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Impact of microplastics and ocean acidification on critical stages of sea 
urchin (Paracentrotus lividus) early development 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ocean acidification and microplastics 
altered the morphology of P. lividus 
larvae. 

• Ocean acidification and microplastics 
reduce growth of P. lividus larvae. 

• Alterations occurred before and after 
larvae start to feed exogenously. 

• The combined effect of both stressors on 
P. lividus morphology is non additive. 

• SET is an ideal method to study the 
impact of ocean acidification at a lab 
scale.  
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A B S T R A C T   

One of the major consequences of increasing atmospheric CO2 is a phenomenon known as ocean acidification. 
This alteration of water chemistry can modulate the impact on marine organisms of other stressors also present in 
the environment, such as microplastics (MP). The objective of this work was to determine the combined impact 
of microplastic pollution and ocean acidification on the early development of Paracentrotus lividus. To study these 
multi-stressor impacts on development P. lividus the sea urchin embryo test (SET) was used. Newly fertilised 
embryos of P. lividus were exposed to a control treatment (filtered natural seawater), MP (3000 particles/mL), 
acidified sea water (pH = 7.6), and a combination of MP and acidification (3000 particles/mL + pH = 7.6). After 
48, 72, and 96 h measurements of growth and morphometric parameters were taken. Results showed that ocean 
acidification and MP cause alterations in growth and larval morphology both before and after the larvae start to 
feed exogenously. The exposure to MP under conditions of ocean acidification did not produce any additional 
effect on growth, but differences were observed at the morphological level related to a decrease in the width of 
larvae at 48 h. Overall, changes in larvae shape observed at three key points of their development could modify 
their buoyancy affecting their ability to obtain and ingest food. Therefore, ocean acidification and MP pollution 
might compromise the chances of P. lividus to survive in the environment under future scenarios of global climate 
change.   
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1. Introduction 

Multiple anthropogenic activities are currently affecting the planet 
generating a global climate change. One of the consequences of global 
climate change is the decrease in seawater pH, known as ocean acidi
fication. This phenomenon is generated by the increase in atmospheric 
CO2 which leads to an increase in dissolved CO2 in the ocean, decreasing 
seawater pH and perturbating the carbonate system (Gao et al., 2020). 
According to the prediction of the Food and Agriculture Organization of 
the United Nations (FAO), pH will decrease between 0.2 and 0.4 units by 
the end of this century (FAO, 2019) and this could have a great impact 
on marine life (Hall-Spencer et al., 2015). In this regard, it has been 
demonstrated that ocean acidification has the potential to reduce the 
calcification rate of marine calcifiers, such as corals, coccolithophores, 
or shellfish, and to exert a negative influence in a wide range of other 
processes such as growth and reproduction (Poloczanska et al., 2016). 
This reduction in seawater pH has been related to poor calcification in 
diatoms, generating physiological changes which diminish their popu
lation affecting also zooplankton communities (Gao et al., 2020). These 
alterations in phytoplankton and zooplankton have the potential to 
affect the entire ecosystem (Borics et al., 2021; Hébert et al., 2017; 
Vallina et al., 2017). 

Another anthropogenic activity that is severely affecting the oceans 
is the improper management and disposal of plastic with the consequent 
plastic pollution (Plastics Europe, 2020). In particular, the amount of 
microplastics (MP; plastic particles under 5 mm) present in the aquatic 
environment is of increasing concern (Cole et al., 2011; Andrady, 2011). 
The generation and release of MP has been so pronounced in the last 
decade that it was predicted that by 2050 there will be more MP in the 
oceans than fish (Forum, 2016), representing a high risk to the marine 
environment (Khalid et al., 2021). Also, the ingestion and assimilation of 
MP at environmentally relevant concentrations has been shown to cause 
several adverse effects in aquatic life, such as stress, false feeling of 
satiation, reproductive complications, and reduced growth rate in 
several aquatic organisms (Andrady, 2017; Ma et al., 2020). 

Therefore, the study of the impact of human activities on marine 
ecosystems has attracted considerable attention by the scientific com
munity, aiming to determine the negative effects of the variety of 
stressors directly or indirectly released into the environment. This raises 
the necessity of experimental methods that allow analysing several 
stressors acting together in model organisms. Also, this implies the 
emulation of realistic scenarios aiming to truly determine the pressures 
organisms are exposed to in their environment (Tlili and Mouneyrac, 
2021). These scenarios are often difficult to reproduce due to the high 
number of variables to adjust which, among other problems, requires 
experiments with a high number of treatments and replicates, consid
erably increasing their size and the space needed to carry them out 
(Boyd et al., 2018). The information obtained with model organisms 
allows a better understanding of the process under study but also might 
bring relevant information applicable to other organisms and, ulti
mately, to the ecosystem (Gao et al., 2020; Pérez-Ruzafa et al., 2018). 
Therefore, one of the current challenges in the field of ecotoxicology is to 
address the problem of determining the effects of a multiple-stressor 
environment on ecosystems through a suitable method to be carried 
out in the laboratory. 

