarios.  

These aims were achieved through the development of an ecosystem-level 

numerical tool, i.e., an ecosystem model of the Minho estuary developed in AQUATOX 

(version 3.1) (US-EPA) (Clough & Park, 2014; Park & Clough, 2014). 

 

3.  Study site: Minho estuary 

The Minho estuary covers an area of 23 km2 (~ 40 km extension), wherein 9% are 

intertidal areas and nearly 30 km correspond to tidal freshwater portions. It is the last 

portion of the Minho River and its mean depth is 2.6 m and width ranging from 10 m (at 

the head) to 2km (at the mouth) (Ferreira et al., 2003; Freitas et al., 2009)., with an 

annual water flow ranging between 120–600 m3 s −1 (Ferreira et al., 2003). Due to the 

narrow channel of the basin and significant water flow, the estuary is characterised by a 

high hydrodynamics and low water residence time (Saraiva et al., 2007). Even though it 

is a partially mixed estuary, it tends to evolve towards a salt wedge estuary in periods of 

high floods (Sousa et al., 2005). Freshwater and saltwater mix mostly in the lower 

estuary, although tidal influence can extend ~ 40 km upstream (Capela et al., 2016; 

Martins et al., 2019). 
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It is included in the Minho and Coura rivers estuary Special Area of Conservation 

(SAC) of the Natura 2000 network (Figure 4), which covers Europe’s most valuable and 

threatened species and habitats. Thus, its sites are designated under the Birds and the 

Habitats Directives. It also has a 73% overlap with the Minho River Site of Community 

Importance (SCI) and 9% overlap with the North Coast SCI, both from the Portugal’s 

national list of Natura 2000 network Sites (Resolução do Conselho de Ministros nº 115-

A/2008, de 21 de Julho). 

 

 

Figure 4 - Minho and Coura rivers estuary Special Area of Conservation highlighted in blue (ICNF, 2020). 

 

The Minho and Coura rivers estuary SAC is established under the Birds Directive 

and aims to assure the conservation of its birds species and their habitats. In order to 

preserve this type of areas, all human activities and action measures taking in place 

should account for its preservation. It is up to local authorities to inform the community 

about its importance, and to promote good environmental practices, even though Minho 

estuary is considered to have an overall good ecological status (Beiras, 2016; Sousa et 

al., 2008). 
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4.  Ecosystem models 

Ecological modelling develop and use mathematical models to predict the behaviour 

of complex systems, such as ecosystems (Jørgensen & Bendoricchio, 2001). 

Ecological models are formal and simplified descriptions of natural systems, using 

mathematical language and logic operators. In the branch of ecological modelling, the 

models can include different types of processes, e.g., biogeochemical, intra-, and 

interspecific interactions, demographic, physiological and physical processes. One of the 

main advantages of these models is the doable study of the system under, for instance, 

extreme environmental conditions. Thus, it is possible to decide for cost-effective 

solutions related to environmental management and conservation (Duarte, 2011). 

Ecotoxicological models are part of ecological modelling and assess the 

environmental risk of the emission of chemicals to the environment. They can be 

subdivided in fate models or effect models. Fate models provide the concentration of a 

chemical compound in one or more environmental compartments and their results can 

be used to find the ratio between the predicted environmental concentration, PEC, and 

the no observed effect concentration, NOEC. Effect models translate a concentration in 

a biological compartment to an effect on an organism (such as growth or survival), or on 

a larger scale, such as on an ecosystem (Jørgensen & Fath, 2011). 

Thus, models can project future variations in the ecosystem through analysis of the 

oscillations of different factors or stressors including interactions among each other, 

creating multiple-stressor scenarios with possibly different outcomes to communities. 

Therefore, ecosystem models are needed to improve environmental risk assessment of 

contaminants and to anticipate the effects of climate change scenarios (Delorenzo, 2015; 

Martins et al., 2019). 

 

4.1. AQUATOX simulation models 

A valuable tool for ecological risk assessment in aquatic ecosystems is the 

AQUATOX simulation model developed by US-EPA (Clough & Park, 2014; Park & 

Clough, 2014). It predicts the fate of various pollutants, such as nutrients and organic 

chemicals, and their direct or indirect effects on the ecosystem-level and in different 

trophic levels, including fish, invertebrates, and primary producers. The model uses a 

defined timestep (day or hour) to simulate the physical environment (e.g., flow, light, and 

sediment), the chemical environment (e.g., nutrients. oxygen, carbon, and pH) and the 
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biomass of the aquatic life. Thus, with AQUATOX it is possible to relate the chemical 

water quality and the physical environment to the biological responses (Figure 5). 

