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ABSTRACT

Rivers Under Threat: Assessing the Ecological Impact of Macrolitter in the Leca River, Portugal.

Rivers provide vital ecosystem services for populations. However, these ecosystems face several anthropogenic threats,
including macrolitter pollution, and their impacts remain inadequately understood. This study aimed to evaluate the ecological
status of the Lega river (northern Portugal) according to the elements defined by the Water Framework Directive (WFD)
and to quantify marginal macrolitter as a new ecological tool for river water quality assessment. Physical, chemical, and
biological (photosynthetic pigments; benthic macroinvertebrates) elements were quantified to evaluate the ecological status, of
seven sites (P1 to P7) along the Lega river throughout four seasons (autumn/23, winter/24, spring/24, summer/24). Macrolitter
was collected on the riverbank of each site and was quantified and categorized according to standard protocols. Based on
the physical and chemical elements, Lega river achieved Good ecological status in P1, and Moderate in P4 to P7 (mainly
due to nutrient enrichment) with P2 and P3 varying between Good and Moderate. The ecological status according to the
macroinvertebrate community varied between: Good and Moderate in P1; Moderate and Poor in P2 and P3; Poor in P4
and P5; and Poor and Bad in P6 and P7. From the 1717 macrolitter items (belonging to 86 categories), artificial polymer/
plastic items were the most frequent (56.67 %). More abundance and diversity of items were collected in sites P3 to P7,
coinciding with the increasing anthropic presence. A multivariate analysis revealed that items originating from recreational
activities were associated with fewer alterations in the macroinvertebrate community, while items originating from the
deposition of domestic, industrial, and commercial residues were associated with more degraded conditions. The results
suggest that the evaluation of macrolitter can be used to indicate anthropogenic activities that threaten aquatic ecosystems.

KEY WORDS: Water Framework Directive, ecological status, benthic macroinvertebrates, riverine litter, plastic pollution.

RESUMO

Rios Sob Ameaca: Avaliagdo do Impacto Ecologico do Macrolixo no Rio Leca, Portugal.

Os rios fornecem servigos ecossistémicos vitais para as populacées. No entanto, estes ecossistemas enfrentam diversas
ameagas antropicas, incluindo polui¢do por macrolixo, e os seus impactes permanecem inadequadamente compreendidos.
Este estudo pretendeu avaliar o estado ecologico do rio Le¢a (norte Portugal), segundo elementos previstos na Diretiva
Quadro da Agua (DQA), e averiguar a avaliagio do macrolixo marginal como nova ferramenta ecolégica para avaliar a
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qualidade da dgua dos rios. Elementos fisicos, quimicos e biologicos (pigmentos fotossintéticos, macroinvertebrados
bentonicos) foram quantificados para avaliar o estado ecologico do rio Lega, em sete locais (P1 a P7) e quatro periodos
de amostragem (outono/23, inverno/24, primavera/24, verdo/24). Macrolixo foi recolhido nas margens de cada local,
quantificado e categorizado de acordo com relatorios europeus de macrolixo marinho “Joint List”, “Master List” e “OSPAR ™.
Os elementos fisicos e quimicos alcancaram consistentemente o estado ecolégico de Bom em PI1, Razodvel em P4 a P7
(principalmente devido ao enriquecimento em nutrientes), com P2 e P3 a variar entre Bom e Razoavel. Baseado na comunidade
de macroinvertebrados, o estado ecologico variou entre: Bom e Razoavel em P1; Razodvel e Mediocre em P2 e P3; Mediocre
em P4 e P5; e Mediocre e Mau em P6 e P7. Foram recolhidos 1717 itens de macrolixo pertencentes a 86 categorias, sendo
mais comuns (56,67 %) itens de polimero artificial/plastico. Maior abunddncia e diversidade de itens foi recolhida de P3 a P7,
coincidindo com a crescente presenga antropica. A andlise multivariada revelou que itens originarios de atividades recreativas
estavam associados a menores alteragoes na comunidade de macroinvertebrados, enquanto itens originarios da deposi¢do
de residuos domésticos, industriais e comerciais estavam associados a condi¢ées mais degradadas. Os resultados sugerem
que a avalia¢do do macrolixo pode ser utilizada para indicar atividades antropicas que ameagam os ecossistemas aquaticos.

PALAVRAS-CHAVE: Diretiva Quadro da A'gua, estado ecologico, macroinvertebrados bentonicos, lixo ribeirinho,

poluigdo por plasticos.

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.

INTRODUCTION

Rivers have been used as areas for human settle-
ment since pre-historic times. They provide sev-
eral crucial ecosystem services such as drinking
water, recreation, and irrigation, fish for food, and
protection against floods, as well as possessing a
cultural and aesthetic value (Bock et al., 2018).
Like many other aquatic ecosystems, rivers have
been negatively affected by anthropic activities,
including pollution discharges, changes in the
hydrologic regime, and morphological altera-
tions. These actions result in multiple pressures
that impact riverine ecosystems, threatening their
biodiversity and ecological functioning (Grizzetti
et al., 2017). The pressures that affect rivers are
quite similar (e.g. diffuse pollution with organic
matter and habitat degradation), regardless of the
region of the world or the size of the river (Lemm
et al., 2021). However, the intensity of each pres-
sure (e.g. nutrient enrichment) varies between
rivers due to factors such as river typology and
human land-use (Grizzetti et al., 2017; Lemm et
al., 2021). Therefore, understanding the response
of riverine ecosystems to these pressures is the
basis for a more effective management and con-
servation of these aquatic ecosystems (Kuemmer-
len et al., 2019).

The recognition of the need for adequate man-
agement and protection of aquatic ecosystems led
to the implementation of the Water Framework
Directive (WFD). The WFD is the primary legis-
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lation of the European Union regarding water pol-
icy, establishing a framework for the protection
of inland, transitional, and coastal surface waters,
as well as groundwaters (Agéncia Portuguesa do
Ambiente - APA, 2014). According to this Direc-
tive, EU Member States must protect, improve
and restore all water bodies to reach the environ-
mental objective of achieving a “Good Status”
(APA, 2014). The classification of the status of
a surface water body encompasses two compo-
nents: the ecological status and the chemical sta-
tus. For a water body to achieve a Good global
status, all elements considered in the assessment
of the ecological status and the chemical status
must get a minimum classification of Good (APA,
2021). The ecological status reflects the quality
and functionality of aquatic ecosystems associat-
ed with surface waters. It is expressed in 5 classes
(High, Good, Moderate, Poor, and Bad), reflect-
ing the divergence between the current conditions
and the conditions of a structurally similar water
body under reference conditions (APA, 2021).
According to the WFD, physical and chemical el-
ements, as well as hydromorphological elements,
are quality elements that are used to support the
interpretation, evaluation, and classification of
the monitoring of water bodies (Best et al., 2007).

With the rise in population, the improper dis-
posal of consumer products has become a sig-
nificant driver of human impact on ecosystems
worldwide. For example, almost 200 million tons
of plastic are produced globally every year, and
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it is estimated that 10 % of this plastic ends up
in aquatic ecosystems (McCormick & Hoellein,
2016). Moreover, anthropogenic litter in aquatic
ecosystems is an emerging issue of global con-
cern due to its negative impacts on different hier-
archical levels of ecological organization, which
ultimately also have socioeconomic impacts (Pal-
mas et al., 2022). Recognized ecological impacts
of anthropogenic waste on aquatic ecosystems in-
clude: 1) ingestion by animals and/or interference
with the digestive tract leading to a false feeling
of satiety; 2) entanglement of litter in animals
resulting in wounds (internal and external), sup-
purating skin lesions and ulcerating sores; and 3)
decreased life quality and reproductive capacity,
drowning and limited avoidance of predators as
well as limited feeding capacity (Gregory, 2009).
On the other hand, plastic waste can represent an
additional source of contaminants (through ad-
sorption), some of them with potentially disrup-
tive effects on the endocrine system (Galgani et
al., 2019). Plastic waste can also lead to the pro-
duction of microplastics, due to fragmentation,
which increases the ecotoxicological risks for
aquatic organisms (Rocha-Santos et al., 2023).
Despite the growing environmental threat that
macrolitter poses to aquatic ecosystems, name-
ly in rivers, the WFD does not consider it as a
quality element in assessing ecological status.
However, the presence of macrolitter can disrupt
the dynamics of biological elements, preventing
them from accurately characterizing ecosystems'
ecological status (Newman et al., 2013).