The sea urchin embryo test (SET) has been widely employed as a 
reference method to determine the effect of potential toxic agents in 
samples of seawater and sediments (Bellas and Beiras, 2005; Pereira 
et al., 2020; Rengifo et al., 2019; Sheppard Brennand et al., 2010; Tri
fuoggi et al., 2019). The SET is an excellent method presenting several 
advantages such as: high reproducibility, not using vertebrate animals, 
cost-effectiveness, low utilization of adult individuals, easiness to carry 
out in the laboratory or low requirements in terms of equipment, among 
others (Pagano et al., 2017). Sensitivity is also a key aspect when 
choosing a method for a toxicological assessment. In this regard, the SET 
has shown a high sensitivity to a wide range of physical and chemical 

pollutants (Beiras et al., 2001, 2012). Another approach commonly used 
in ecotoxicology is the sea urchin fertilization assay, but evidence sug
gests that the SET is a more suitable method for studying global climate 
change phenomena (Caetano et al., 2021; Pereira et al., 2020). The 
major drawback in the utilization of SET is the availability of gametes 
out of the spawning season, but this can be sorted by keeping adult sea 
urchins under culture conditions and inducing the gamete production 
with KCl injections (Luis et al., 2005). In addition, as sea urchins are key 
components of the ecosystem and second or third level predators, they 
are good indicators of the status of the ecosystem (Lawrence, 2013; 
Parra-Luna et al., 2020). 

In this context, in a previous work we employed the SET to study the 
effect of MP and pH reduction under ocean warming conditions (Ber
tucci and Bellas, 2021). In that work, we firstly determined the best 
conditions of pH, temperature, and MP concentration to perform the 
bioassays. The water acidification method employed in Bertucci and 
Bellas (2021) does not take into consideration other changes in water 
chemistry, such as the decrease in alkalinity generated by the addition of 
a strong acid (Ulf et al., 2011). However, it allowed us to determine the 
effect of a higher concentration of protons in the media, which is one 
negative consequence of ocean acidification. Secondly, we observed that 
MP could aggravate the effect of pH reduction and that an increase in 
water temperature generated additional stress on P. lividus larvae after 
48 h. It is our intention to initiate an organised study of this problem in 
the laboratory, developing all the necessary tools to analyse the com
bined effect of global climate change factors with that of other anthro
pogenic stressors. Therefore, in the present study, we aim to determine 
the effect of ocean acidification and MP on the growth and development 
of sea urchins, at critical stages of early development. To do this, we 
employ an easy method to acidify seawater recreating the ocean acidi
fication conditions. Moreover, two informatic apps, developed by our 
group, that allow users to quickly process data on the growth and 
morphology of P. lividus larvae, are presented. 

2. Materials and methods 

2.1. Biological material 

P. lividus were collected from a natural population inhabiting the 
outer part of the Ría of Vigo (Galicia, NW Iberian Peninsula) in the late 
spring (May to June). Around 20 males and 20 females were maintained 
in 100 L tanks, with a natural photoperiod and natural seawater in flow- 
through conditions (temperature 14 ± 2 ◦C, pH = 8.1 ± 0.1) until its 
utilization. Individuals were fed daily with green and brown algae (Ulva 
lactuca, Laminaria sp.). 

2.2. Microplastic reagent preparation 

Solutions were prepared according to Bellas and Gil (2020) and 
Bertucci and Bellas (2021), with slight modifications. Data about MP 
and MP solution preparation is reported following the criteria of de 
Ruijter et al. (2020). The MP employed were high density polystyrene 
microspheres (PSMS) with a size range of 9.5–11.5 μm (90%), a sphe
ricity greater than 95% and a density of 1.07 g/cc. MP stock was pur
chased from Cospheric (California, USA). Polystyrene was selected as is 
one of the MP most frequently found in oceans (Andrady, 2017). The 
particle size used is in accordance with the average size found in the 
ocean (Andrady, 2011). MP suspensions were prepared by addition of 1 
mg of powder in 1 L of filtered seawater (1 μm), sterilised with UV light 
and ozone (FSW, 30 psμ salinity, pH = 8.1). This suspension contains 
approximately 9000 MP particles per mL (particles/mL) that were 
counted with a portable particle counter (PAMAS Partikel mess und 
Analyse systeme GmbH - S4031GO, Rutesheim, Germany) and consti
tuted the stock suspension of MP used to prepare the experimental 
treatments. The concentration of MP used in the experiments (3000 
particles/mL) is closer to maximum concentrations measured in polluted 
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estuaries and coastal environments (100–15,600 MP/m3; Gorokhova, 
2015; Kang et al., 2015; Zhao et al., 2015) and was selected based on a 
previous work from our group (Bertucci and Bellas, 2021). 