AQUATOX has a variety of applications in the fields of water ecotoxicology, with 

some being listed below (an example is given for each application): 

• Predicting the effects of toxic substances on aquatic life (Zhang et al., 2018). 

• Evaluating which of several stressors is causing observed biological impairment 

(Martins et al., 2019). 

• Evaluating potential ecosystem responses to climate change (Martins et al., 2019). 

• Estimating time to recovery of contaminated fish tissues to safe levels after 

reducing pollutant loads (Rashleigh, 2007). 

More details on the development and functionalities of AQUATOX can be found in 

(Clough & Park, 2014; Park & Clough, 2014; Park et al., 2008). 

 

A few initial steps are required when developing a model in AQUATOX, namely: the 

selection of the type of aquatic system being modelled (pond, lake, stream, estuary); the 

definition of site-specific parameters, providing the variation of the forcing functions (e.g. 

temperature, salinity, dissolved oxygen, pH, nutrients, organic pollutants); selecting the 

food web constituents and parameterizing trophic relationships. 

Therefore, AQUATOX is suitable to assess the responses at the system-level caused 

by variations on different stressors acting either isolated or simultaneously (Martins et 

al., 2019). 

 

 

Figure 5  - The conceptual model for AQUATOX model simulates ecological processes and effects between biotic and 

abiotic compartments. 
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4.2. Applying AQUATOX to the Minho estuary 

4.2.1.  Model development 

In the present work, as previously stated, an AQUATOX model was developed to 

address the problematic that multi-stressors have on ecosystems such as temperature 

rise due to climate change and chemicals from anthropogenic activities and wildfires. 

This work is based on a previous model developed to address whether the effects of 

temperature rise, dry years, rainy years and river flow decrease acting isolated (single 

stressor) or combined (multiple stressor) would induce the same type of response on 

macroinvertebrate biomass variation and to identify the type of stressor interactions 

(Martins et al., 2019). 

In this work, the model developed by Martins et al. (2019) was used to assess the 

effects of the three types of stressors: temperature rise (such as the original model 

although testing for different RCP scenarios), EPs (four different EP’s) and PAH’s (two 

different PAHs). This process included model parameterization in relation to the four EPs 

and the two PAHs. 

The study site was the Minho estuary, more specifically, the downstream area 

located between the estuary mouth and ~ 1 km upstream. 

With the type of aquatic ecosystems selected, the next step was to select the model 

forcing functions, variables, and food web (Figure 6). The species were selected 

according to the only available dataset with consecutive monthly values of abundance 

and biomass of macroinvertebrates in the Minho estuary for a period of one year (Weber, 

1985). A group of “other invertebrates” (including Sphaeroma serratum, Gammarus sp., 

Bithnya tentaculata, Nassarius reticulata, Tabanus sp.) was also included in the food 

web accounting for species that, per se, did not show consistent abundance nor biomass 

values in the calibration set (eventually due to sampling bias or other causes). 

The datasets of physical, chemical, and biotic parameters used to parameterize the 

Minho ecosystem model came from several sources, including in situ measurements 

(see Annexes), and were used in the calibration set designated as Base Run (BR). 

Calibration is conducted until a satisfying fitting level between the set of observed and 

simulated values is obtained and can be achieved by estimating the root mean square 

errors (RMSE) between observed and simulated data. 

Sensitivity analysis was performed through the sensitivity setup in AQUATOX, which 

performs a nominal range sensitivity analysis, also known as “one-at-a-time” and 

assumes independence among tested parameters. The result is the percent difference 
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between the results of the Base run and the modified simulation in the last averaged 

time-step of the simulation (Clough & Park, 2014). Model sensitivity was checked for 

variations of ± 10% in parameters (see Martins et al. (2019) for details). 

Once the chemicals are introduced in AQUATOX, their chemical properties and fate 

data must be defined in the model (e.g. molecular weight, dissociation constant, Henry’s 

law constant, octanol-water partition coefficient) and both plant and animal toxicity data 

must be provided (lethal or effective concentrations, LC50 and EC50, respectively) and 

implemented as well, to check for lethal and sublethal effects over time. 

