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ABSTRACT 

The present study characterised the environmental status of Tortugas Bay (Casma, Peru) by integrating 
biological indices with physicochemical variables, drawing on analyses of subtidal macrobenthic assemblages 
and water-column conditions. Sam-pling was undertaken at six stations spanning a gradient of anthropogenic 
pressure across three contrasting seasonal periods in 2023; sediments and benthic macrofauna were collected 
using a Van Veen grab and processed according to standardised pro-tocols. Biodiversity metrics (species 
richness and abundance, together with Shannon, Simpson, Pielou and Margalef indices) were computed, and 
multivariate approaches (PCA, nMDS and PERMANOVA) were employed. The results indicated a pronounced 
spatial gradient of sediment organic enrichment, peaking at station E-01 (5.20 ± 0.32%) and reaching a 
minimum at E-06 (1.70 ± 0.50%), with an inverse association to water transparency (1.77 ± 0.23 m at E-01 versus 
3.10 ± 0.27 m at E-04). Principal component analysis accounted for 57% of the overall environmental 
variability and identified sediment organic matter as the dominant structuring driver. Stations subject to 
greater organic enrichment displayed elevated abundances (up to 512 individuals) alongside reduced diversity 
(H′ = 2.00) and evenness (J′ = 0.67), whereas comparatively open and better-flushed stations supported 
assemblages that were both more diverse and more evenly distributed (H′ up to 2.50). Collectively, the 
integrated use of biological indices and multivariate analyses yielded a robust appraisal of the bay’s 
environmental con-dition and established a sound baseline for long-term monitoring and sustainable 
management. 

KEYWORDS: Anthropogenic Pressure; Subtidal Macrobenthic Communities; Sediment Organic En-
Richment; Biological Indices; Tortugas Bay. 
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1. INTRODUCTION 

Marine ecosystems constitute some of the most 
productive natural systems and play a pivotal role in 
regulating biogeochemical processes, sustaining 
biodiversity, underpinning food security, and 
supporting the socio-economic development of 
coastal regions (Braulik et al., 2023). Nevertheless, 
they are highly susceptible to disturbance driven by 
anthropogenic activities (Abraham & Aswathy 
Prakash, 2025). The intensification of fisheries, 
aquaculture and tourism, together with the 
expansion of coastal infrastructure, has brought 
about substantial alterations in the physicochemical 
and biological conditions of many shallow marine 
environments, thereby disrupting key ecological 
processes (Sanz-Lazaro et al., 2021). 

Environmental assessment of marine ecosystems 
has consequently become a pri-ority for both 
environmental management and scientific research 
(Braulik et al., 2023). Traditionally, monitoring 
programmes have relied on physicochemical 
parameters to diagnose the condition of the marine 
environment (Hounyèmè et al., 2023); however, such 
indicators provide only a partial view of the 
underlying ecological processes and may fail to 
capture the syner-gistic and cumulative effects of 
anthropogenic pressures on ecosystems (Fuller et al., 
2024). 

Within this context, subtidal macrobenthic 
communities have been extensively studied and 
validated as highly sensitive and robust biological 
indicators of the envi-ronmental status of marine 
ecosystems (Wang et al., 2025); (Velasco-Charpentier 
et al., 2022). Their close association with sediments, 
limited dispersal capacity and differential responses 
to gradients of organic enrichment and 
contamination render them particularly informative 
(Espinoza Tongo et al., 2022). In parallel, the 
application of biological indices derived from benthic 
community structure including metrics of diversity 
and dominance, alongside ecological diagnostic tools 
has become a central approach in marine monitoring 
and environmental management programmers 
(Ballesteros Navia et al., 2023). 

Along the south-eastern Pacific coast, numerous 
semi-enclosed bays are exposed to complex 
anthropogenic pressures (Tan, 2021). Tortugas Bay 
(Casma, Áncash) represents a coastal system 
emblematic of this challenge, being influenced by 
artisanal fisheries, benthic resource extraction, 
mariculture, tourism and the expansion of human 
settle-ments (Hurtado-Gutierrez et al., 2025). These 
pressures generate variable inputs of organic matter 
and nutrients, modify water-column 

physicochemical characteristics including dissolved 
oxygen, pH, salinity and transparency and alter 
sediment structure, thereby directly shaping the 
composition and functioning of macrobenthic 
communities (Fuller et al., 2024); (Zhou et al., 2025). 

Despite the ecological and socio-economic 
significance of this system, compre-hensive 
assessments that explicitly link benthic community 
responses to environmental variability remain 
limited (Hsiao et al., 2021); (Nuttall et al., 2025). The 
integration of univariate diversity metrics, 
multivariate community analyses and standardised 
diagnostic tools such as the AZTI Marine Biotic Index 
(AMBI) and Abundance–Biomass Comparison 
(ABC) analysis enables more precise delineation of 
disturbance gradients and ecological quality clas-ses, 
thereby strengthening the scientific basis for 
decision-making in marine ecosystem management 
(Santibañez-Aguascalientes et al., 2018); (Planque & 
Arneberg, 2018). 