2.3. Water acidification protocol 

Experimental treatments were acidified following the recommen
dations of Ulf et al. (2011). According to this guide and to the prediction 
of the FAO, by the end of this century the dissolved inorganic carbon 
(DIC) will increase in 126 × 10− 6 mol per Kg of sea water (SW). 
Considering the SW density is close to 1 g/mL, this increase on DIC was 
achieved adding 126 × 10− 6 mol of NaHCO3 (Merck KGaA, Darmstadt, 
Germany) to 1 L of FSW (stock solution). This addition will also increase 
the Total Alkalinity (TA) of the stock solution in 126 × 10− 6 equivalents. 
Therefore, 126 × 10− 6 equivalents from a strong acid (HCl, PanReac, 
Barcelona, Spain) were added to the stock solution to compensate the TA 
increase. The pH was checked during 20 min after stabilization and the 
TA was measured (HI755, Hanna instruments, Madrid, Spain) 10 min 
before and after the acid addition to confirm that no changes were 
provoked by the treatment. TA, pH, O2, and temperature were measured 
in water samples from each treatment at 0, 48, 72 and 96 h. Parameters 
related to carbonate chemistry such as concentration of dissolved CO2, 
concentration of dissolved inorganic carbon (DIC), partial pressure of 
CO2 (pCO2), concentration of HCO3

− , concentration of CO3
=, aragonite 

saturation state (Ω Aragonite), and calcite saturation state (Ω Calcite) 
were calculated using the seacarb function in r (Gattuso et al., 2021). 

2.4. Experimental procedures for the SET 

The SET was adapted from the methods described by Saco-Álvarez 
et al. (2010). Gametes were collected from a single pair of mature 
P. lividus individuals to avoid genetic variation. Approximately 1 mL of 
oocytes were placed in a measuring cylinder containing 40 mL of FSW 

and fertilised with 10 μL of undiluted sperm. Five minutes later, three 
aliquots of 25 μL were observed at the microscope to determine fertil
ization success (indicated by the presence of a fertilization membrane) 
and the egg quantity. Fertilization success was 100% and egg density 
was 4000 ± 200 eggs/mL. Within 30 min after fertilization, eggs were 
delivered into 250 mL bottles containing the experimental treatments at 
a density of 30 embryos per mL. Bottles were tightly caped to avoid gas 
exchange. Each treatment was run in 4 replicates and consists of a 
control treatment with FSW (“Control”), MP at a density of 1000 par
ticles/mL (“MP”), acidified FSW (“pH7.6”), and a combination of both 
MP 1000 particles/mL and acidified FSW (“MP + pH7.6”). Conditions of 
pH and Temperature (T) were the same in all treatments (pH = 8.1, T =
20 ◦C) except for treatment “pH7.6” in which pH was decreased 
(Table 1). Experimental solutions were renewed after 48 h. At 48 and 72 
h larvae from all treatments were fed with 3750 cells/mL of Isochrysis 
galbana and 3750 cells/mL of Tetraselmis chuii (PAMAS Partikel mess 
und Analyse systeme GmbH - S4031GO, Rutesheim, Germany). After 48, 
72, and 96 h of incubation at 20 ◦C, with no aeration, aliquots of 10 mL 
were transferred to 35 mL vials and fixed with 10 drops of 40% buffered 
formalin. Samples were kept in darkness until their analysis under an 
inverted microscope (Axiovert 40 CFL, Zeiss, Spain). 

Growth measurements were taken as described in Beiras et al. (2012) 
and morphometric parameters were recorded as in Bertucci and Bellas 
(2021). Morphological measurements are shown in Fig. 1 A. Growth of 
larvae was calculated as the total length of larvae minus the diameter of 
eggs, in 35 larvae per replicate. To determine alterations in the body shape, 
measurements of body width (BW), longest postoral arm (POL), supra body 
length (SPR), total body length (BL; measured from the top of the larvae to 
the end of the stomach), body width in the zone of the posterodorsal arms 
(PDG) and the postoral arms’s gap (POG), were measured in 10 larvae per 
replicate. The stomach volume was calculated in 10 larvae per replicate as 
SV = 4/3π × [(S1 + S2)/4]3, in which S1 and S2 represent the vertical and 
horizontal diameter of the stomach (Fig. 1 A). 

Table 1 
Water physicochemical parameters at 0, 48, and 96 h of incubation. Oxygen, pH, temperature and alkalinity were measured, the concentrations of total phosphate and 
silicate were set to 0. All the other parameters were calculated using the seacarb package v.2.1.5 in r.   