Considering the lack of macrolitter assessment
in the ecological evaluation of rivers, this study
aimed to assess the ecological status of Leca river
(sensu WFD) together with the classification of
marginal macrolitter. Using Leca river as a case
study, this study aimed to evaluate the viability
of using macrolitter characterization as a comple-
mentary tool for the assessment of the ecological
status of riverine ecosystems.

MATERIALS AND METHODS
Study area

The Leca River is located in northern Portugal,
originating in Monte de Santa Luzia, municipal-

ity of Santo Tirso, at around 420 meters of alti-
tude. It runs for approximately 48 km, reaching
its mouth next to the port of Leixdes, Matosinhos,
there draining into the Atlantic Ocean (Homem
et al., 2022). The Lega River hydrographic ba-
sin has an area of roughly 185 km? (Fig. 1). Leca
river has two tributaries on its right bank (APA,
2016), being sub-divided into three distinct wa-
ter bodies: PTO2LEC0136, PTO2LEC0137, and
PTO2LECO0138 (APA, 2022b) (Fig. 1). According
to (INAG, 2008b) the water bodies PTO2LEC0136
and PTO2LECO0137 are characterized as “small
northern rivers (Type N1; <100 km?)” and the
water body PTO2LECO0138 is characterized as a
“medium-large northern river (Type NI1; >100
km?)”. In addition, all three water bodies are part
of the northern grouping of rivers.

As per the 2021 census (INE, 2021), approx-
imately 473 819 people reside in the areas sur-
rounding the Leca River (Matosinhos, Maia,
Valongo, and Santo Tirso municipalities). In the
Lega’s river hydrographic basin the main point
sources of pollution come from the urban sector,
followed by the food and wine industry and the
manufacturing industry (APA, 2022a). Regarding
diffuse pollution, livestock farming and agricul-
ture are the activities that exert the greatest pres-
sure (APA, 2022a). The Leca River is also affect-
ed by several hydromorphological pressures, with
20 transversal barriers less than 2 meters high
(e.g. weirs), as well as 69 bridges and viaducts
present along its course (APA, 2022a).

For the accomplishment of the present work,
seven sampling sites (P1, P2, P3, P4, P5, P6,
and P7; Fig. 1) were defined, covering the en-
tire course of the Leca River (Fig. 1). Site P1 is
the most upstream site and is located in an area
where forested land is predominant; however,
agricultural land and artificialized territories are
also present (Fig. 1). Sites P2, P3, P4, P5, P6, and
P7 are located in areas mainly occupied by agri-
cultural land and artificialized territories (Fig. 1).

Sampling procedure

Four sampling periods were considered in this
study, one per season of the year, (autumn 2023
— aut/23, winter 2024 — win/24, spring 2024 —
spr/24 and summer 2024 — sum/24), following the
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Figure 1. Map of the Lega river hydrographic basin with the location of the sampling sites The different colors represent the 1st
level of detail of land occupation according to the land use report (Dire¢do-Geral do Territorio, 2018). Mapa da bacia hidrografica
do rio Le¢a com a localizagdo dos locais de amostragem. As diferentes cores representam o 1° nivel de detalhe da ocupagdo do solo
de acordo com o relatério do uso do solo (Dire¢do-Geral do Territorio, 2018). (P1 — Monte Cordova - 41.310567 N, -8.441147 W;
P2 - S. Lazaro - 41.239889 N, -8.522222 W; P3 — Travagem - 41.224986 N, -8.553997 W; P4 — Lionesa - 41.21804 N, -8.6239 W;
P5 — Goimil - 41.21774 N, -8.64645 W; P6 — Gatdes - 41.20852 N, -8.66997 W; P7 — Guifdes - 41.200408 N, -8.679895 W).

sampling periodicity required in Annex V of the
WEFD for the physical and chemical elements in
rivers (APA, 2021). This study focused on assess-
ing the ecological status of the Lega River con-
sidering the denser sampling network in P4 to P7,
reflecting the need to capture fine-scale variations
in areas with higher anthropogenic pressure and
high population density. This approach allows for
the identification of localized impacts (e.g., spe-
cific pollution sources) with greater precision.
Physical and chemical elements such as pH,
dissolved oxygen (mg/L and % saturation), con-
ductivity (uS/cm), temperature (°C), and total
dissolved solids — TDS (mg/L) were measured
in situ, with a multiparametric probe (Multi 3630
IDS SET F). Additionally, a water sample (6 L)
was collected in a plastic bottle, which was im-
mediately transported to the laboratory, in the ab-
sence of light and in the cold, for the quantifica-
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tion of physical and chemical elements.

The benthic macroinvertebrate community
was sampled using a hand net (0.5 mm of mesh;
0.25 m of length) according to the procedure de-
scribed in INAG (2008a). At each site, six 1-m
kick samples were proportionally distributed
across the existing habitats (e.g. sand, gravel,
macrophytes), resulting in a composite sample.
Afterwards, samples were preserved in 4 % for-
malin.

The macrolitter was collected at each site us-
ing the methodologies outlined by Rech et al.
(2015), Kiessling et al. (2019), and Pace et al.
(2024). Thus, at each site, three areas were ran-
domly selected in the river margin, correspond-
ing to 3 replicates. In each area, a 1.5 m radius
circumference was established using a stake and
rope. All macrolitter items found within the es-
tablished circumference were collected in a prop-
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erly identified bag. The collected macrolitter was
transported to the laboratory for later classifica-
tion and categorization.

Laboratory procedure
Physical and chemical elements

Turbidity (m!, natural water sample) and organ-
ic dissolved carbon - CDOC (m™, 1.2 mm-mesh
filtered water sample) were determined using a
spectrophotometer (Genesys 6), following the
procedures defined by Brower et al. (1997) and
by Williamson et al. (1999), respectively. Stand-
ard protocols (APHA 2017) were used for the
determination of the content of total suspended
solids — TSS (mg/L), volatile suspended solids
— VSS (mg/L), and biochemical oxygen demand
after 5 days — BOD, (mg/L). The concentration of
nitrites (ug/L of NO, and NO,-N), ammonium
(mg/L of NH," and NH,"-N), phosphates (mg/L of
PO, and PO,*"P) and nitrates (mg/L of NO," and
NO,-N) were quantified on a bench colorimeter
(Multi Colorimeter - Spectroquant) using the pro-
cedures defined for each nutrient: test 114776 for
nitrites; test 114752 for ammonia; test 114848 for
phosphates; test 114773 for nitrates.

Biological elements

The concentration of chlorophyll a in each water
sample was determined according to the method
described by Lorenzen (1967).

The benthic macroinvertebrate community
of each sample was processed according to the
methodologies described in the standard protocol
(INAG, 2008a). In the laboratory, samples were
washed and screened, and the organisms found
were conserved in ethanol 96 %. Subsequently,
with the aid of a binocular stereoscope (ZEISS
Stemi DV4), the organisms were identified up to
the taxonomic group of family, except Oligochae-
ta, which were only identified up to the subclass,
using the dichotomous key of Tachet et al. (2000).

Macrolitter

In the laboratory, the content of each replicate
of field-collected macrolitter was organized on a

bench for photographic recording. All the items
found were identified and counted. After identi-
fication, the macrolitter items were classified ac-
cording to the European classifications of marine
macrolitter described in reference guidance doc-
uments (OSPAR Commission, 2010; JRC, 2013;
Fleet et al., 2021).