Accordingly, the present study aimed to 
characterise the environmental status of Tortugas 
Bay by integrating biological indices and 
physicochemical variables, based on analyses of 
subtidal macrobenthic communities and water-
column conditions across six sampling stations 
during three contrasting seasonal periods in 2023. 
Within this framework, the study was guided by the 
following research question: what was the 
environmental condition of Tortugas Bay in 2023, as 
inferred from an integrated as-sessment of biological 
indicators and physicochemical parameters? This 
approach provided a detailed ecological diagnosis 
and contributed to establishing a scientific baseline to 
support monitoring and the sustainable management 
of anthropogenically pressured marine–coastal 
ecosystems. 

2. MATERIALS AND METHODS 

2.1. Study Area 

The present study was conducted in Tortugas 
Bay, located in the province of Casma, Áncash 
Region, Peru. The bay is characterised by a high 
capacity to retain fine sediments and by limited 
water renewal, conditions that promote the 
accumulation of organic matter on the seabed. 
Accordingly, six subtidal sampling stations were 
estab-lished throughout the bay, selected to 
represent a spatial gradient of anthropogenic 
pressure associated with local human activities. The 
location and spatial distribution of the stations are 
shown in Figure 1, which summarises the sampling 
design applied within the study area. The 
geographical coordinates of each station were 
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recorded using Google Earth Pro, following 
methodological recommendations to ensure ade-
quate spatial accuracy in marine ecological studies 
(Savoska et al., 2025). 

 
Figure 1: Study area and spatial distribution of 
sampling stations in Tortugas Bay (Peru). 

2.2. Sampling Design 

Six subtidal stations (E1–E6) were selected and 
distributed along gradients of en-vironmental 
impact. Sampling was undertaken during three 
representative seasonal periods of the year (summer, 
autumn and spring) in order to capture temporal 
varia-bility in community structure, in accordance 
with international benthic monitoring protocols (Ji et 
al., 2025). At each station, three independent 
replicates were collected to ensure statistical 
robustness and to enable assessments of spatial and 
temporal variability, consistent with established best 
practice in ecological sampling design (Aubry et al., 
2024). 

2.3. Sediment Collection And Processing 

Surface sediments were collected using a 0.05 m² 
Van Veen grab, a standard de-vice for quantitative 
sampling of macrobenthos in soft-bottom habitats 
(Van & Gümüş, 2021). Each sample was sieved in situ 
through a 500 µm mesh, a widely adopted threshold 
for characterising marine benthic macrofauna, 
following the methodology described by 
(Hernández-Miranda et al., 2021). The retained 
material was preserved in 70% ethanol and 
transported to the la-boratory for analysis. 

2.4 TAXONOMIC IDENTIFICATION AND 
BIOMASS ESTIMATION 

In the laboratory, organisms were sorted, counted 
and identified under a stere-omicroscope, and 
assigned to the lowest practicable taxonomic level. 
Taxonomic no-menclature was verified using the 

(ISO 16665, 2014). Biomass was estimated by gently 
blotting in-dividuals to remove excess water, 
followed by weighing on an analytical balance with 
a precision of ±0.001 g. These procedures followed 
the guidance of (ISO 5667-1, 2023), which provides 
standardised protocols for the processing, 
identification and quantitative analysis of marine 
benthic macrofauna, and were consistent with 
approaches commonly applied in community-
structure studies. 

2.5. Physicochemical Parameters And Organic 
Matter 

Sampling and measurement of water 
physicochemical parameters followed the guidance 
set out in (Anđelković et al., 2025), which provides 
recommendations for sampling programme design 
and the application of standardised techniques in 
coastal and marine wa-ter-quality studies. 
Measurements were made in situ using a previously 
calibrated portable multiparameter probe, thereby 
ensuring sample representativeness and minimising 
artefacts associated with transport and storage. Total 
organic matter (TOM) in sediments was determined 
in accordance with the general principles of sampling 
and handling described in the same standard, using 
the loss-on-ignition method (450 °C for 4 h), a widely 
used technique for estimating organic content in 
marine sediments. 

2.6 Statistical Analysis 

Statistical analyses were conducted in R (R Core 
Team, 2024). Environmental variables were 
standardised using z-score normalisation. 
Macrobenthic abundance data were square-root 
transformed to reduce the influence of dominant 
taxa. Com-munity structure was examined using 
multivariate analyses based on Bray–Curtis dis-
similarity matrices, with non-metric 
multidimensional scaling (nMDS) employed for 
ordination. Differences in community composition 
among stations and seasons were tested using 
PERMANOVA with random permutations, adopting 
a significance level of α = 0.05. Biological diversity 
indices (S, N, H′, J′, 1–D and Margalef) were 
calculated from station-level aggregated abundance 
data. Environmental gradients were ex-plored using 
Principal Component Analysis (PCA), and 
relationships between envi-ronmental variables and 
biological indices were evaluated using Redundancy 
Analysis (RDA). 

3. RESULTS 

The physicochemical parameters of the ecosystem 
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exhibited moderate spatial variability among 
sampling stations across Tortugas Bay (Table 1). 
Temperature was relatively homogeneous at most 
stations, with mean values close to 22 °C; however, 
station E-01 stood out by recording the lowest mean 
temperature and the greatest thermal variability 
(17.18 ± 8.73 °C). Salinity remained within a narrow 
range at all stations, with mean values between 34.60 
and 35.18 psu, indicating conditions typical of a 
coastal marine environment with limited continental 
influence. 