Time (h) Control MP pH7.6 MP + pH7.6 

O2 Mol × kg− 1 0 0.00023 ± 0.00001 0.00023 ± 0.00001 0.00022 ± 0.00001 0.00022 ± 0.00001 
48 0.00021 ± 0.00001 0.00021 ± 0.00001 0.00021 ± 0.00001 0.00019 ± 0.00001 
96 0.00022 ± 0.00001 0.00021 ± 0.00001 0.00022 ± 0.00001 0.00021 ± 0.00001 

pH 0 8.16 ± 0.004 (a) 8.16 ± 0.004 (a) 7.73 ± 0.004 (b) 7.7 ± 0.01 (b) 
48 8.160 ± 0.0005 (a) 8.05 ± 0.008 (a) 7.66 ± 0.008 (b) 7.7 ± 0.01 (b) 
96 8.07 ± 0.006 (a) 8.02 ± 0.002 (a) 7.7 ± 0.02 (b) 7.69 ± 0.008 (b) 

TA Mol × kg− 1 0 0.00252 ± 0.00001 0.00252 ± 0.00001 0.00246 ± 0.00001 0.00246 ± 0.00001 
48 0.00250 ± 0.00001 0.00250 ± 0.00001 0.00250 ± 0.00001 0.00250 ± 0.00001 
96 0.00251 ± 0.00001 0.002510 ± 0.000005 0.00251 ± 0.00001 0.00251 ± 0.00005 

CO2 Mol × kg− 1 0 1.06E-05 ± 0.0000001 (a) 1.06381E-05 ± 1E-07 (a) 3.2E-05 ± 3E-07 (b) 3.3E-05 ± 8E-07 (b) 
48 1.0257E-05 ± 0.0000001 (a) 1.4738E-05 ± 3E-07 (a) 3.9E-05 ± 8E-07 (b) 4.2E-05 ± 1E-06 (b) 
96 1.3281E-05 ± 0.0000001 (a) 1.53653E-05 ± 2E-07 (a) 3.2E-05 ± 2E-06 (b) 3.6E-05 ± 7E-07 (b) 

DIC Mol × kg− 1 0 0.002121 ± 0.000002 0.0021919 ± 2E-06 0.0023482 ± 1E-06 0.0023501 ± 3E-06 
48 0.002167 ± 0.000003 0.0022959 ± 4E-06 0.0024121 ± 3E-06 0.0025716 ± 4E-06 
96 0.002230 ± 0.000005 0.002280 ± 3E-05 0.002389 ± 2E-05 0.0023909 ± 6E-06 

pCO2 μatm 0 326 ± 1 (a) 326 ± 1 (a) 1000 ± 10 (b) 1014 ± 25 (b) 
48 314 ± 5 (a) 447 ± 10 (a) 1189 ± 25 (b) 1292 ± 40 (b) 
96 414 ± 5 (a) 480 ± 10 (a) 1003 ± 60 (b) 1137 ± 25 (b) 

HCO3
− Mol × kg− 1 0 0.001940 ± 0.000005 0.001940 ± 5E-06 0.0022136 ± 1E-06 0.0022161 ± 5E-06 

48 0.001914 ± 0.000005 0.002082 ± 5E-06 0.0022829 ± 5E-06 0.0024347 ± 5E-06 
96 0.002007 ± 0.000005 0.002073 ± 1E-05 0.002248 ± 1E-05 0.0022584 ± 5E-06 

CO3
= Mol × kg− 1 0 0.000240 ± 0.000001 (a) 0.0002405 ± 1E-06 (a) 0.0001020 ± 1E-06 (b) 0.0001009 ± 1E-06 (b) 

48 0.000242 ± 0.000001 (a) 0.0001989 ± 1E-06 (a) 0.000090 ± 1E-06 (b) 0.000094 ± 1E-06 (b) 
96 0.000208 ± 0.000001 (a) 0.0001921 ± 1E-06 (a) 0.0001090 ± 5E-06 (b) 0.0000960 ± 1E-06 (b) 

Ω Aragonite 0 3.78 ± 0.01 (a) 3.78 ± 0.01 (a) 1.60 ± 0.01 (b) 1.59 ± 0.05 (b) 
48 3.81 ± 0.05 (a) 3.12 ± 0.05 (a) 1.41 ± 0.01 (b) 1.48 ± 0.05 (b) 
96 3.28 ± 0.05 (a) 3.03 ± 0.05 (a) 1.72 ± 0.05 (b) 1.51 ± 0.01 (b) 

Ω Calcite 0 5.84 ± 0.05 (a) 5.84 ± 0.05 (a) 2.47 ± 0.01 (b) 2.45 ± 0.05 (b) 
48 5.90 ± 0.05 (a) 4.82 ± 0.05 (a) 2.18 ± 0.05 (b) 2.29 ± 0.05 (b) 
96 5.06 ± 0.05 (a) 4.67 ± 0.05 (a) 2.6 ± 0.1 (b) 2.33 ± 0.05 (b) 

Data represents the mean value and standard error from the 4 replicates. (TA: Total Alkalinity. DIC: Dissolved Inorganic Carbon. Different letters denote statistical 
differences between treatments. 
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2.5. Statistical analysis 