Data analysis

The assessment of the ecological status of the
Lega River, taking into account the elements de-
fined by the WFD, was carried out by comparing
the results obtained for each element with their
respective quality boundaries for the northern
grouping defined in APA (2021). The ecological
status of each site at each season was equal to the
worst classification determined.

The assessment of the ecological status of the
Leca River, considering the benthic macroinver-
tebrate community found in each sample, was
carried out by calculating the “indice Portugués
de Invertebrados do Norte (IPtIN)”, in accordance
with APA (2021). To determine the corresponding
ecological status, the [PtIN expressed as Ecolog-
ical Quality Ratio (EQR) was compared to their
respective quality boundaries: High/Good (N1 >
100 km? = 0.880; N1 < 100 km? = 0.870); Good/
Moderate (N1 > 100 km? = 0.676; N1 < 100 km?
=0.678); Moderate/Poor (N1 > 100 km? = 0.440;
N1 <100 km? = 0.440); Poor/Bad (N1 > 100 km?
=0.220; N1 <100 km? = 0.220) (APA, 2021).

The average results of the WFD elements ana-
lyzed (NH,', PO, PO,*-P, NO,, NO,, BOD,,
dissolved oxygen, TSS, temperature, pH, con-
ductivity, IPtIN expressed in Ecological Quality
Racio - EQR) over the sampling periods from
sites P1 to P3 and P4 to P7 were used to deter-
mine the ecological status of the water bodies
PTO2LEC0136 and PTO2LECO0138 (defined by
APA, 2022b), respectively. Averages were com-
pared to their respective quality boundaries (APA,
2021).

A descriptive statistical analysis was per-
formed on the macrolitter items recorded at each
site and during each season. The composition of
the total collected macrolitter items was repre-
sented, at each sampling site and season, accord-
ing to the material typology defined in Fleet et
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Table 1. Results of the physical and chemical elements quantified in all sampling sites and seasons. Quality boundaries between
Good/Moderate and High/Good classes for the northern grouping of the elements defined by the WFD (APA, 2021) are also
mentioned. Bold values represent values above the Good/Moderate boundary. Good ecological status is represented in green and
Moderate ecological status is represented in yellow. Resultados dos elementos fisicos e quimicos quantificados em todos os locais e
periodos de amostragem. Fronteiras de qualidade entre Bom/Razoavel e Excelente/Bom para o agrupamento Norte dos elementos
previstos na DQA (APA, 2021) também estdo mencionados. Valores a negrito representam valores acima da fronteira de qualidade
Bom/Razoadvel. Bom estado ecologico é representado a verde e Razoavel estado ecologico é representado a amarelo.

T (°C) pH Cond o, o, TSS BOD, PO PO, NO, NO, NH,  Ecological
(uS/em)  (mg/L) (%)  (mg/L) (mg/L) (mgL) (mgL) (mglL) (ng/l) (mgL)  status

Good/Moderate  6.5-25.5  6.0-9.0 250 6.0 70-125 25.0 4 0.10 0.20 10 200 0.40
High/Good -- 6.5-8.5 -- 8.0-12.0  80-115 12.5 3 0.05 0.10 S 10 0.20
P1 16.6 6.50 90.2 7.89 89.1 15.49 0.50 0.05 0.15 2.6 95 0.03 Good

P2 18.5 6.93 230.0 7.38 79.3 20.73 1.07 1.06 3.25 18.4 114 0.05 Moderate

P3 19.2 7.20 218.0 8.28 89.6 20.96 1.39 0.14 0.44 27.6 175 0.09 Moderate
g P4 19.7 7.72 725.0 3.66 40.7 18.02 3.52 4.50 13.5 0.1 1250 35.50 Moderate
N P5 19.6 7.84 955.0 4.73 51.4 27.21 2.61 7.00 21.00 20.2 2900 52.00 Moderate
P6 20.5 7.92 802.0 6.76 75.6 20.27 3.84 2.60 8.00 3.1 3420 24.40 Moderate
P7 21.0 7.78 901.0 5.30 59.2 19.31 2.77 3.00 9.40 49.6 3540 29.60 Moderate
P1 132 6.69 56.2 9.99 96.9 21.6 0.01 0.02 0.06 1.4 90 <0.03 Good
P2 14.5 6.85 81.4 10.02 96.6 22.23 0.12 0.02 0.07 2.1 119 0.03 Good
- P3 14.6 6.98 83.2 10.01 97.0 23.69 0.23 0.02 0.15 5.5 91 0.02 Good
% P4 13.7 7.07 164.7 9.28 90.4 35.22 2.14 0.07 0.20 104 186 0.55 Moderate
g P5 13.8 7.12 196.4 9.30 91.3 36.60 222 0.08 0.25 14.3 172 0.50 Moderate
P6 14.6 7.43 176.2 9.71 96.1 38.31 1.97 0.34 1.05 12.5 278 0.50 Moderate
P7 14.6 7.36 199.3 9.40 94.4 60.73 2.32 0.18 0.54 18.4 234 0.49 Moderate
P1 14.0 6.67 56.9 9.45 95.5 17.40 0.35 0.03 0.08 8.8 148 0.14 Good
P2 15.5 6.66 75.1 9.62 97.1 20.87 1.94 <0.01 <0.03 12.5 43 0.03 Moderate
- P3 15.8 7.04 98.9 9.57 97.6 22.81 8.71 0.09 0.29 12.0 118 0.03 Moderate
% P4 16.1 7.01 238.0 8.51 86.7 22.47 0.48 0.10 0.30 9.1 1840 3.40 Moderate
P5 16.6 6.99 312.0 8.27 83.7 23.05 4.12 0.15 0.40 214 3380 3.80 Moderate
P6 17.1 7.28 271.0 9.33 96.3 27.93 1.96 0.20 0.55 249 2080 3.60 Moderate
P7 17.9 7.23 273.0 8.77 92.9 25.53 2.37 0.10 0.30 23.7 1960 2.80 Moderate
P1 16.7 6.85 68.7 8.80 93.3 17.72 0.27 0.02 0.07 2.8 78 0.02 Good
P2 20.9 6.93 105.8 8.40 94.9 17.54 0.97 0.46 1.42 8.3 138 0.02 Moderate
P3 21.6 6.87 137.4 8.81 99.5 17.09 0.54 0.26 0.81 6.0 119 0.06 Moderate
% P4 20.1 7.01 308.0 4.67 51.0 38.69 4.55 0.90 2.76 18.0 1840 12.80 Moderate
=

Ps 20.5 7.15 433.0 5.28 58.7 31.12 1.16 1.10 3.38 17.6 2060 12.80 Moderate
P6 20.6 7.49 405.0 8.30 92.0 28.45 5.50 0.73 2.24 25.5 2840 13.40 Moderate
P7 20.6 7.31 411.0 7.05 78.2 30.31 5.67 0.66 2.03 26.8 2980 12.00 Moderate

al. (2021). The spatial-temporal distribution of
the 10 most abundant litter items, according to
OSPAR Commission (2010) categories was also
represented.

A canonical correspondence analysis (CCA)
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was carried out to understand the relationship be-
tween the data matrix of physical, chemical and
biological elements quantified over the study pe-
riod and the macrolitter data. The physical, chem-
ical and biological elements dataset is comprised
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by the determined values of: dissolved oxygen
(OD — mg/L), turbidity (Turb — m™), TSS (mg/L),
BOD, (CBOS - mg/L), NO," (mg/L), NO, (ug/L),
conductivity (Cond - pS/cm), CDOC (m™), NH,*
(mg/L), PO (mg/L), total phosphorus (Ptot —
mg/L), temperature (Temp - °C), chlorophyll a
(chl a - pg/L), equitability (J), diversity (H), IP-
tIN, EPT, abundance (Abd). The dataset of the
macrolitter found along the Lega River is rep-
resented by the J-codes (Fleet et al., 2021). The
multivariate analysis was carried out using the
program CANOCO for Windows 4.5 ®.