 

 

Figure 6 - Conceptual diagram of the Minho ecosystem model including trophic interactions between primary producers 

(P), consumers (C) (blue) and detritus (D) (brown). Forcing functions are in red squares. (N_NH4 - ammonia, N_NO3 - 

nitrate, P_PO4 - phosphate, DO- dissolved oxygen, CO2 - carbon dioxide, TSS- total suspended solids). Source: (Martins 

et al., 2019). 
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4.3. Simulated scenarios 

As previously mentioned, the aims of the present work were to assess the effects of 

emerging pollutants, PAHs, and climate change on the macroinvertebrate communities 

from the Minho estuary. Therefore, the simulated scenarios include single-stressor 

scenarios with either temperature rise or pollutants alone, and multiple-stressor 

scenarios with one pollutant with different levels of temperature and scenarios with 

multiple pollutants with different levels of temperature rise. Due to the lack of 

comprehensive data regarding EPs and PAHs concentrations in the Minho estuary, the 

toxicant concentrations used in the models corresponded to annual average 

environmental quality standard concentrations (AA-EQS) defined either by the EU or, in 

the case of diclofenac and phenanthrene, by the German Environment Agency 

(https://www.umweltbundesamt.de/en/). 

The two levels of temperature rise chosen were derived from two RCP projections 

for 2081-2100 (Table 2), the moderate emission scenario RCP4.5 with an average 

temperature increase of 1.8°C and the highest emission scenario RCP8.5 with an 

average temperature increase of 3.7°C (IPCC, 2014).  

The RCP4.5 scenario represents a possible next scenario that the planet may face, 

since there is already some discussion and evidence in temperature measurements and 

GHG emissions that the RCP2.6 scenario (average of 1 ºC rise) could already be 

unachievable (Sanderson et al., 2016). RCP8.5 was also chosen because it represents 

the worst-case scenario in GHG emissions and temperature rise. The average increase 

expected for each emission scenario was used rather than the minimum or the maximum 

increase. 

Table 3 includes detailed description of the simulated scenarios. All scenarios were 

run for a period of 3 years, with a daily time-step. 

 

Table 3 - Simulated scenarios. RCP- relative concentration pathway; AA- annual average; EQS- environmental quality 

standards. Adapted from (Martins et al., 2020 - under submission). 

Scenario 
Toxicant 

name 

Toxicant 

concentration 

(µgL-1) 

Temperature 

increase 

(°C) 

Note Reference 

Base Run - - - - - 

RCP4.5 - - +1.8 - IPCC 2014 

RCP8.5 - - +3.7 - IPCC 2014 

4-NP 4-Nonylphenol 0.3 Not changed 
AA-
EQS 

EEA 2013 

https://www.umweltbundesamt.de/en/
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4-NP_RCP4.5 4-Nonylphenol 0.3 +1.8 
AA-
EQS 

EEA 2013 

4-NP_RCP8.5 4-Nonylphenol 0.3 +3.7 
AA-
EQS 

EEA 2013 

BPA Bisphenol A 0.2 Not changed 
AA-
EQS 

JRC 2015 

BPA_RCP4.5 Bisphenol A 0.2 +1.8 
AA-
EQS 

JRC 2015 

BPA_RCP8.5 Bisphenol A 0.2 +3.7 
AA-
EQS 

JRC 2015 

DCF Diclofenac 0.1 Not changed 
AA-
EQS 

GEA (UBA) 
 

DCF_RCP4.5 Diclofenac 0.1 +1.8 
AA-
EQS 

GEA (UBA) 
 

DCF_RCP8.5 Diclofenac 0.1 +3.7 
AA-
EQS 

GEA (UBA) 
 

EE2 
17α-

ethinylestradiol 
0.000035 Not changed 

AA-
QS 

SCHER 
2011 

EE2_RCP4.5 
17α-

ethinylestradiol 
0.000035 +1.8 

AA-
QS 

SCHER 
2011 

EE2_ RCP8.5 
17α-

ethinylestradiol 
0.000035 +3.7 

AA-
QS 

SCHER 
2011 

Multi_EP 
4-NP, BPA, 
DCF, EE2 

0.3/0.2/0.1/3.5x10-5 Not changed EQS 
Same as 

above 

Multi_EP_RCP4.5 
4-NP, BPA, 
DCF, EE2 

0.3/0.2/0.1/3.5x10-5 +1.8 EQS 
Same as 

above 

Multi_EP_RCP8.5 
4-NP, BPA, 
DCF, EE2 

0.3/0.2/0.1/3.5x10-5 +3.7 EQS 
Same as 

above 

PHE Phenanthrene 0.5 Not changed 
AA-
EQS 

GEA 
(LAWA) 