Growth data were analysed using the web app “Growth Calculator” 
developed by our group and freely available at https://jignacio-ieo2020. 
shinyapps.io/Growth-Calculator-1/, and following the considerations 
explained in Saco-Álvarez et al. (2010). Larval length data collected 
with the imageJ software (.txt files), were uploaded and visualized for 
checking and resume statistics. Once data was uploaded and names were 
assigned to each treatment, the program generated bar graphs on 
growth, growth relative to the control treatment, and results from 
Normality (Shapiro-Wilk) and Homogeneity tests (Levene). The tab 
“Statistics” allows to perform an ANOVA and a Tukey test (if data is 
normally distributed). Alternatively, if the data did not follow a normal 
distribution, they were normalised and the ANOVA and Tukey tests were 
run again. This app, also contains an extra tab called “IC50” to do the 
IC50 (half-maximal inhibitory concentration) and EC50 (median effec
tive concentration) calculations in concentration-response experiments. 
Morphological measures were expressed as a ratio between each mea
surement and “BL” using the Morpheus app, designed by our group and 
freely available at https://jignacio-ieo2020.shinyapps.io/Morpheus/. In 
this app, the morphological parameters of the larvae obtained in each 
treatment were uploaded in a.txt or.csv file and easily visualized 
together in the tab called “Data”. Then, after names were assigned to 
each treatment, uploaded data was used to calculate the ratio between 
each parameter and “BL” and bar graphs were generated. Overall, the 
apps help to analyse large amounts of data and contribute to facilitate 
the use of the SET for toxicological determinations. 

PCA-analysis and PCA-graphs were conducted and made in R 
(ggbiplot package, R Core Team, 2018). In this analysis, the ‘variables’ 
were the values of growth and morphometric ratios and the ‘individuals’ 
were the treatments (Control, MP, pH7.6 and MP + pH7.6) at 48, 72 and 
96 h. 

3. Results 

3.1. Water physicochemical parameters 

Water physicochemical parameters for each treatment, at different 
incubation times, are listed in Table 1. Control and MP treatments have a 
pH value around 8.1 while pH7.6 and MP + pH7.6 have pH values be
tween 7.6 and 7.7. The DIC values in control and MP treatments were in 
the range of 0.0022–0.0023 mol × kg− 1 and in pH7.6 and MP + pH7.6 
treatments that value increased to 0.0024–0.0026 mol × kg− 1. The TA 
remains constant for all treatments at a value of 0.0025 mol × kg− 1. 
Dissolved oxygen does not change between treatments nor among 

incubation times. The omega (Ω) aragonite and calcite, which indicates 
the aragonite and calcite saturation state, are lower in pH7.6 and MP +
pH7.6 treatments. 

3.2. Growth and morphometric parameters 

Growth of larvae reared under different treatments at 48, 72 and 96 h 
are represented in Fig. 1 B. At 48 h, larvae treated with MP showed a 
reduction in growth compared to the control group. Larvae from treat
ments pH7.6 and pH7.6 + MP showed a reduced growth compared to 
control group and compared to MP group. After 72 h and 96 h, larvae 
treated with pH7.6 and pH7.6 + MP showed a reduction in growth 
compared to control and to MP treatments. 

After 48 h of incubation, BW/BL, PDG/BL, and POG/BL ratios were 
higher for larvae reared at pH 7.6 than for larvae from controls or any of 
the other treatments (Fig. 2 B, C, E). The BW/BL ratio in larvae from the 
pH7.6 + MP treatment was higher than in the control and MP treat
ments. No differences between treatments were observed in SPR/BL, 
POL/BL and SV/BL ratios (Fig. 2 A, D and F). 

After 72 h, larvae from the pH7.6 treatment presented a lower POL/ 
BL ratio, compared with control and MP (Fig. 3 D). The POG/BL ratio 
was lower in larvae from the MP treatment compared with controls and 
all the other treatments (Fig. 3 E). No differences were found in SPR/BL, 
BW/BL, PDG/BL, and SV/BL ratios after 72 h of incubation, although an 
increasing trend was observed for SV/BL in MP, pH7.6 and MP + pH7.6 
treatments (Fig. 3A and B, C, F). 

After 96 h, no significant differences between treatments were 
observed in the SPR/BL ratio (Fig. 4 A). However, MP, pH7.6 and MP +
pH7.6 treatments provoked a decrease in BW/BL, PDG/BL, POG/BL and 
SV/BL ratios compared to controls after 96 h of incubation (Fig. 4B and 
C, E, F). The POL/BL ratio was lower in larvae treated with MP 
compared to controls, but higher than larvae from pH7.6 and MP +
pH7.6 treatments (Fig. 4 D). 