RESULTS AND DISCUSSION
Physical and chemical elements

Results of physical and chemical elements meas-
ured in the 7 sites (during the 4 sampling seasons),
and the quality boundaries for the WFD physical
and chemical elements and ecological status are
presented in Table 1.

Regarding the physical and chemical elements
analyzed in situ, the temperature varied between
13.2°C (at site P1 in winter) and 21.6 °C (at site P3
in summer). The average temperature throughout
the present study was 17.4 £ 2.7 °C, approximate-
ly 3.1 °C higher than the average annual temper-
ature recorded in the hydropgraphic basin of the
Leca river, during the 1930-2015 period (APA,
2022c¢). However, all recorded values were with-
in the range of values defined for Good ecological
status (Table 1). The pH results varied between
6.50 at site P1 in autumn and 7.92 at site P6 in au-
tumn, all being within the ideal range for aquatic
organisms (6.50 - 8.00; US EPA, 2024) and the
range for the classification of Good ecological
status (Table 1). Conductivity presented lower
values in winter at site P1 (56.2 uS/cm) (Table
1). In mainland Portugal, the month of January
2024 (the month in which winter sampling oc-
curred) presented high precipitation (123.4 mm)
in the first 20 days of the month (IPMA, 2024a).
Therefore, precipitation and the increase in the
flow of the Leca River may have contributed to
the low conductivity values recorded. Koushali et
al. (2021) also reported, in the Zarjoub River in
Iran, that the increase in the river’s flow was as-
sociated with lower conductivity values, demon-

strating that the concentration of dissolved salts
was diluted by the entry of precipitation water.

In winter and spring, in all sampling sites,
dissolved oxygen (mg/L and %) was recorded at
concentrations that allowed the Lega River to be
classified as having High ecological status (Ta-
ble 1). On the other hand, in autumn and summer,
a decrease in dissolved oxygen was recorded,
which contributed to the reduction in the clas-
sification of the ecological status to Moderate,
particularly in the more downstream sites (in au-
tumn, sites P4, P5, and P7 and in summer, sites
P4 and P5) (Table 1). High temperatures reduce
the solubility of oxygen in water (US EPA, 2023).
Therefore, the increase in water temperature ob-
served in autumn and summer may have contrib-
uted to the decrease in dissolved oxygen (Table
1). Dgbska et al. (2021) observed, in the Utrata
River in Poland, that high concentrations of nu-
trients (e.g. total phosphorus, ammonium, and
nitrates) were associated with a decrease in oxy-
gen, possibly since nutrients can suffer oxidation
reactions, combining directly with dissolved ox-
ygen, or suffer biochemical aerobic conversions
to inorganic compounds with the participation of
microorganisms. The low concentrations of dis-
solved oxygen recorded generally coincided with
high concentrations of nutrients (e.g. site P5 in
autumn - 4.73 mg/L and 51.4% of O, and 7.00
mg/L of PO,*-P).

The concentration of nutrients varied along
the river's course, with higher concentrations be-
ing recorded downstream, classifying the more
downstream sites (P4 to P7) as having Moderate
ecological status (Table 1). Castillo et al. (2000)
also observed a downstream increase in the con-
centration of nutrients, namely nitrates and phos-
phorus, in the Raisin River in the USA. The au-
thors related this increase to a greater presence
of anthropogenic impacts in the lower part of the
river basin, for example, the greater proportion
of agricultural areas compared to forested areas
and consequently more fertilizer run-off (Castillo
et al., 2000). In this work, at site P1, phosphorus
concentrations allow the Lec¢a River to be classi-
fied as having Excellent ecological status in all
sampling periods (Table 1). This result can be
explained by the absence of anthropic impacts,
like agriculture, in this upstream site (Fig. 1). Au-
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tumn was the sampling period where the highest
concentrations of total phosphorus were record-
ed, exceeding the value for the Good/Moderate
boundary in all sampling sites, the unique ex-
ception being site P1. The highest concentration
(7.00 mg/L; Table 1) was recorded in autumn, at
site PS5, located in an agricultural area (Fig. 1). As
already reported by previous authors, one of the
main sources of nutrient inputs, including phos-
phorus, in riverine ecosystems is through the run-
off and wash-off of fertilizers and manure from
agricultural activities (Fones et al., 2020).

In summer, the concentrations of nitrates, ni-
trites, and ammonium exceeded the respective
values for the Good/Moderate boundary at sites
P4 to P7 (Table 1). Liu et al. (2018) reported that,
in the Beiyun River in China, the main sources
of nitrates were agricultural manure and urban
wastewater, with a contribution of around 77.59 %
in the rainy season and 89.57 % in the dry season.
Wang et al. (2016) observed, in the Weihe Riv-
er in China, that the concentration of ammonium
increased at the downstream sites, resulting from
domestic effluents, industrial discharges, and ag-
ricultural activities. Thus, the growing presence
of urban, industrial, and agricultural activities in
the downstream sites of the Leca River (P4 to P7,
Fig. 1) might have contributed to the increase in
the concentrations of nitrates and ammonium. Ni-
trites are an intermediate step in the chain of bac-
terial processes oxidating ammonium to nitrates,
under aerobic conditions (Vorobiev et al., 2021).
von der Wiesche & Wetzel (1998) found, in the
Lahn River in Germany, that the accumulation
of nitrites coincided with high concentrations of
ammonium, with this phenomenon being corre-
lated with water temperatures above 13 °C. Such
accumulation could be explained as the result of
the difference in the reaction rates of ammoni-
um-oxidizing and nitrite-oxidizing bacteria, with
temperatures above 13 °C being conducive to in-
hibiting the activity of nitrite-oxidizing bacteria
(von der Wiesche & Wetzel, 1998). Therefore,
the high nitrite concentrations recorded may be
the result of the partial oxidation of ammonium, a
phenomenon promoted by the high temperatures
observed (Table 1).

BOD; values were higher in the spring season
at sites P3 and P5 (8.71 mg/L and 4.12 mg/L, re-
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spectively), and in summer at sites P4, P6, and
P7(4.55 mg/L, 5.50 mg/L and 5.67 mg/L, respec-
tively), classifying these sites with a Moderate
ecological status (Table 1). There was also a large
variation in BOD, values in site P3, between win-
ter (0.23 mg/L) and spring (8.71 mg/L) (Table 1).
This difference may be associated with occasion-
al discharges from the nearby urban area (Fig.
1), a fact already recorded by Dyer et al. (2003),
who observed increases of 9.9 mg/L in BOD, in
the Balatuin River (in the Philippines), after dis-
charges of urban wastewater.

In winter, particularly at site P7, TSS content
(60.73 mg/L; Table 1) and VSS content (51.06
mg/L; Table S1 (supplementary information,
available at https://www.limnetica.net/en/limnet-
ica)) were higher. Kowalczyk et al. (2019) ob-
served, in the Szreniawa River in Poland, higher
values of suspended solids after heavy local rain-
fall. This phenomenon may have resulted from
the leaching of soil particles from areas adjacent
to the river’s course. The precipitation recorded
in winter (January 2024 with around 123.4 mm;
IPMA, 2024a) appears to have promoted an in-
crease in TSS and VSS values. Furthermore, tur-
bidity results were also high in winter at site P7
(6.67 m™). TSS values can thus serve as turbid-
ity predictors, as mentioned in Hannouche et al.
(2011), which confirmed the existence of a strong
linear relationship between turbidity and TSS
content.

Biological elements
Chlorophyll a concentration

Concentration of chlorophyll a corresponds to
an indirect measure of phytoplanktonic biomass
(APA, 2021). Although chlorophyll a content is
not an element of assessment of the ecological
status of water bodies belonging to types N1 >
100 km? and N1 < 100 km?, it is a useful metric
to evaluate the trophic conditions of a water body
(APA, 2021; US EPA, 2024a).