PHE_ RCP4.5 Phenanthrene 0.5 + 1.8 
AA-
EQS 

GEA 
(LAWA) 

PHE_ RCP8.5 Phenanthrene 0.5 + 3.7 
AA-
EQS 

GEA 
(LAWA) 

FLA Fluoranthene 0.0063 Not changed 
AA-
EQS 

Directive 
2013/39/EU 

FLA_ RCP4.5 Fluoranthene 0.0063 + 1.8 
AA-
EQS 

Directive 
2013/39/EU 

FLA_RCP8.5 Fluoranthene 0.0063 + 3.7 
AA-
EQS 

Directive 
2013/39/EU 

Multi_PAH 
Phenanthrene 

and 
Fluoranthene 

0.5/0.0063 Not changed EQS 
Same as 

above 

Multi_ 
PAH_RCP4.5 

Phenanthrene 
and 

Fluoranthene 
0.5/0.0063 + 1.8 EQS 

Same as 
above 

Multi_PAH_RCP8.5 
Phenanthrene 

and 
Fluoranthene 

0.5/0.0063 + 3.7 EQS 
Same as 

above 

  

For comparisons between the data predicted on the Base Run and the observed 

data, statistical analysis was performed to access the fitting level between the two sets 

of data, by calculating the Root Mean Square Error (RMSE) defined as the standard 

deviation of the residuals, which measures how far from the regression line data points 

are (Barnston, 1992). 
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5. Results 

5.1. Fitting level between predicted results by the model Base 

Run and observed results 

The results from the statistical analysis showed a good fitting between the observed 

and the simulated values in the Base Run (Figure 7). RMSE is proportional to the size of 

the square error. Thus, large square errors have a large effect on RMSE. Ideally, RMSE 

should be as close to zero as possible, meaning that the model could properly simulate 

the observed values. The high RMSE value obtained of Scrobicularia plana (44.85) was 

related with the inability of the model to simulate the observed February peak. Values for 

the macroinvertebrate species Hediste diversicolor, Hydrobia ulvae and Cyathura 

carinata were 9.4, 1.2 and 0.07, respectively. RMSE values for Carcinus maenas and 

Corophium sp. were not possible to calculate due to blank or missing values. 

 

 

Figure 7 - Observed (white bars) versus simulated (black dots) (± stdev - black lines) macroinvertebrate biomass. A- 

Scrobicularia plana; B- Hediste diversicolor; C- Hydrobia ulvae; D- Cyathura carinata; E- Carcinus maenas; F- 

Corophium sp. The RMSE (Root Mean Square Error) is shown for S. plana, H. diversicolor, H. ulvae and C. carinata. 

Blank or missing values were observed in C. maenas and Corophium sp. data sets, not allowing for RMSE calculation. 
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5.2. Predicting the effects of emerging pollutants and climate 

change on the macroinvertebrate communities of the Minho 

estuary 

In the RCP4.5 scenario, the biomass of the benthic macroinvertebrates was very 

similar to the Base Run, with predominance of S. plana, even though there were some 

slight decreases in S. plana biomass in some parts of the simulation. The polychaete H. 

diversicolor appeared to be slightly favoured by the temperature increase of RCP4.5 

scenario. The decrease in the overall biomass was clearer in the RCP8.5 scenario, with 

S. plana still dominating throughout the simulation period. However, there was a gradual 

increase in C. maenas biomass that started at ~ 540 days of simulation and peaked to 

over 350 gDWm-2 at ~ 780 days of simulation, followed by a steep decline and a more 

gradual biomass increase towards the end of the simulation (Figure 8). 

 

Figure 8 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia plana, 

Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and RCP scenarios (RCP4.5 av. increase = 

1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the biomass in g dry 

weight m-2. 

For the BPA scenarios (Figure 9) there was an overall decline of the species for all 

scenarios, with exception of S. plana that withstand the AA-EQS concentration of BPA, 

showing a different pattern of variation over time from the BR with a decrease towards 

the end of the simulation. There was no apparent interference of temperature rise 

scenarios coupled with BPA, with exception of C. maenas in the RCP8.5 scenario, where 
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its biomass oscillated between 0 and 20 gDWm-2 from ~ 630 days to the end of the 

simulation. 