Table 1: Descriptive statistics of the ecosystem’s 
physicochemical variables. 

Note: Values are expressed as mean ± standard 
deviation, averaged across sampling seasons. 
Stations represent a spatial gradient of 
anthropogenic pressure within Tortugas Bay. 

Water transparency exhibited a clear spatial 
gradient, with the lowest mean value recorded at E-
01 (1.77 ± 0.23 m) and the highest at E-04 (3.10 ± 0.27 
m). Dissolved ox-ygen means ranged from 3.02 to 
3.40 mg L⁻¹, with no pronounced differences among 
stations, although E-05 showed the highest average 
value. pH varied only slightly across stations, 
remaining within a near-neutral to slightly alkaline 
range (7.91–8.07), which indicated relatively stable 
conditions within the system. 

Total organic matter in sediments displayed the 
most pronounced spatial contrast, with significantly 
higher concentrations at E-01 (5.20 ± 0.32%) and a 
progressive de-cline towards E-06, where the lowest 

value was observed (1.70 ± 0.50%). This pattern 
suggested marked spatial heterogeneity in sediment 
conditions, consistent with dif-ferences in organic 
material accumulation among stations. 

Principal Component Analysis explained 57% of 
the total environmental variabil-ity, with the first 
component (PC1) accounting for 34% and the second 
(PC2) for 23% of the variance (Figure 2). PC1 was 
chiefly associated with organic matter content and 
pH, as well as salinity and dissolved oxygen, 
defining an environmental gradient that separated 
observations towards positive scores on the axis. By 
contrast, PC2 was pri-marily related to temperature 
and water transparency, differentiating observations 
along a vertical gradient. 

 
Figure 2. PCA biplot of environmental variables 

across stationshis. 

The ordination revealed a partial overlap among 
observations from the different seasons; 
nevertheless, a moderate degree of spatial and 
temporal differentiation was evident. Observations 
associated with station E-01 were located 
predominantly at positive scores on PC1, indicating 
a stronger association with variables linked to or-
ganic enrichment. By contrast, observations from 
stations E-03 and E-04 tended to plot towards 
negative scores on both PC1 and PC2, aligning with 
higher water transpar-ency and comparatively more 
stable environmental conditions. 

The dispersion ellipses suggested substantial 
within-season variability, particu-larly during 
summer, whereas autumn and spring observations 
were more tightly clustered within the ordination 
space. Taken together, the PCA indicated that envi-
ronmental variability in Tortugas Bay was shaped by 

Statio
n 

Temperatu
re (°C) 

Salinit
y (ups) 

Transparenc
y (m) 

Dissolve
d O₂ (mg 

L⁻¹) 
pH 

Organi
c 

matter 
(%) 

E-01 17.18 ± 8.73 
35.02 ± 

0.32 
1.77 ± 0.23 

3.32 ± 
0.53 

8.0
7 ± 
0.0
4 

5.20 ± 
0.32 

E-02 22.10 ± 1.71 
34.88 ± 

0.45 
2.00 ± 0.18 

3.10 ± 
0.23 

7.9
8 ± 
0.0
9 

3.90 ± 
0.54 

E-03 22.08 ± 1.54 
34.60 ± 

0.63 
2.47 ± 0.46 

3.18 ± 
0.55 

7.9
1 ± 
0.1
1 

2.67 ± 
0.72 

E-04 21.97 ± 1.81 
35.08 ± 

0.13 
3.10 ± 0.27 

3.17 ± 
0.83 

8.0
3 ± 
0.0
8 

3.00 ± 
0.32 

E-05 22.25 ± 1.55 
35.18 ± 

0.25 
2.43 ± 0.31 

3.40 ± 
0.70 

8.0
1 ± 
0.0
9 

2.23 ± 
0.19 

E-06 22.25 ± 1.32 
34.98 ± 

0.12 
2.10 ± 0.18 

3.02 ± 
0.79 

8.0
1 ± 
0.0
6 

1.70 ± 
0.50 
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both spatial gradients among stations and a 
moderate seasonal signal. 

Biological diversity indices exhibited contrasting 
spatial patterns in the structure of the macrobenthic 
community across the sampling stations (Table 2). 
Total abun-dance (N) reached its maximum at station 
E-01 (512 individuals), while the remaining stations 
displayed markedly lower values, ranging from 148 
to 292 individuals. In contrast, species richness (S) 
varied more moderately among stations, spanning 16 
to 21 species, with station E-04 recording the highest 
richness. 

Tabla 2: Biological diversity indices by station. 

Statio
n 

S 
(richnes

s) 

N 
(abundanc

e) 

Shanno
n (H′) 

Simpso
n (1–D) 

Pielo
u (J′) 

Margale
f 

E-01 20 512 2.001 0.789 0.668 3.046 

E-02 17 292 2.172 0.845 0.767 2.819 

E-03 20 148 2.326 0.863 0.776 3.802 

E-04 21 182 2.496 0.881 0.820 3.843 

E-05 16 164 2.326 0.874 0.839 2.941 

Note:  S = species richness; N = total abundance. 
Diversity indices were calculated using pooled 

abundance data per station across sampling 
periods. 