In autumn and summer, high concentrations
of chlorophyll a were observed, especially in
more downstream sites - P4 to P7 (Fig. 2). The
highest concentrations were recorded at site P5
in autumn and summer (15.34 pg/L and 10.25



Ecological Impact of Macrolitter in the Leca River

Table 2. Results of the analysis of the benthic macroinvertebrate communities in all sampling sites and seasons. Reference va-
lues (APA, 2021) are also mentioned. Bold values represent values above their respective reference values. Classifications of
the ecological status Good, Moderate, Poor and Bad are represented by the colors Green, Yellow, Orange, and Red, respectively.
*Quality boundaries for the IPtIN in EQR are presented in APA (2021). # and ## discriminate river typology in each sampling site.
Resultados da andlise das comunidades de macroinvertebrados bentonicos em todos os locais e periodos de amostragem. Valores
de referéncia (APA, 2021) estdo também mencionados. Valores a negrito representam valores abaixo dos respetivos valores de
referéncia. Classificagoes do estado ecologico Bom, Razodvel, Mediocre e Mau estdo representadas pelas cores verde, amarelo,
laranja, e vermelho, respetivamente. *Fronteiras de qualidade para o IPtIN em RQEF estdo apresentados em APA (2021). # e ##
discriminam a tipologia de rio para cada local de amostragem.

Site Abundance  Richness EPT Equitability ITASPT-2 Log IPfIN EQR* Classification
(n° of taxa. S) @) (Sel EDT+1)
Reference  ##N1 > 100 km? 26 13 0.63 3.97 1.68 1.00
values
#N1 < 100 km? 30 16 0.71 4.52 1.95 1.02
#P1 159 17 5 0.68 4.88 0.30 0.64  0.63 Moderate
#P2 73 16 5 0.81 2.80 0.48 053 052 Moderate
#P3 69 11 1 0.81 1.73 0.00 033 032 Poor
aut/23 #iP4 1780 6 2 0.48 1.67 0.00 0.28 0.28 Poor
HP5 982 7 1 0.54 1.17 0.00 025 025 Poor
#P6 1234 7 1 0.30 1.00 0.00 020 o2 [
#HPT 303 8 0 0.36 1.50 0.00 025 025 Poor
#P1 107 17 10 0.76 3.69 0.00 059 058 Moderate
#P2 374 12 4 0.59 2.90 0.00 0.41 0.41 Poor
#P3 94 9 4 0.54 2.38 0.30 038 037 Poor
win/24 #HiP4 211 7 2 0.58 1.00 0.00 026 026 Poor
PS5 389 8 2 0.55 1.29 0.00 028 028 Poor
##P6 160 4 1 0.28 0.50 0.00 013 013
#HPT 144 4 1 0.30 0.50 0.00 014 0.4
#P1 398 30 12 0.59 4.07 1.08 0.83 081 Good
#P2 670 17 10 0.45 3.69 0.48 059 058 Moderate
#P3 217 10 4 0.40 2.11 0.00 032 031 Poor
spr/24 ##P4 451 10 2 0.62 1.13 0.00 030 030 Poor
HHP5 2474 10 2 0.42 1.22 0.00 028 028 Poor
#iP6 1416 12 2 0.42 127 0.00 030 030 Poor
HPT 949 11 2 0.38 1.10 0.00 027 027 Poor
#P1 307 27 12 0.51 4.11 0.60 074 073 Good
#P2 519 16 7 0.45 3.33 0.48 053 052 Moderate
#P3 180 1 4 0.54 3.30 0.30 045 045 Moderate
sum/24 #iP4 1863 9 0 0.42 1.22 0.00 024 024 Poor
HHPS 918 9 1 0.71 1.00 0.00 029 029 Poor
#P6 896 14 2 0.62 1.54 0.00 037 037 Poor
#HPT 522 10 1 0.60 122 0.00 029 029 Poor

ug/L, respectively). Higher water temperatures
and excess nutrients can promote the growth and
reproduction of phytoplankton, which can lead to
phytoplanktonic “blooms” (eutrophication) (Gao
et al., 2024). Therefore, the high concentrations
of chlorophyll ¢ in autumn and summer may be
associated with the high temperatures and high
concentrations of nutrients recorded in these sam-
pling periods (Fig. 2; Table 1). Previous authors
observed higher nutrient concentrations (namely
nitrogen and phosphorus) in rivers during sum-

mer and autumn due to the application of large
quantities of fertilizers in those seasons (Berka
et al., 2001; Skidmore et al., 2023). Effectively,
site PS5 in autumn and summer presented high
concentrations of nutrients (e.g. 21.00 mg/L of
PO’ in autumn and 3.38 mg/L of PO,* in sum-
mer), potentially due to the agricultural activities
present in the surrounding area (Fig. 1). This may
have contributed to the excessive growth of phy-
toplankton, and consequently the high concentra-
tions of chlorophyll a observed.
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Benthic macroinvertebrates community

The results of the metrics used for analyzing the
dynamics of the benthic macroinvertebrate com-
munity are presented in Table 2. The highest
abundance was observed at site P5 in spring (2474
organisms), followed by site P4 in summer and
autumn (1863 and 1780 organisms, respectively)
and site P6 in spring and autumn (1416 and 1234
organisms, respectively) (Table 2; Fig. 3). Over-
all, it is also observed that the winter season was
the sampling period with the lowest abundance
across all sites (1479 organisms) (Fig. 3).

At site PS5 in spring, the high abundance was
mainly due to the presence of organisms belong-
ing to the taxonomic group Diptera (Chironomi-
dae — 1702 organisms) and Oligochaeta (529 or-
ganisms) (Fig. 3). At site P6 Chironomidae were
the most abundant organisms in autumn (1052
organisms) and Oligochaeta were the most abun-
dant organisms in spring (926 organisms) (Fig.
3). Chironomidae are normally the most abundant
group of macroinvertebrates in freshwater eco-
systems, having high tolerance to different envi-
ronmental stresses (e.g. organic pollution) (Epler,
1995). The majority of freshwater Oligochaeta
are detritivores that feed on heavily decomposed
organic matter. Consequently, many species of
Oligochaeta are very abundant in places with
high concentrations of organic matter, to the point
of replacing other benthic macroinvertebrates that
are less tolerant to these conditions (Tachet et al.,
2000). Therefore, the high presence of organisms
belonging to these taxonomic groups serves as an
indication that these sites were possibly affected
by organic pollution. In fact, site P5 in the spring
had high concentrations of BOD, (4.12 mg/L),
which indicates a larger amount of organic mat-
ter, and as such, more tolerant organisms were
present.

Site P4, in autumn and summer, was strongly
dominated by Hirudinea (Glossiphoniidae — 1233
and 983 organisms, respectively) (Fig. 3). A high
abundance of Gastropoda (Physidae - 765 organ-
isms) was also recorded in the summer at site P4
(Fig. 3). Most leech species (Hirudinea) are in-
habitants of moderately or highly polluted fresh-
water ecosystems (Cortelezzi et al., 2018). These
organisms have high resistance to hypoxic condi-
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tions, often being the only predators in areas with
high organic pollution (Tachet et al., 2000). Gas-
tropods belonging to the order Pulmonata, such as
Physidae, are among the aquatic mollusks better
adapted to hypoxic conditions, due to their ability
to assimilate atmospheric oxygen through a vas-
cularized mantle cavity (Tchakonte et al., 2023).
Physidae show tolerance to polluted waters where
they can occur in large numbers (Tchakonte et al.,
2023). The dominance of benthic macroinverte-
brate that are tolerant to hypoxic conditions at
this site possibly reflects the low concentrations
of dissolved oxygen recorded (site P4 in autumn —
3.66 mg/L and in summer — 4.67 mg/L; Table 1).

The differences observed in the abundance
and composition of benthic macroinvertebrate
communities between seasons may be associated
with seasonal variations in the abiotic conditions
(e.g. temperature and precipitation). Medupin
(2020) observed a lower abundance of Baetidae,
Oligochaeta, and Chironomidae, in the Medlock
River (United Kingdom), during the winter, with
the abundance decrease being associated with a
greater water flow. Therefore, the higher flow of
the Lega River in winter may have led to a de-
crease in the abundance of Oligochaeta and Chi-
ronomidae, which may have contributed to the
lower total abundance recorded in this season,
with improvements in physical and chemical pa-
rameters (e.g. BOD, and NO; Table 1).