 

 

Figure 9 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia plana, 

Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR), and BPA scenarios (RCP4.5 av. increase = 

1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the biomass in g dry 

weight m-2. 

 

In the 4-NP scenarios (Figure 10), all species declined in the presence of the 

chemical when compared to the BR, whether there was a temperature rise scenario or 

not. The gastropod H. ulvae was less affected and maintained a biomass value between 

0 and 2 gDWm-2 in all 4-NP scenarios, during the entire period of simulation.  
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Figure 10 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and 4-NP scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 

 

The EE2 scenarios (Figure 11) and the DCF scenarios (Figure 12) had similar results. 

There was a good overall similarity to the Base run in these scenarios, except in 

EE2_RCP8.5 and DCF_RCP8.5 where C. maenas biomass gradually increased at ~ 540 

days of simulation and peaked to over 350 gDWm-2 at ~ 780 days of simulation, followed 

by a steep decline and a more gradual biomass increase towards the end of the 

simulation. This effect was the same as observed in the scenario RCP8.5, suggesting 

that it is caused by the temperature increase and not by EE2 nor DCF. Overall, S. plana 

was the predominant species, even though the greater dominance of S. plana in the 

beginning of the simulation was drastically reduced. 

In all multiple emerging pollutant scenarios (Figure 13), all the species did not 

withstand the combination of the four emerging pollutants and practically vanished 

(decimal values of biomass). 
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Figure 11 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and EE2 scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 

 

Figure 12 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and DCF scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 
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Figure 13 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and Multiple EPs scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 

 

5.3. Predicting the effects of Polycyclic Aromatic Hydrocarbons 

– PAHs resulting from forest fires on the macroinvertebrate 

communities of the Minho estuary 

As previously stated, the model was also used to assess the effects of organic 

polycyclic aromatic hydrocarbons on the macroinvertebrate communities of the Minho 

estuary. These contaminants can be produced through pyrolytic events such as wildfires, 

a phenomenon very common in Portugal, therefore, justifying the need to study their 

effects on aquatic ecosystems. 

Overall, at AA-EQS for phenanthrene (Figure 14), S. plana resisted the presence of 

the chemical, while the rest of the groups had biomass levels below 50 gDWm-2. The 

higher peak of S. plana at the beginning of the simulation in the Base Run became 

shorter but, curiously for the rest of the simulation, the peaks were greater than in the 

Base Run. S. plana pattern of variation over time was different between all the 

temperature scenarios and from BR. 
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Figure 14 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and PHE scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 

 

In the fluoranthene scenarios (Figure 15), S. plana biomass values were higher than 

in the BR (values ranged from 120 to just over 250 gDWm-2  in almost all the period of 

simulation), with a different pattern of variation over time, and showing no significant 

differences for the temperature rise scenarios. In the FLA_RCP8.5 scenario, C. maenas 

biomass gradually increased at ~ 540 days of simulation and peaked to just over 350 

gDWm-2 at ~780 days of simulation, followed by a steep decline and a more gradual 

biomass increase towards the end of the simulation. 

In the multiple PAHs scenarios (Figure 16), S. plana showed three major periods of 

abundance, corresponding to the three years of simulation. The remaining species did 

not withstand the combination of both PAHs with the exception of C. maenas in the 

MULTI_PAH_RCP8.5 scenario, where its biomass gradually increased at ~ 540 days of 

simulation and peaked to just over 350 gDWm-2 at ~780 days of simulation, followed by 

a steep decline and a more gradual biomass increase towards the end of the simulation. 
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Figure 15 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and FLA scenarios (RCP4.5 av. 

increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 

 

Figure 16 - Biomass variation of macroinvertebrate species (Cyathura carinata, Hediste diversicolor, Scrobicularia 

plana, Hydrobia ulvae, Carcinus maenas) throughout time in the base run (BR) and Multiple PAHs scenarios (RCP4.5 

av. increase = 1.8°C, RCP8.5 av. increase = 3.7°C). The X-axis represents time in days and the Y-axis represent the 

biomass in g dry weight m-2. 
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6. Discussion 

The results showed that temperature rise alone had only slight effects on the studied 

macroinvertebrate species of Minho estuary, with the crab Carcinus maenas even 

apparently benefitting from the temperature increased simulated in the RCP8.5 scenario. 

This may be related with the good thermal tolerance of C.maenas that is known to be 

much wider than the thermal tolerance of S. plana and other macroinvertebrate species. 