The PCA analysis shows that component 1 (PC1, horizontal axis) and 
component 2 (PC2, vertical axis) explain 45% and 21.8% of the variance 
of the data, respectively (Fig. 5). The first component is defined by high 
loadings of the variables POG, PDG, and BW (Fig. 5 A, Sup. Table 1), 
indicating that this component corresponds mainly to the width of the 
larvae (Fig. 1 A). The second component is defined by high loadings oft 
Growth and POL (Fig. 5 A, Sup. Table 1), indicating that this component 
corresponds mainly to the growth and body length of the larvae (Fig. 1 
A). The variables POG, PDG and BW are positively correlated as well as 
Growth and POL (Fig. 5 A). Factors (cases) were clustered by experi
mental treatment (Fig. 5 B) and by exposure time (Fig. 5 C) in ellipses 
(95% confidence). The cluster formed by control is plotted parallel to 

Fig. 1. (A) Morphological measurements of P. lividus larvae. POL: longest postoral arm. BL: total body length. SPR: supra body length. BW: body width. PDG: body 
width in the zone of the posterodorsal arms. POG: postoral arms’ gap. S1 and S2 represent the vertical and horizontal diameter of the stomach. (B) Growth of P. lividus 
larvae under different microplastic and ocean acidification treatments at 48 h, 72 h, and 96 h. Growth expressed in μm relative to the mean size of embryos. Different 
letters denote statistical differences between groups assessed by one-way ANOVA follow by Tukey post hoc analysis test (p < 0.05). 
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PC1 and separated from the other clusters, with cases mostly distributed 
between negative and positive values of this axis and in the positive side 
of PC2. The cluster MP is separated from pH7.6 and control clusters but 
overlaps with pH7.6 + MP. Cluster formed by MP is located parallel to 
PC2 with the majority of cases in the positive side of this axis and in the 
negative side of PC1. Clusters of pH7.6 and pH7.6 + MP are overlapped 
and located on the negative side of PC2 and distributed among the 
negative and positive side of PC1 (Fig. 5 B). When cases were clustered 
by time of exposure, groups formed by 48 h and 96 h were overlapped 
and mainly located in the negative side of PC2. The cluster that corre
sponds to 72 h of exposure was located in the positive side of PC1 and of 
PC2 and completely separated from the other clusters (Fig. 5 B). 

4. Discussion 

4.1. Acidification method for SET 

The method for water acidification was adapted from Ulf et al. 
(2011) which recommended an increase in DIC using HCO3

− , followed by 
the addition of a strong acid (HCl) which blocks the increase in TA. This 
method is recommended for closed systems to avoid the gas exchange 
that can modify the carbon chemistry. The overall idea is to emulate the 
ocean acidification conditions predicted by FAO (FAO, 2019) in terms of 
DIC-increase and pH-reduction, but without altering the TA. According 
to the results presented here, this method allows to easily recreate these 
conditions with minimum requirements in the laboratory. Thus, unlike 
other approaches which require more sophisticated equipment (e.g., 
CO2 bubble system coupled with a pH-meter and pCO2-meter; Foo et al., 
2020; Johnson et al., 2020; Rodríguez et al., 2017; Sheppard Brennand 
et al., 2010; Stumpp et al., 2012), this is an ideal method to study the 

impact of ocean acidification using a simple procedure such as the SET. 
The addition of live food, such as phytoplankton, to the media, can in
crease the dissolved organic compounds derived from photosynthesis 
that contribute to the TA, especially when high biomass is added (Ulf 
et al., 2011). But no variations were found in the water parameters 
neither at 72 nor 96 h. According to our results, the acidification method 
proposed by Ulf et al. (2011) combined with the SET has the potential to 
be used in the study of ocean acidification at laboratory scale during 48 
h (the standard SET incubation time, Beiras et al., 2012; Pagano et al., 
2017; Saco-Álvarez et al., 2010), but also for longer times. 

4.2. Growth and morphology of larvae exposed to microplastics under an 
ocean acidification scenario 

In a previous work (Bertucci and Bellas, 2021) we demonstrated the 
stunning effect of low pH on P. lividus larvae, but the acidification 
method employed did not consider the increase in TA nor in DIC. In the 
present work we emulate ocean acidification conditions similar to those 
predicted by FAO (FAO, 2019) for future global climate change sce
narios. Our results show that ocean acidification could severely affect 
the growth of P. lividus larvae. Rather than low pH or increased DIC, the 
saturation state of CaCO3 has been shown to drive the negative impacts 
of ocean acidification on marine calcifying organisms (Foo et al., 2020; 
Johnson et al., 2020; Rengifo et al., 2019; Rodríguez et al., 2017; Zhao 
et al., 2018). Under-saturated seawater (Ω < 1, CaCO3) might be cor
rosive to calcifying organisms (Scott et al., 2010); however, any reduc
tion in Ω increases the metabolic costs of creating skeletal structures out 
of CaCO3 (Branch et al., 2013). The observed reduction in Ω-calcite and 
Ω-aragonite in the pH7.6 treatment might explain the observed reduc
tion in larval growth. A reduction of water pH per-se has been related to 