Shannon diversity (H′) ranged from 2.001 to 2.496, 
with the lowest values ob-served at E-01 and the 
highest at E-04, indicating a progressive increase in 
diversity towards stations supporting more evenly 
structured assemblages. Consistently, Simp-son’s 
index (1–D) was high at all stations and reached its 
maximum at E-04, reflecting reduced species 
dominance in these areas. 

Pielou’s evenness (J′) exhibited an increasing 
pattern from E-01 to E-05, with the lowest value 
recorded at E-01 and the highest values at E-04 and 
E-05, indicating communities with a more 
homogeneous distribution of abundances. Likewise, 
Mar-galef’s index was higher at stations E-03 and E-
04, in agreement with the patterns ob-served for 
species richness and overall diversity. 

Figure 3 summarises the spatial variation in 
benthic community structure across the sampling 
stations, incorporating total abundance (Figure 3a), 
Shannon diversity (Figure 3b) and Pielou’s evenness 
(Figure 3c). In terms of abundance, the highest value 
was recorded at E-01, followed by E-02, with a 
marked decline towards E-03 and broadly 
comparable values at E-04 and E-05 (Figure 3a). By 
contrast, both diversity and evenness displayed the 
opposite response, with minima at E-01 and 
increasing values towards the intermediate and outer 
stations, where the highest values were observed 
particularly at E-04 for Shannon (Figure 3b) and at E-
05 for Pielou (Figure 3c). 

 
 

Figure 3. Spatial variation by station (E-01–E-05) 
of the macrobenthic community in Tortugas Bay: 
abundance (N), Shannon diversity (H′) and Pielou’s 
evenness (J′). 

This integrated pattern indicates that stations 
characterised by higher total abundance supported 
assemblages dominated by a limited number of 
species, whereas stations with lower abundance 
exhibited more evenly structured and comparatively 
diverse communities. In particular, stations E-04 and 
E-05 stood out for their higher evenness and 
diversity, reflecting a more homogeneous 
distribution of individuals among the species 
present. 

4. DISCUSSION 

Table 1 showed significant differences in 
physicochemical parameters among sta-tions, 
dominated by a clear gradient of sediment organic 
enrichment. Organic matter reached its maximum at 
E-01 (5.20 ± 0.32%) and declined progressively 
towards E-06 (1.70 ± 0.50%), whereas water 
transparency displayed the opposite pattern, with 
minimum values at E-01 (1.77 ± 0.23 m). This 
behaviour is characteristic of coastal systems 
subjected to anthropogenic pressure, where, as 
reported by Chen et al., (2025), sustained inputs of 
particulate and organic material, together with the 
retention of fine sedi-ments, promote the 

a) Spatial variation of benthic abundance 

 
b) Spatial variation of 

Shannon diversity 

c) Spatial variation of 

Pielou evenness 
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accumulation of detritus on the seabed. Consistently, 
Wu et al., (2022) and Silva et al., (2025) indicated that 
these processes increase water-column turbidity and 
reduce clarity, thereby reinforcing the inverse 
relationship observed here between organic matter 
and transparency. 

Dissolved oxygen remained at moderate and 
relatively homogeneous levels among stations (≈ 
3.02–3.40 mg L⁻¹), suggesting elevated respiratory 
demand associ-ated with organic-matter 
mineralisation, while not indicating pronounced 
hypoxia in mean values. According to Quintana et 
al., (2026), this scenario is typical of moderately 
enriched envi-ronments, in which oxygen 
consumption intensifies at the sediment–water 
interface without necessarily producing persistent 
hypoxia in the water column. By contrast, salinity 
(34.60–35.18 psu) and pH (7.91–8.07) varied within 
narrow ranges, indicating that the principal 
environmental differences were not driven by 
hydrological variabil-ity but rather by local processes 
of deposition, resuspension and organic-matter deg-
radation, as noted by Freitas et al., (2023). 
Temperature exhibited high variability at E-01, likely 
re-flecting the averaging of values across seasons; 
therefore, interpretation required cau-tion, as 
emphasised by Grenier et al., (2020) and Turner et al., 
(2021) for studies integrating broad temporal 
windows. 

Figure 2 summarised this environmental gradient 
via Principal Component Analysis. In the PCA, 
sediment organic matter and pH were associated 
with positive PC1 scores, whereas transparency and 
temperature projected in the opposite direction, 
indicating an inverse relationship between organic 
enrichment and water clarity. As Kaberi et al., (2023) 
reported, this multivariate configuration is common 
in coastal systems where or-ganic-matter gradients 
simultaneously structure sediment quality and 
water-column conditions. In this context, the position 
of E-01 reinforced its character as the station with the 
greatest organic accumulation, plausibly linked to 
higher anthropogenic pressure and/or reduced local 
hydrodynamic renewal, as described by Son et al., 
(2025) for semi-confined coastal environments. 
Conversely, stations plotting towards negative PC1 
values were associated with higher transparency, 
consistent with more open and better-flushed 
conditions, in line with findings reported by Teubner 
et al., (2020), Zhou et al., (2021) and Derui et al., 
(2021). The overlap among seasons suggested 
temporal variability, albeit without a clear separa-
tion among seasonal groups, with the spatial 
gradient remaining the dominant signal within the 