(Cuculescu et al., 1998; Verdelhos et al., 2015). 

The mixture of the four emerging pollutants led to a very negative response of all 

species, including the gastropod H. ulvae, for all temperature rise scenarios, which 

indicates the occurrence of synergistic effects among the four emerging contaminants. 

In fact, although these results are conditioned by the effect of 4-NP and BPA, the fact is 

that their combined effect is worst to the macroinvertebrate populations than their 

isolated effects. This clearly indicates the occurrence of synergistic interactions among 

stressors, which occurs when their combined effects are greater than the effect of the 

single worst stressor (Folt et al., 1999). 

Regarding the isolated effects of the four emerging pollutants, both etinylestradiol and 

diclofenac did not induce effects on the macroinvertebrates, as the observed variations 

on the species biomass were due to the temperature rise scenarios. According to the 

present results, although these two chemicals are well known for their endocrine 

disrupting activities, at the AA-EQS concentrations they have no observable adverse 

effects on the macroinvertebrate communities of Minho estuary. 

The results for BPA scenarios showed a different biomass pattern during the 

simulation for Scrobicularia plana and an overall decline for the remaining species 

compared to BR. One hypothesis for this to occur is the lethal and sublethal values 

introduced in AQUATOX that may influence the survival of the species and 

correspondent trophic interactions. Another hypothesis is that the bivalve is a filtering 

organism and levels of BPA could be more impactful for bottom feeders than water 

filtering organisms. 

The results from the mixture scenarios showed that the combination of fluoranthene 

and phenanthrene exacerbated the biomass of S. plana when compared to the Base 

Run. Fluoranthene may be responsible for this outcome, since fluoranthene alone led to 

an abundance and proliferation of S. plana for all FLA scenarios, even higher than the 

BR. In fact, the patterns of S. plana in the multiple PAH scenarios are very similar to FLA 

scenarios in the way that the decreases in multiple PAH scenarios are more pronounced 
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than FLA scenarios probably due to the additional presence of phenanthrene. Curiously, 

in the phenanthrene scenarios, the patterns of S. plana were like the BR and the already 

expected peak of C. maenas due to temperature increase did not occur. This 

discrepancy in PAH results may be due to inherent properties of each chemical and how 

it affects each species. Not species specific lethal and sublethal introduced values 

shouldn’t also be neglected. 

The present model may be improved in the future if more specific data become 

available. For example, some of the lethal and sublethal concentrations of PE’s used in 

the simulations were derived from other species because available data for a specific 

species is inexistent or inaccurate. In the same way, the model can also gain from 

obtaining other physiological parameters (e.g. maximum consumption, half-saturation 

feeding) in a more accurate way for the species considered in the model. Thus, the 

present results should be regarded with some caution and preferably associated to 

uncertainty estimations.  

Nonetheless, the present work demonstrates the potential and usefulness of 

ecosystem-modelling in assisting the future management of estuaries and thus 

supporting decision-making. 

 

7. Conclusion 

The simulations obtained suggest that the macroinvertebrate communities in Minho 

estuary have different responses to either single-stressors (whether temperature rises, 

emerging pollutants or polycyclic aromatic hydrocarbons) and multiple stressors, 

namely, when temperature rise is mixed with several chemicals. The multiple stressors 

scenarios seem to induce synergistic responses of the single stressors on the 

macroinvertebrate biomass variation on the Minho estuary. Based on this type of tools 

and derived results, monitoring and management programs may be implemented to 

mitigate and prevent potential toxic effects to aquatic ecosystems resulting from 

anthropogenic activities and wildfires, specifically from EPs and PAHs. Ecosystems 

models such as AQUATOX are important tools to achieve these goals, as they can 

integrate climate change variables and predict future changes at the ecosystem level. 
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Annexes 
Annex 1 - Site data used to parameterize the Minho ecosystem model. DOM- dissolved organic matter; POM- 

particulate organic matter. Values and references in the table retrieved from (Martins et al., 2019). 
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Annex 2  - Initial values for the model forcing functions and state variables. Values and references in the table retrieved 

from (Martins et al., 2019). 
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Annex 3- Main parameters for the Minho food web primary producers. Units and data source are stated in brackets. 

Values and references in the table retrieved from (Martins et al., 2019). 

 

Annex 4- Main parameters for the Minho food web benthic invertebrates and fish. Units and data source are stated in 

brackets. Values and references in the table retrieved from (Martins et al., 2019). 

 