Fig. 2. Ratios between morphological parameters and the body length of P. lividus larvae after 48 h of incubation with different treatments. Supra body length (SPR), 
body width (BW), longest postoral arm (POL), total body length (BL), body width in the zone of the posterodorsal arms (PDG) and the postoral arms’s gap (POG). (A) 
Supra body length relative to BL. (B) Body width relative to BL. (C) Width in the zone of posterodorsal arms relative to BL. (D) Length of the longest postoral arm 
relative to BL. (E) Width of postoral arms’s gap relative to BL. (F) Stomach Volume relative to BL. MP: 3000 particles/mL. Different letters denote statistical dif
ferences between groups assessed by one-way ANOVA follow by Tukey post hoc analysis test (p < 0.05). 
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increased respiration rate, abnormal gene expression and oxidative 
response in sea urchin (Pagano et al., 2017). It was also found to 
generate morphological alterations and growth retardment in P. lividus 
larvae (Bertucci and Bellas, 2021). Sea urchin larvae are capable (within 
certain limits) of maintaining their inner pH despite external changes, 
but this consumes energy that is not available to anabolic processes. 
Consequently, the cost of maintenance of the inner conditions of the 
organism affects growth and increases mortality (Stumpp et al., 2012). 
Therefore, ocean acidification is a multifactorial problem (not only 
associated with the saturation state of CaCO3) affecting several aspects 
of the organisms’ biology. 

The MP treatment generated a slight reduction in growth as it had 
been previously reported (Bertucci and Bellas, 2021) but, in this work 
we found that this reduction depends on the time of exposure. Sup
porting this result, the percentage of normal development of Lytechinus 
variegatus larvae was reduced in presence of virgin MP after 24 h of 
exposure (Nobre et al., 2015). Larvae from Sphaerechinus granularis did 
not show differences on growth compared to controls when incubated 
for 72 h with concentrations of MP of 0.1 and 1 mg/L (Trifuoggi et al., 
2019). Although in Nobre et al. (2015) the time of exposure is lower 
compared with the present work, it seems that MP causes a higher 
impact at early stages of development in sea urchin. It has been 
demonstrated that P. lividus larvae are able to ingest MP after 48 h of 
exposure (Martínez-Gómez et al., 2017). Larvae from Pseudechinus hut
toni exposed to MP (1000 particles/mL), exhibited a greater degree of 
oxidative damage compared to controls (Richardson et al., 2021). Au
thors concluded that oxidative damage was mostly related to MP 
ingestion, although the presence of MP in the media also exerts some 
level of damage. The mechanisms to avoid oxidative damage cost energy 
which is not available to growth and might explain the effect observed in 

our work in the first 48 h of exposure. Approximately 48 h post-hatching 
the energy reserves of the egg start to decrease, the digestive system of 
P. lividus larvae is fully developed and larvae start the digestion of 
phytoplankton (Gosselin and Jangoux, 1998). Additional energy uptake 
through feeding might temporarily counter the cost of growing in an 
adverse media. This is an interesting topic to investigate in the future 
and might help to elucidate the mechanisms of MP toxicity. 

The combination of MP exposure and ocean acidification conditions 
did not produce any additional effect on growth than that caused by 
ocean acidification alone. This may be due to the type of interaction 
between both stressors. Antagonistic interactions have previously been 
reported in other species exposed to chemical and physical stressors 
(Dunne, 2010; Holmstrup et al., 2010). This kind of interaction is usually 
present when one of the stressors has a greater impact than the other 
(Darling et al., 2010). Concerning ocean acidification, Dong et al. (2020) 
found an enhanced tolerance to Cd driven by CO2 acidification in 
Phaeodactylum tricornutum. Authors exposed the possibility that OA 
could change the biochemical mechanism that the diatom use to 
detoxify Cd. In a previous work (Bertucci and Bellas, 2021), we found a 
slight reduction in growth when larvae were treated with the combi
nation of MP and low pH, compared with low pH alone. This might point 
out differences between the water acidification method employed in 
both experiments. 

When analysing the effect at the morphological level after 48 h of 
incubation, the combination of both stressors generated a decrease in 
the ratio BW/BL compared to the control, which means that larvae are 
wider than in controls. However, the most pronounced effect was caused 
by the water acidification (pH7.6 treatment). This indicates that the 
effect of both stressors on this parameter is again non additive, and 
maybe antagonistic. The acidification of water after 48 h generated an 