system. 
The biological diversity indices (Table 2) were 

coherent with the identified envi-ronmental 
gradient. Station E-01, associated with higher 
organic-matter content and lower transparency, 
exhibited high total abundance but comparatively 
low diversity and evenness, suggesting dominance 
by a limited set of opportunistic taxa. According to 
Derui et al., (2021) and (Jiao et al., (2025), this pattern 
is typical of benthic communities under organic 
enrich-ment, in which the proliferation of tolerant 
species reduces community evenness. In contrast, 
stations plotting towards negative PC1 values (E-03 
and E-04) displayed higher diversity, evenness and 
standardised richness, consistent with more stable 
en-vironmental conditions and reduced stress, as 
described by Tsikopoulou et al., (2019). The 
remaining sta-tions showed intermediate values, 
reinforcing the existence of a continuous spatial 
gradient in which sediment organic enrichment acted 
as the principal driver structur-ing the community, in 
agreement with Xu et al., (2022) and Parent et al., 
(2021). 

Overall, the concordance among physicochemical 
patterns, the PCA and biologi-cal indices confirmed 
that sediment organic enrichment constituted the 
primary con-trol on benthic community structure in 
the study area, while seasonal variability played a 
secondary role relative to the dominant spatial 
signal. This pattern was con-sistent with that 
described for coastal ecosystems exposed to 
gradients of anthropo-genic pressure and limited 
hydrodynamic renewal Corinaldesi et al., (2022); 
Nandi & Pandey, (2025). 

5. CONCLUSIONS 

It was established that the environmental status of 
Tortugas Bay was driven pri-marily by a spatial 
gradient of sediment organic enrichment, which 
governed both the variability of physicochemical 
parameters and the structure of the macrobenthic 
community, producing stations with high abundance 
and low diversity associated with greater 
anthropogenic pressure, alongside stations 
supporting more diverse and more evenly structured 
assemblages linked to comparatively stable 
environmental conditions; the integration of 
biological indices and multivariate analyses enabled 
this gradient to be characterised consistently and 
provided a robust scientific basis for monitoring and 
environmental management of the system. 

Within the physicochemical component, the water 
column exhibited relative sta-bility, with salinity 
constrained to a narrow range, pH showing limited 
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variation (7.91–8.07) and dissolved oxygen 
remaining at moderate levels (3.02–3.40 mg L⁻¹); by 
con-trast, transparency and total organic matter 
provided the most pronounced spatial signal, with 
minimum transparency at E-01 (1.77 ± 0.23 m) and 
maximum clarity at E-04 (3.10 ± 0.27 m), alongside 
higher organic concentrations at E-01 (5.20 ± 0.32%) 
and a decline towards E-06 (1.70 ± 0.50%). 

The biological response was congruent with this 
gradient: total abundance peaked at E-01 (512 
individuals), yet this station showed the lowest 
diversity and evenness (H′ = 2.001; J′ = 0.668), 
whereas E-04 and E-05 exhibited more balanced and 
more diverse assemblages (H′ up to 2.496; J′ up to 
0.839), indicating dominance by a restricted set of 
species at sites under greater pressure and a more 

homogeneous distribution where conditions were 
comparatively stable. 

Taken together, the evidence supported the 
working hypothesis that anthropo-genic pressure 
expressed as sediment organic enrichment 
simultaneously structured the environmental signal 
and the organisation of the macrobenthic 
community; on this basis, a baseline suitable for 
monitoring and management was consolidated, and 
future research was framed around strengthening 
multi-year time series, incorporating con-tamination 
tracers, undertaking functional analyses of the biota, 
and explicitly inte-grating local hydrodynamic 
dynamics to identify ecological thresholds and 
improve the predictive capacity of the diagnosis. 

Author Contributions: The authors confirm their contribution to the paper as follows: Conceptualisation: V.G.-
N., L.T.-C. and J.M.-M.; Methodology: V.G.-N., L.T.-C. and Y.A.-R.; Validation: L.T.-C., J.M.-M. and E.S.-V.; 
Formal analysis: V.G.-N., L.T.-C. and S.M.-V.; Investigation: V.G.-N., Y.A.-R., E.S.-V. and M.V.-G.; Resources: 
L.T.-C. and J.M.-M.; Data curation: V.G.-N., Y.A.-R. and M.V.-G.; Writing—original draft preparation: V.G.-N.; 
Writing—review and editing: L.T.-C., J.M.-M., E.S.-V. and S.M.-V.; Visualisation: V.G.-N. and E.S.-V.; 
Supervision: L.T.-C. and J.M.-M.; Project administration: L.T.-C.; Funding acquisition: L.T.-C. and J.M.-M. 
ACKNOWLEDGEMENTS: The authors acknowledge the Limnology and Environmental Impact Laboratory, 
Faculty of Sci-ences, Universidad Nacional del Santa, for the logistical and technical support provided during 
sampling design, fieldwork, and sample processing. The Peruvian Marine Research Institute (IMARPE) – 
Chimbote is likewise acknowledged for institutional facilities that supported the im-plementation of study-
related activities.