The taxonomic richness of a benthic macroin-
vertebrate community is often used as an indica-
tor of the health of a lotic ecosystem (Paller et al.,
2020). Table 2 shows that the only sampling site
that met the reference value for this metric (30)
was site P1 in spring (30). In spring, the great-
er water flow, mild temperatures, and abundance
of organic matter from leaves and decomposing
plant debris can support greater taxonomic rich-
ness and diversity of macroinvertebrates (Nguyen
et al., 2023). Site P1 showed the greatest specif-
ic richness in all sampling periods followed by
site P2 (most upstream sites in the Leca River).
In winter, the most downstream sites, P6 and P7,
had the lowest recorded specific richness (S=4;
Table 2). This result may reflect the deterioration
of the water quality and the physical structure of
the Lega River, as a consequence of human ac-
tivities. These changes in environmental quality
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Figure 2. Results of chlorophyll a concentration in sampling sites (P1, P2, P3, P4, PS, P6, P7) and seasons: autumn/23 (aut/23),
winter/24 (win/24), spring/24 (spr/24). The dotted line represents Good/Moderate quality boundary for great rivers, 7.83 pg/L (APA,
2021). Resultados da quantifica¢do da concentragdo de clorofila a, nos locais (P1, P2, P3, P4, P5, P6, P7) e periodos de amostra-
gem: outono/23 (aut/23), inverno/24 (win/24), primavera/24 (spr/23), verdo/24 (sum/24). Linha ponteada representa a fronteira de
qualidade Bom/Razodvel em grandes rios, 7,83 ug/L (APA, 2021).

3000
2500
2000

1500

(n2 organisms)

1000

500 |‘ | ||
0Ill IIIIII||| II I|I |

P1 P2 P3 P4 PS5 P6 P7 P1 P2 P3 P4 PS P6 P7 P1 P2 P3 P4 P5 P6 P7 P1 P2 P3 P4 P5 P6 P7

Abundance and taxonomic composition of macroinvertebrates community

aut/23 win/24 spr/24 sum/24
Hydracarina = Bivalvia H Coleoptera Crustacea H Diptera
mEphemeroptera M Gastropoda W Heteroptera m Odonata m Oligochaeta
m Turbellaria W Plecoptera m Hirudinea W Trichoptera

Figure 3. Graphical representation of the abundance and taxonomic composition of the benthic macroinvertebrate samples collected
in sampling sites (P1, P2, P3, P4, P5, P6, P7) and seasons (autumn/23 (aut/23), winter/24 (win/24), spring/24 (spr/24)). Different
colours represent organisms belonging to different Orders and/or Subclasses. Representagdo grafica da abunddncia e composigdo
taxonomica das amostras de macroinvertebrados bentonicos recolhidas nos locais (P1, P2, P3, P4, P5, P6, P7) e periodos de amos-
tragem (outono/23 (aut/23), inverno/24 (win/24), primavera/24 (spr/23), verdo/24 (sum/24). Cores diferentes indicam organismos
pertencentes a diferentes Ordens e/ou Subclasses.
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generally decrease the taxonomic richness of the
benthic macroinvertebrate community, as demon-
strated by previous authors (Brysiewicz et al.,
2022). Arenas-Sanchez et al. (2021) evaluated
the benthic macroinvertebrate community along
the Tagus River in Spain and observed a decrease
in taxonomic richness in polluted sites associat-
ed with activities such as agriculture and urban
presence.

The Shannon-Wiener diversity index (H') is an
indicator of the number of distinct taxa present
in a community, which also takes into account
the degree to which organisms are uniformly dis-
tributed (Pielou, 1966). The results of this index
vary normally between 0.00 and 5.00, with results
above 3.00 indicating stable and lightly polluted
habitats, between 1.00 and 3.00 indicating mod-
erate pollution, and results below 1.00 indicating
heavy pollution and habitat degradation (Faruku-
zzaman et al., 2023). No site achieved a result
greater than 3.00, with the highest value being
recorded in autumn at site P2 (2.25), followed
by site P1 in winter (2.15). It is worth noting that
several sites presented H’ results below 1.00,
with the lowest results being recorded in winter,
at sites P6 and P7 (0.39 and 0.42, respectively). Li
et al. (2024) also observed a decrease in diversity
values downstream in 8 streams in the Cangshan
Mountains in China, which were negatively cor-
related with urban land use.

The EPT index refers to the number of taxa
belonging to the aquatic insect orders Ephemer-
optera, Plecoptera, and Trichoptera (APA, 2021).
EPT organisms are considered particularly sensi-
tive to pollution, and the number of distinct taxa
among them generally increases with the im-
provement of water quality. Low values for this
metric indicate stressful conditions in the ecosys-
tem (Barbour et al., 1998). The number of EPT
taxa did not reach the reference values in any site,
with the highest value being recorded at site P1
in spring and summer (12 in both sampling peri-
ods), corresponding to sampling sites with greater
specific richness and better water quality (Table
1 and Table 2). The EPT values from sites P4 to
P7 varied in all sampling periods between 0 and
2, with the families Baetidae and Caenidae being
the only ones represented, since they have great-
er tolerance to unfavorable conditions (Table 2;
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Alba-Tercedor & Sanchez-Ortega, 1988). Chun et
al. (2017) observed that the number of EPT taxa
was negatively correlated with BOD, and total
phosphorus, and positively correlated with alti-
tude, in a study in the Han River, South Korea.
In fact, in the Lecga River, the higher numbers of
EPT taxa were associated with sites further up-
stream that had lower concentrations of BOD,
and total phosphorus (e.g. site P1 in summer —
EPT = 12; 0.27 mg/L of BOD, and 0.02 mg/L of
PO,*P; Table 1). In contrast, sites further down-
stream where EPT organisms were absent had
high concentrations of BOD, and total phospho-
rus (e.g. site P4 in summer — EPT = 0; 4.55 mg/L
of BOD, and 0.90 mg/L of PO,*P; Table 1). Thus,
the cumulative increase in anthropogenic pres-
sures along the course of the Leca River appears
to have contributed to the increase in the concen-
trations of BOD, and total phosphorus in the most
downstream sites (P4 to P7; Fig. 1 and Table 1),
which may have contributed to the decrease and
disappearance of EPT taxa.

Regarding the equitability index, it represents
a measure of biodiversity that quantifies the con-
tribution of each taxon to the community (Man-
Kyu, 2019). For example, in winter, site P6 had
the lowest equitability value (0.28) followed by
site P7 in winter and site P6 in autumn (0.30 both)
(Table 2). The lower evenness in these sites re-
flects benthic macroinvertebrate communities
dominated by a few taxa, namely Oligochaeta
(sites P6 and P7 in winter) or Chironomidae (site
P6 in autumn) (Fig. 3).

Only site P1 reached Good ecological sta-
tus, in spring and summer (Table 2). Sites P1 (in
autumn and winter), P2 (in autumn, spring and
summer) and P3 (in summer) were classified as
having Moderate ecological status. Sites P6 (in
autumn and winter) and P7 (in winter) were clas-
sified as having Bad ecological status. All other
combinations of season and site were classified
as Poor. These results demonstrate that the Leca
River is affected by human activities (Fig. 1), re-
flected in the changes in the benthic macroinver-
tebrate communities along the river's course. The
higher classifications obtained for site P1 can be
attributed to the lower presence of anthropogen-
ic pressures at this site, compared to sites further
downstream, which is reflected in a greater rich-
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ness, diversity, and equitability of sensitive or-
ganisms, namely EPT (Fig. 1, Table 2). The deg-
radation of physical and chemical conditions and
the cumulative anthropic pressures along the riv-
er's course, especially in locations P4 to P7, were
reflected in communities dominated by tolerant
organisms, which contributed to the reduction in
the quality of the ecological status (Fig. 1; Table
1; Table 2).