Fig. 3. Ratios between morphological parameters and the body length of P. lividus larvae after 72 h of incubation with different treatments. Supra body length (SPR), 
body width (BW), longest postoral arm (POL), total body length (BL), body width in the zone of the posterodorsal arms (PDG) and the postoral arms’s gap (POG). (A) 
Supra body length relative to BL. (B) Body width relative to BL. (C) Width in the zone of posterodorsal arms relative to BL. (D) Length of the longest postoral arm 
relative to BL. (E) Width of postoral arms’s gap relative to BL. (F) Stomach Volume relative to BL. MP: 3000 particles/mL. Different letters denote statistical dif
ferences between groups assessed by one-way ANOVA follow by Tukey post hoc analysis test (p < 0.05). 
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increase in the separation of larvae arms and therefore larvae from this 
treatment are wider than controls. After 72 h, the overall effect on larvae 
morphology was not as marked as at 48 h. The relative size of larvae 
arms seems to be shortened by acidification and MP increased the sep
aration of the arms. Considering the acidification treatment, some 
morphological changes observed at 48 h seem to be mitigated after 72 h. 
As it was explained for growth, this would be attributed to the increase 
in the energy available to growth and develop caused by the ingestion of 
food together with the leftovers of the energy stores from the egg. But, 
larvae in the environment do not have the optimum amount of food as in 
the experimental conditions, so that this recovery effect might not be 
present in natural conditions. The only parameter altered by the pH7.6 
treatment after 72 h was the POL/BL ratio, which means that larvae 
develop equally than the control, but the length of arms compared to the 
rest of body was altered. After 96 h, most of the treatments seem to alter 
the morphology of the larvae reducing the length, the size, and the 
separation of arms. Also, all the treatments reduced the stomach volume. 
Clearly, all of these perturbations start to have a marked effect on 
P. lividus larvae after 96 h and this might be related with feeding and 
development. As time post hatching increase, body structures are getting 
more complex and larger, which requires a higher amount of energy for 
maintenance (Marsh et al., 2013). A stressor present from the beginning 
of larval development may be a source of energy expenditure that is not 
available for growth and development, generating the adverse effects 
observed (Sokolova, 2013; Sokolova et al., 2012; Todgham and Hof
mann, 2009). Overall, the change in the shape of P. lividus larvae can 
have a strong impact on their capacity for buoyancy and feeding and 
therefore, their chances to survive in their natural environment. Modi
fications in buoyancy could modify their position in the water column 

exposing larvae to suboptimal temperatures and light conditions (Hodin 
et al., 2016; Strathmann, 2006). Also, as larval food is usually available 
in a specific layer of the water column, changes on buoyancy can 
severely affect the ability of larvae to reach food (Strathmann, 2006). 
Moreover, the anatomical deformities observed after the time P. lividus 
larvae open their mouth could directly alter their ability to ingest food. 
This arises as an interesting topic to address in future studies. 

Growth is one of the most important sublethal parameters to deter
mine the effect of a stressor and therefore is one of the most employed 
end-point when performing the SET (Beiras et al., 2012; Qiao et al., 
2003). A PCA analysis was performed to determine if some of the 
morphological parameters and growth at different times are correlated 
and if their alteration could have a predictive value (Jolliffe, 2005; 
Manton et al., 2005; Ringnér, 2008). This would allow using any of the 
parameters measured here at 48 h to predict the effect of a stressor at 
longer exposure times. The morphological parameter more related with 
growth is POL and therefore, it could be used to complement growth 
data. According with the PCA analysis, MP have a negative impact on 
parameters related to the width of larvae, while water acidification has a 
negative impact on growth and length of larvae. The presence of MP 
seems to attenuate the negative effect of water acidification on larval 
development. Effects provoked by all treatments at 48 h are related with 
those at 96 h. This might be due to the metabolic changes produced by 
the mouth opening around 72 h that was discussed previously. The 
impact of water acidification, MP, or their combination on growth and 
morphological parameters at 48 h seems to be a good indicator of what 
can be observed at 96 h. 

Fig. 4. Ratios between morphological parameters and the body length of P. lividus larvae after 96 h of incubation with different treatments. Supra body length (SPR), 
body width (BW), longest postoral arm (POL), total body length (BL), body width in the zone of the posterodorsal arms (PDG) and the postoral arms’s gap (POG). (A) 
Supra body length relative to BL. (B) Body width relative to BL. (C) Width in the zone of posterodorsal arms relative to BL. (D) Length of the longest postoral arm 
relative to BL. (E) Width of postoral arms’s gap relative to BL. (F) Stomach Volume relative to BL. MP: 3000 particles/mL. Different letters denote statistical dif
ferences between groups assessed by one-way ANOVA follow by Tukey post hoc analysis test (p < 0.05). 
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Fig. 5. (A) PCA plot of variables (morphologic parameters and growth). Colours in arrows indicate the contribution to each variable to both axes. (B) Cluster Plot of 
factors at 48, 72 and 96 h grouped by treatments. Colour ellipses indicate 95% of confidence. (C) Cluster Plot of factors at 48, 72 and 96 h grouped by time of 
exposure. Colour ellipses indicate 95% of confidence. PC1 and PC2 are represented by the horizontal and the vertical axis, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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5. Conclusion 

This work is part of a larger framework that aims at assessing the use 
of the SET as a methodology for testing multi-stressor environments, 
particularly those including factors of global climate change. Through 
this approach, it has been demonstrated that ocean acidification and, to 
a lower extent, MP pollution, can cause alterations in the morphology 
and growth of P. lividus larvae. The combination of both MP and con
ditions of ocean acidification did not produce any additional effect on 
growth than that caused by ocean acidification alone. But some differ
ences were observed at the morphological level. These negative effects 
are present at critical stages of their early development, including the 
moment in which larvae start to feed independently. Therefore, the 
chances of the sea urchin P. lividus to develop and survive in a predicted 
scenario of ocean acidification with an increasing concentration of MP 
are compromised, potentially threatening other components of the 
ecosystem. 
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