REFERENCES 

Abraham, S., & Aswathy Prakash, G. (2025). Alternative dispute resolution in environmental conflicts. A 
comparative study of biodiversity, marine ecosystems, and industrial pollution in Asia. Revista 
Internacional de Contaminación Ambiental, 41. https://doi.org/10.20937/RICA.55573 

Anđelković, A., Nikolić Jokanović, V., Jokanović, D., & Spalevic, V. (2025). Vegetation Cover as a Driver of 
Sedimentary Organic Matter in Small Water Reservoirs. Water, 17(8), 1148. 
https://doi.org/10.3390/w17081148 

Aubry, P., Francesiaz, C., & Guillemain, M. (2024). On the impact of preferential sampling on ecological status 
and trend assessment. Ecological Modelling, 492, 110707. 
https://doi.org/10.1016/j.ecolmodel.2024.110707 

Ballesteros Navia, Y. V., Cantera Kintz, J. R., Peña Salamanca, E. J., & Pinilla Agudelo, G. (2023). Composition 
and distribution of hyporheic and macrobenthic fauna in a Neotropical mountain river, Colombia. 
Limnetica, 42(2), 1. https://doi.org/10.23818/limn.42.12 

Braulik, G. T., Taylor, B. L., Minton, G., Notarbartolo di Sciara, G., Collins, T., Rojas‐Bracho, L., Crespo, E. A., 
Ponnampalam, L. S., Double, M. C., & Reeves, R. R. (2023). Red‐list status and extinction risk of the 
world’s whales, dolphins, and porpoises. Conservation Biology, 37(5). 
https://doi.org/10.1111/cobi.14090 

Chen, Z., Ni, Z., Zhao, Y., Wu, Y., Liu, J., Ma, Y., Zhong, J., Liu, Y., Shi, X., Sun, Q., & Wang, S. (2025). Increased 
water transparency enhances organic carbon degradation and environmental risks in lake sediments: 
Evidence from coupled DOM phototransformation and reactive oxygen species generation. Chemical 
Engineering Journal, 522, 167737. https://doi.org/10.1016/j.cej.2025.167737 

Corinaldesi, C., Canensi, S., Carugati, L., Lo Martire, M., Marcellini, F., Nepote, E., Sabbatini, S., & Danovaro, 
R. (2022). Organic enrichment can increase the impact of microplastics on meiofaunal assemblages in 
tropical beach systems. Environmental Pollution, 292, 118415. 
https://doi.org/10.1016/j.envpol.2021.118415 



5350 VÍCTOR GARCÍA-NOLAZCO et el 
 

SCIENTIFIC CULTURE, Vol. 12, No 1.1, (2026), pp. 5343-5352 

Derui, X., Jie, Z., Shiqiang, W., Jiangyu, D., & Xiufeng, W. (2021). Attenuation characteristics of 
photosynthetically active radiation in summer eastern LakeTaihu and implications for submerged 
plants restoration. Journal of Lake Sciences, 33(1), 111–122. https://doi.org/10.18307/2021.0125 

Espinoza Tongo, M. C. E., Luján Rojas, J. M., & Cárdenas Gutierrez, L. Y. (2022). Application of Geographic 
Information Systems for the analysis of the behavior of oil spills in terrestrial and marine ecosystems. 
A systematic review between the years 2017 - 2022. Study of the Application of Geographic Information 
Systems for the Analysis of the Behavior of Oil Spills in Terrestrial and Marine Ecosystems. A 
Systematic Review between the Years 2017 - 2022. https://doi.org/10.18687/LEIRD2022.1.1.211 

Freitas, R., da Cunha‐Santino, M. B., & Bianchini, I. (2023). Higher Temperatures Provide Insights Into the 
Aerobic Mineralization of Aquatic Macrophyte Leachates. International Review of Hydrobiology, 
108(5), 49–59. https://doi.org/10.1002/iroh.202402175 

Fuller, N., McMahon, E., North, A., Petty, A. J., Tzetzis, C., Calus, J., Sekarore, A., Rosado, G., Patton, E., 
Cappiello, J., Quattrini, A. M., Cantwell, K., Wagner, D., Kennedy, B. R. C., Morrow, T., Candio, S., 
Soule, S. A., Michel, A. P. M., & Gerringer, M. E. (2024). Observations of trash in the deep tropical 
Atlantic and Caribbean Sea. Marine Pollution Bulletin, 209, 117182. 
https://doi.org/10.1016/j.marpolbul.2024.117182 

Grenier, C., Román, R., Duarte, C., Navarro, J. M., Rodriguez-Navarro, A. B., & Ramajo, L. (2020). The combined 
effects of salinity and pH on shell biomineralization of the edible mussel Mytilus chilensis. 
Environmental Pollution, 263, 114555. https://doi.org/10.1016/j.envpol.2020.114555 

Hernández-Miranda, E., Veas, R., Krautz, M. C., San Martín, F., & Quiñones, R. A. (2021). Efecto del tamaño de 
tamiz en la caracterización de la macrofauna marina bentónica: Implicancias para su uso en líneas de 
base, caracterizaciones preliminares de sitios para la acuicultura y monitoreos ambientales en Chile. 
Revista de Biología Marina y Oceanografía, 56(1), 22–41. 
https://doi.org/10.22370/rbmo.2021.56.1.2796 