Ecological status

The water body PTO2LEC0136 (which in-
cludes sites P1 to P3) was classified as having
Moderate ecological status and the water body
PTO2LECO0138 (which includes sites P4 to P7)
was classified as having Bad ecological status.
This deterioration in the ecological status, along
the course of the river, reflects the increasing
presence of punctual and diffuse pressures (e.g.
human activities, namely agricultural, urban, and
industrial) observed in the extension of the Leca’s
River hydrographic basin (Fig. 1).

In the three existing WFD monitoring cycles,
the water body PTO2LEC0136 was classified as
having Moderate ecological status and the wa-
ter body PTO2LECO0138 was classified as having
Poor ecological status (APA, 2012, 2016, 2022a).
Comparing with the results obtained in the pres-
ent study, there are no changes in the ecological
status of the water body PT02LECO0136, with
only an improvement in the ecological status
of the water body PTO2LECO0138. Since 2023,
71 km of the Leca River (including the left and
right riverbanks) have been undergoing cleaning
and ecological recovery works (CM Matosinhos,
2023), and these measures may have contributed
to the improvement of the ecological status of the
water body PTO2LEC0138 (P4 to P7). Despite
the observed improvement, both water bodies of
the Leca River continue to fail the objective es-
tablished by the WFD of achieving Good ecolog-
ical status. Ecological restorations have proven to
be effective in previous studies, such as the case
of two tributaries of lake Chaohu in China (Duan
et al. 2022), where several ecological restoration
projects (e.g. strengthening riverbanks and creat-
ing downstream wetlands) contributed to improv-
ing water quality by 58 % to 64 %.

Macrolitter evaluation

A total of 1717 macrolitter items belonging to
86 Joint list classifications, 86 Master List clas-
sifications and 65 OSPAR classifications were
collected over the four sampling periods at the 7
sampling sites on the Leca River. Anthropogenic
macrolitter contamination in the Leca River was
detected in all sites, regardless of their location
and sampling period (Fig. 4). However, sites P1
and P2 were consistently the sites with the lowest
amounts of macrolitter, with the lowest amount
being recorded in spring at site P2 (14 items). An
increase in the amount of macrolitter collected
from P3 to P7 was observed, which corresponds
to the length of the river with greater human pres-
sure in the adjacent areas (Fig. 1). Several authors
have already documented that the contamination
of riverine ecosystems with macrolitter is greater
when rivers flow through areas with strong hu-
man influence (Carson et al., 2013; Rech et al.,
2015). Previous studies demonstrate that popu-
lation density is one of the main factors for the
accumulation of riverine macrolitter, with rivers
in an urban context showing greater accumula-
tion of macrolitter, compared to rivers located
in agricultural and/or natural areas (Pace et al.,
2024). Once in rivers, the transport and accumu-
lation of macrolitter are also influenced by hydro-
morphological factors such as water level, flow
speed, and riparian vegetation (van Emmerik &
Schwarz, 2020). Macrolitter is more easily de-
posited on riverbanks along areas with stagnant
water, low flow velocities, low channel slopes,
and high densities of riparian vegetation (Bruge
et al., 2018). Therefore, the hydromorphological
conditions of the sampling sites may also have in-
fluenced the abundance of macrolitter observed
along the Lega River, since there are distinct mar-
gin characteristics in the different sampling sites.
For example, site P3 has riverbanks with a low
slope and a moderate amount of riparian vege-
tation, which may have contributed to the large
amount of macrolitter accumulated in winter (125
items).

Winter, with the exception of site P5, was the
sampling period with the highest number of col-
lected macrolitter items, with sites P3 and P7 pre-
senting the highest values (125 and 122 items, re-
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Figure 4. A) Composition of the total collected macrolitter items at each sampling site and season according to the material typology
defined in Fleet et al. (2021). B) Spatial-temporal distribution of the 10 most abundant litter items according to OSPAR Commission
(2010) categories. The black line represents the total seasonal precipitation values (IPMA, 2024b, 2024c, 2024d, 2024e). 4) Com-
posicdo do total de itens de macrolixo recolhidos em cada local e periodo de amostragem de acordo com a tipologia de material
definida em Fleet et al. (2021). B) Distribui¢do espdcio-temporal dos 10 itens mais abundantes de acordo com categorias da OSPAR
Commission (2010). Linha preta representa os valores da precipitacdo sazonal total (IPMA, 2024b, 2024c, 2024d, 2024e).

spectively). This increase in the number of items
in winter indicates the accumulation of macrolit-
ter on the riverbanks during flood events, possibly
resulting from the higher precipitation registered
in autumn and winter (Fig. 4). These results are
in line with van Emmerik et al. (2020), who ob-
served an increase in the concentration of macro-
litter on the riverbanks of the downstream areas
of the Rhine and Meuse rivers, in the Netherlands,
after flooding. During flood events, inactive parts
of the river and areas around the river are flooded,
causing accumulated waste to be mobilized and
subsequently transported downstream, where it
becomes trapped in riparian vegetation or is cov-
ered with sediments (Rech et al., 2015; Hauk et
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al., 2023). van Emmerik et al. (2022a) found that
during the Meuse floods in July 2021, the trans-
port of macrolitter had increased between 4 and 6
times compared to the annual averages.

As for the typology of macrolitter found in
this study, artificial polymer/plastic items were
the most abundant, representing 56.67 % of all
collected macrolitter (Fig. 4A). Despite that,
glass/ceramic items were almost always observed
as more abundant at sites P1 (winter, spring, and
summer) and P2 (autumn and spring) (Fig. 4A).
Metal waste was the most abundant item recorded
at site P7 in spring (Fig. 4A). Artificial polymer/
plastic items are often the most abundant type of
macrolitter on the riverbanks of European rivers
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(Ballerini et al., 2022). Kiessling et al. (2019)
concluded that artificial polymer/plastic items
were the most abundant in German rivers, mak-
ing up a total of 31 % of all observed marginal
macrolitter. Cesarini & Scalici (2022) found that
artificial polymer/plastic items made up 81 % of
the marginal macrolitter of 8 rivers in the center
of Italy. Ballerini et al. (2022) determined that 82
% of the macrolitter collected on the riverbanks
of the Durance River, in France, was made up of
artificial polymer/plastic items. In Portugal, Pace
et al. (2024) concluded that the marginal macro-
litter of the Ave and Selho rivers was primarily
made up of artificial polymer/plastic items (86.14
% of all macrolitter). Several authors suggest that
the high abundance of artificial polymer/plastic
items in aquatic ecosystems, compared to items
of other material typologies, is due to their ubig-
uitous use, high flutuability, and high persistence
(Moore, 2008; Rech et al., 2014). Regarding the
top 10 most abundant OSPAR macrolitter items
on the banks of the Lega River, results are pre-
sented in Figure 4B. Gonzalez-Fernandez & Han-
ke (2018) observed that pieces of plastic > 2.5 cm
and < 50 cm, plastic bottles, and plastic bags were
the three most abundant floating macrolitter items
in rivers of the Mediterranean Sea region (25.01
%, 13.48 %, and 9.87 % of the total items, re-
spectively). Therefore, superficial transport dur-
ing high flow conditions might have contributed
to the high abundance of items OSPAR 4, 46, and
2 in the downstream sites (P5 to P7) during au-
tumn and winter (e.g. item OSPAR 46 comprised
36.07 % of the collected macrolitter in site P7
during winter; Fig. 4B). Since the quantification
of macrolitter was carried out by counting indi-
vidual items on the riverbanks, there is a chance
that items that disintegrate easily are over-repre-
sented (Bruge et al., 2018). This fact may explain
the greater overall abundance of items classified
as OSPAR 2 and 59, which were frequently found
in the form of fragments retained in riparian veg-
etation. The high abundance of items classified as
OSPAR 2, 59, 46, 93, 94, 89, and 96 (63.89 % of
all items) suggests that the deposition of domes-
tic, industrial, and commercial waste is the main
source of macrolitter in the Lega River. The pres-
ence of items classified as OSPAR 19, 91, and 4
(12.46 % of all items) indicates that recreational

activities also have a strong contribution to the
contamination of the Leca river with macrolitter.
On the other hand, the low abundance of items
associated with wastewater, such as OSPAR 102
— other sanitary items (1.05 % of all items), points
to this being the source that least contributes to
the contamination of the Lega River.