Hounyèmè, R., Logez, M., Mama, D., & Argillier, C. (2023). Bayesian inference of physicochemical quality 
elements of tropical lagoon Nokoué (Benin). Environmental Monitoring and Assessment, 195(4), 446. 
https://doi.org/10.1007/s10661-023-10957-9 

Hsiao, W. V., Lin, Y. V., Lin, H.-T., & Denis, V. (2021). Learning from differences: Abiotic determinism of benthic 
communities in Northern Taiwan. Marine Environmental Research, 170, 105361. 
https://doi.org/10.1016/j.marenvres.2021.105361 

Hurtado-Gutierrez, C. E., Montesinos-Linares, A. L., Cruzado-Palacios, M. D., & Flores-Idrugo, E. A. (2025). 
Landscape fragility and visual quality in coastal areas: Assessment in the Tortugas resort – Casma, 
Peru. Proceedings of the 5th LACCEI International Multiconference on Entrepreneurship, Innovation 
and Regional Development (LEIRD 2025): “Entrepreneurship with Purpose: Social and Technological 
Innovation in the Age of AI.” https://doi.org/10.18687/LEIRD2025.1.1.577 

ISO 16665. (2014). Water quality - Guidelines for quantitative sampling and sample processing of marine soft-
bottom macrofauna (ISO 16665:2014). 

ISO 5667-1. (2023). Guidance on the design of sampling programmes and sampling techniques ISO 5667-1:2023. 
Ji, D., Zhang, J., Li, F., Li, Wensheng, Bi, L., Li, Wenlu, Fu, Y., & Wang, Y. (2025). Divergent Driving Mechanisms 

Shape the Temporal Dynamics of Benthic Prokaryotic and Eukaryotic Microbial Communities in 
Coastal Subtidal Zones. Microorganisms, 13(5), 1050. 
https://doi.org/10.3390/microorganisms13051050 

Jiao, J., Wu, C., Sun, H., & Yao, L. (2025). Intra-Specific Variation and Correlation of Functional Traits in 
Cunninghamia lanceolata at Different Stand Ages. Plants, 14(17), 2675. 
https://doi.org/10.3390/plants14172675 

Kaberi, H., Zeri, C., Androulidakis, Y., Varkitzi, I., Siokou, I., Zervoudaki, S., Katsiaras, N., Drakopoulou, P., 
Tzempelikou, E., Reizopoulou, S., Bray, L., Voutsinas, E., Pagou, K., Krestenitis, Y., Krasakopoulou, E., 
Karageorgis, A., Panayotidis, P., Lykousis, V., Chronis, G., & Anagnostou, C. (2023). Thermaikos Gulf: 
An Area Under Multiple Natural and Anthropogenic Pressures (pp. 347–382). 
https://doi.org/10.1007/698_2023_1045 

Nandi, A., & Pandey, B. (2025). Impact of cosmic web on galaxy properties and their correlations: Insights from 
Principal Component Analysis. Astronomy and Computing, 53, 100972. 
https://doi.org/10.1016/j.ascom.2025.100972 

Nuttall, M. F., O’Connell, K., Eckert, R. J., Hickerson, E. L., Eisenbach, O., French, D., DeBose, J. L., Johnston, 



5351 
BIOLOGICAL INDICES TO CHARACTERIZE THE ENVIRONMENTAL STATE OF A MARINE 

ECOSYSTEM SUBJECTED TO ANTHROPOGENIC PRESSURE 
 

SCIENTIFIC CULTURE, Vol. 12, No 1.1, (2026), pp. 5343-5352 

M., & Schmahl, G. P. (2025). Benthic community change and stress-tolerant coral at a high-latitude coral 
community in the northwestern Gulf of Mexico. Coral Reefs, 44(5), 1669–1682. 
https://doi.org/10.1007/s00338-025-02737-3 

Parent, B., Hyams-Kaphzan, O., Barras, C., Lubinevsky, H., & Jorissen, F. (2021). Testing foraminiferal 
environmental quality indices along a well-defined organic matter gradient in the Eastern 
Mediterranean. Ecological Indicators, 125, 107498. https://doi.org/10.1016/j.ecolind.2021.107498 

Planque, B., & Arneberg, P. (2018). Principal component analyses for integrated ecosystem assessments may 
primarily reflect methodological artefacts. ICES Journal of Marine Science, 75(3), 1021–1028. 
https://doi.org/10.1093/icesjms/fsx223 

Quintana, P., Machado, E., & Kerr, R. (2026). Resilience of pH to seasonal change in a large subtropical lagoonal 
estuary. Marine Chemistry, 274, 104577. https://doi.org/10.1016/j.marchem.2025.104577 

Santibañez-Aguascalientes, N. A., Borja, Á., Kuk-Dzul, J. G., Montero-Muñoz, J. L., & Ardisson, P.-L. (2018). 
Assessing benthic ecological status under impoverished faunal situations: A case study from the 
southern Gulf of Mexico. Ecological Indicators, 91, 679–688. 
https://doi.org/10.1016/j.ecolind.2018.04.048 

Sanz-Lazaro, C., Casado-Coy, N., Calderero, E. M., & Villamar, U. A. (2021). The environmental effect on the 
seabed of an offshore marine fish farm in the tropical Pacific. Journal of Environmental Management, 
300, 113712. https://doi.org/10.1016/j.jenvman.2021.113712 

Savoska, S., Bocevska, A., Blazeska-Tabakovska, N., Ristevski, B., & Jolevski, I. (2025). An approach for 
ecological water bodies’ environment modeling. Annual of Sofia University St. Kliment Ohridski. 
Faculty of Mathematics and Informatics, 112, 153–164. https://doi.org/10.60063/gsu.fmi.112.153-164 

Silva, D. S., Marques, E. E., Bianchessi da Cunha Santino, M., & Bianchini, I. (2025). Adding the stoichiometric 
ratio between oxygen consumed per oxidized carbon (O/C) in the mathematical model of aquatic 
macrophyte mineralization. Chemosphere, 377, 144346. 
https://doi.org/10.1016/j.chemosphere.2025.144346 

Son, Y. B., Kim, E., Cho, J. H., Choi, S. K., & Kang, D. (2025). Analysis of regional variation of water transparency 
in the Yellow Sea and East China Sea based on MODIS data. Regional Studies in Marine Science, 84, 
104093. https://doi.org/10.1016/j.rsma.2025.104093 

Tan, İ. (2021). Evaluation of Marmara Sea Bays in terms of Pressure-Impact Status and Eutrophication. Aquatic 
Research, 4(2), 169–180. https://doi.org/10.3153/AR21014 

Teubner, K., Teubner, I., Pall, K., Kabas, W., Tolotti, M., Ofenböck, T., & Dokulil, M. T. (2020). New Emphasis 
on Water Transparency as Socio-Ecological Indicator for Urban Water: Bridging Ecosystem Service 
Supply and Sustainable Ecosystem Health. Frontiers in Environmental Science, 8. 
https://doi.org/10.3389/fenvs.2020.573724 

Tsikopoulou, I., Papageorgiou, N., Tsiavos, T., Fodelianakis, S., Kotzabasis, K., & Karakassis, I. (2019). 
Microphytobenthic response to organic matter enrichment: Does the same stressor lead to identical 
communities? Regional Studies in Marine Science, 29, 100682. 
https://doi.org/10.1016/j.rsma.2019.100682 

Turner, J. S., St-Laurent, P., Friedrichs, M. A. M., & Friedrichs, C. T. (2021). Effects of reduced shoreline erosion 
on Chesapeake Bay water clarity. Science of The Total Environment, 769, 145157. 
https://doi.org/10.1016/j.scitotenv.2021.145157 

Van, A., & Gümüş, A. (2021). Determination of functional structure of soft-bottom marine macrobenthic 
communities of the Samsun Shelf Area using biological traits analysis. Oceanological and 
Hydrobiological Studies, 50(4), 473–487. https://doi.org/10.2478/oandhs-2021-0040 

Velasco-Charpentier, C., Pizarro-Mora, F., Navarro, N. P., Morales-Torres, D. F., & Valdivia, N. (2022). Vertical 
distribution of macrobenthic communities from a shipwreck in the Strait of Magellan. Revista de 
Biología Marina y Oceanografía, 56(3), 226–232. https://doi.org/10.22370/rbmo.2021.56.3.3184 

Wang, J., Jiang, S., Sun, D., Yi, F., Liu, H., Chen, L., Li, B., & Chen, J. (2025). Effects of Artificial Reefs on the 
Macrobenthic Community Structure Through Functional Trait Analysis. Aquatic Conservation: Marine 
and Freshwater Ecosystems, 35(2). https://doi.org/10.1002/aqc.70068 

Wu, J., Yang, H., Yu, W., Yin, C., He, Y., Zhang, Z., Xu, D., Li, Q., & Chen, J. (2022). Effect of Ecosystem 
Degradation on the Source of Particulate Organic Matter in a Karst Lake: A Case Study of the Caohai 
Lake, China. Water, 14(12), 1867. https://doi.org/10.3390/w14121867 

Xu, W., Shin, P. K. S., & Sun, J. (2022). Organic Enrichment Induces Shifts in the Trophic Position of Infauna in 



5352 VÍCTOR GARCÍA-NOLAZCO et el 
 

SCIENTIFIC CULTURE, Vol. 12, No 1.1, (2026), pp. 5343-5352 

a Subtropical Benthic Food Web, Hong Kong. Frontiers in Marine Science, 9. 
https://doi.org/10.3389/fmars.2022.937477 

Zhou, W., Yang, Y., Han, W., Song, C., Meng, Z., Zhang, H., & Han, Q. (2025). Effects of thermal discharge on 
the structuring of macrobenthic biological traits around the Sanmen nuclear power plant in the East 
China Sea. Marine Pollution Bulletin, 213, 117705. https://doi.org/10.1016/j.marpolbul.2025.117705 

Zhou, Y., Yu, D., Yang, Q., Pan, S., Gai, Y., Cheng, W., Liu, X., & Tang, S. (2021). Variations of Water 
Transparency and Impact Factors in the Bohai and Yellow Seas from Satellite Observations. Remote 
Sensing, 13(3), 514. https://doi.org/10.3390/rs13030514 