In a study carried out on the beaches of main-
land Portugal, during the period 2001-2021, it
was observed that items classified as OSPAR 46
and 19 also presented high abundances (16.5 %
and 4.2 % of the 10 most common items) (Igle-
sias et al., 2023). Rivers are the main pathway
by which macro waste dispersed in the environ-
ment is transported from its terrestrial origin to
the oceans (Cesarini et al., 2023). It is estimat-
ed that between 307 and 925 million macrolitter
items are released annually from European riv-
ers into the ocean (Gonzalez-Fernandez et al.,
2021). However, authors such as van Emmerik et
al. (2022b) state that the majority of macrolitter
that is deposited in terrestrial and freshwater eco-
systems never reaches the ocean and that only a
small fraction of riverine macrolitter is released,
with the vast majority potentially being retained
for years, decades, and even centuries. These long
retention periods increase the potential negative
effects that macrolitter has on riverine ecosystems
(Ballerini et al., 2022), namely in the fragmenta-
tion and availability of microplastics.

Macrolitter and Water Quality: An Integrated
Assessment

Figure 5 shows the spatial distribution result-
ing from the multivariate analysis applied to the
matrix of results for the physical, chemical and
biological elements analysed, and the macrolit-
ter (J-code) observed at each site and sampling
period. Axis 1 of the CCA explains 18.9 % of
the total variance of the data and axis 2 explains
14.7 %. This multivariate analysis (continuous
line circumference) shows that sites P1 (winter,
spring, and summer), P2 (spring and summer)
and P3 (autumn) are associated with high values
of macroinvertebrates indicators (greater equita-
bility, diversity, richness, and quantity of EPT or-
ganisms, as well as the best IPtIN classification).
These sites had low amounts of macrolitter (45,
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24, 33, 14, 20, and 26 items, respectively), and
were associated with ‘Joint list’ items J27 (filtered
tobacco products — cigarette butts), J156 (paper
fragments), J215 (food waste) and J178 (metal
bottle caps). These items originate from recrea-
tional activities around the river, which may in-
dicate that these activities did not influence the
dynamics of the benthic macroinvertebrate com-
munity. In fact, Schafft et al. (2024) found that
recreational activities have little correlation with
the biodiversity of freshwater ecosystems. The
authors proposed that the most plausible explana-
tion would be that environmental variables, such
as the land use of the surrounding area and the
morphology of the water body, would be more
important factors for habitat selection and the per-
sistence of species in the ecosystem than possible
disturbances from recreational activities (Schafft
et al., 2024). In addition, items J219 (other ceram-
ic items), J208 (pieces of glass/ceramic > 2.5 cm)

and J191 (metal wires) were also associated with
these sites. Wilson et al. (2021) demonstrated that
different metrics of analysis of the macroinverte-
brate communities found on glass and ceramics,
such as richness, can give similar results to those
found on rocks. Because they are rigid structures,
glass and ceramic items act as artificial substrates,
thus offering a stable habitat for benthic macroin-
vertebrates (Wilson et al., 2021).

Sites P6 and P7, in winter and spring (dotted
line circumference), are associated with higher
TSS, dissolved oxygen, and turbidity values and
are characterized by macrolitter items J202 (glass
light bulbs), J241 (other non-foam plastic items),
J141 (carpets and fabric furniture), J31 (lollipop
and ice cream sticks), J250 (rubber inner tubes)
and J256 (foamed plastic insulation, including
spray foam) (Fig. 5). Most of these items come
from the disposal of domestic, industrial and
commercial waste. However, high values of TSS,
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Figure 5. Graphical representation of the canonical correspondence analysis (CCA) between the physical, chemical and biological
elements analyzed (listed below) and the macrolitter (J-code; Fleet et al., 2021) collected at each sampling site and season. Circum-
ferences represent sites that presented similar values for the physical, chemical, and biological elements analysed. Representagcdo
grdfica da andlise de correspondéncia canonica (CCA) entre os elementos fisicos, quimicos e biologicos analisados (listados abaixo)
e o macro lixo (J-code; Fleet et al., 2021) recolhido em cada local e periodo de amostragem. Circunferéncias representam locais que
apresentaram valores semelhantes para os elementos fisicos, quimicos e bioldgicos analisados.

Dissolved oxygen (OD — mg/L), turbidity (Turb —m™), TSS (SST - mg/L), BOD, (CBO, - mg/L), NO," (mg/L), NO," (ug/L), conduc-
tivity (Cond - pS/cm), CDOC (m™'), NH," (mg/L), PO > (mg/L), total phosphorus (Ptot —mg/L), temperature (Temp - ° C), chlorophyll
a (chl a - pg/L), equitability (J), diversity (H), IPtIN, EPT, abundance (Abd).
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dissolved oxygen and turbidity indicate high flow
velocities (US EPA, 2012), which may have con-
tributed to the deposition of some items, namely
items with high floatability, such as J31 and J256.

In general, sites P3, P4 and P5 (dashed line
circumference) are associated with physical and
chemical elements that indicate poor quality
(high values of BOD,, CDOC, NO,, NH,, P0O,,
total phosphorus and conductivity), high concen-
trations of chlorophyll a and high abundances of
tolerant organisms (Fig. 5). In addition, they are
associated with a high diversity of macrolitter
items, namely items originating from agricultural
activities such as J220 (plastic greenhouse cov-
ers) and items originating from the disposal of
domestic, industrial and commercial waste, such
as J84 (plastic CDs and DVDs) (Fig. 5). The pres-
ence of macrolitter in rivers often reflects poor
waste management practices by activities such as
industry, urban areas and agriculture (Bruge et al.,
2018; Palmas et al., 2022), which may be related
to the pollution and degradation of the ecological
status observed in these sites. Furthermore, eco-
logically degraded sites can be perceived nega-
tively by the public and can be interpreted as suit-
able places for dumping more waste (Williams &
Simmons, 1999).

CONCLUSION

The Leca River is currently degraded due to the
human activities that occur around it, failing to
meet the objectives established by the WFD.
The water body PTO2LEC0136 (which includes
sites P1 to P3, further upstream) was classified
with Good ecological status and the water body
PTO2LECO0138 (which includes sites P4 to P7,
further downstream) was classified with Bad eco-
logical status. A downstream decline in physical,
chemical and biological quality elements was ob-
served. The deposition of macrolitter in the Leca
River was detected in all sites, regardless of their
location and sampling period (season). However,
there was an increase in the amount of margin-
al macrolitter from sites P3 to P7, which corre-
sponds to the length of the river further down-
stream, where there is greater human presence
and the cumulative effect of all the pressures that
occur along the river. Items originating from the

disposal of domestic, industrial, and commercial
waste were the most common, followed by items
originating from recreational activities around the
river. Macrolitter originating from recreational
activities was associated with better values in the
benthic macroinvertebrate community metrics,
while macrolitter originating from the disposal of
domestic, industrial, and commercial waste was
associated with more degraded ecological condi-
tions in the river. Marginal macrolitter on the Lega
River seems to reflect poor waste management
practices by industrial, urban, and agricultural
activities, which may be related to the decline in
ecological status observed along the river. In this
way, macrolitter can serve as an indicator of the
presence of anthropogenic activities with dele-
terious effects on aquatic ecosystems. However,
more studies are needed to clarify this relation-
ship, considering ecosystems subject to different
anthropogenic pressures and watercourse lengths.
Regarding the Leca River, the importance of
monitoring water quality over time is highlighted,
also with the perspective of evaluating the impact
of the ecological restoration intervention that has
been implemented.
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