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ABSTRACT

Cigarette butts (CBs) were among/the most prevalent types of litter found on tourist beaches, exhibiting
high persistence and toxicity. This.study analysed their spatial and temporal distribution on the mesotidal
beach of Pehuen Co (Argentina), sintegrating environmental variables, recreational use, and social
perception. Twelve monthly CB collection campaigns were conducted, and surveys were administered to
beach visitors. Through.multivariate analysis, three environmental scenarios were identified based on the
interaction between tourist pressure, natural removal, and CB accumulation. The Cigarette Butts Pollution
Index (CBPI) was also applied. The service zone exhibited the highest levels of pollution, while tidal action
reduced accumulation in‘the intertidal areas. Visitors' perceptions highlighted the lack of infrastructure for
proper CB.disposal. These findings support a scenario-based approach and highlight the CBPI as a valuable
tool for coastal management, especially in highly seasonal tourist settings.
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INTRODUCTION

Tobacco product waste, particularly cigarette butts (CBs), is one of the most abundant and persistent
forms of pollution in public spaces, urban ecosystems, and coastal environments (Slaughter et al., 2011;
Novotny et al., 2015). Although historical attention has primarily focused on the health effects of smoking,
scientific interest in understanding the environmental consequences of the improper disposal of these
residues has increased over the past two decades (Morales-Caselles et al., 2021).

It is estimated that more than six trillion cigarettes are consumed annually worldwide, and between
65% and 75% are improperly discarded, ending up in soils, watercourses, and marine ecosystems (WHO,
2017; Araujo and Costa, 2019). Recent studies on beaches across Asia, Europe, and South"America have
highlighted the high abundance and persistence of CBs in sandy coastal environments, particularly in
tourist settings (Mghili et al., 2023; Yona et al., 2024; Nguyen et al., 2025) On beaches;CBs represent not
only a source of visual pollution but also a chemical and biological hazard todocal biodiversity (Wallbank
et al,, 2016; Garrido Lazo et al., 2024).

CBs are primarily composed of cellulose acetate, a synthetic polymer with slow degradation, which
functions as a filter and retains hundreds of toxic compounds, including. nicotine, polycyclic aromatic
hydrocarbons, heavy metals, and emerging contaminants (Bonanomi et.al., 2015; Farzadkia et al., 2024).
Under natural environmental conditions, filters can persist for years, gradually releasing contaminants with
potentially harmful effects on aquatic and terrestrial organisms (Rathet al., 2012; Bonanomi et al., 2020;
Garrido Lazo et al., 2024). Due to their toxicity and resistance to degradation, some authors have proposed
classifying them as hazardous waste (Novotny,et al; 2009; Farzadkia et al., 2024).

In coastal environments, the presence of {CBs affects the functionality, aesthetic perception, and
environmental quality of beaches, negatively impacting both the recreational experience and the
sustainability of tourism (Silva-liiguez et.al., 2012; Zielinski et al., 2019). Monitoring studies on beaches
have shown that CBs are among the most frequent litter items and that their accumulation is highly
variable depending on human use and‘environmental dynamics (Katarzyté et al., 2020; Yang et al.,, 2024;
Yona et al, 2024). Furthermore, the sampling methodology itself can significantly influence abundance
estimates and the assessment of associated pollutant release, such as heavy metals (Kouhi et al., 2025).
Within this framework,specific tools such as the Cigarette Butt Pollution Index (CBPI) have been developed
to integrate factorsdike density, environmental vulnerability, and toxicity to assess the severity of this type
of pollution (Torkashvand et al., 2021; Howlader et al., 2023).

However, knowledge gaps remain regarding how local oceanographic and meteorological conditions
interact with the accumulation, persistence, and visibility of CBs. Recent studies suggest that factors such
as tidal dynamics.and wind direction can significantly influence the redistribution or removal of litter,
complicating its monitoring and potentially underestimating its actual impact (Morales-Caselles et al.,
2021; Yogaswara et al., 2024; Yang et al., 2024).

In this context, mesotidal beaches (those with tidal ranges between 2 and 4 m) constitute key
environments for studying these processes, as the periodic advance of seawater over the intertidal zone
may act as a natural transport mechanism for light debris such as CBs. However, this interaction has been
poorly documented and is rarely incorporated into coastal management frameworks.

In the present study, the effects of mesotidal dynamics and meteorological factors on the persistence
and distribution of CBs on Pehuen Co Beach (Argentina) were evaluated, integrating spatial, seasonal, and
functional information about the beach. Additionally, the CBPI was applied as an environmental diagnostic
tool, and social perceptions of the issue were analysed. This study represents one of the first investigations
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on temperate mesotidal beaches in South America to simultaneously incorporate physical-environmental
indicators and citizen perceptions to characterise and address CBs pollution.

STUDY AREA

Pehuen Co (38° 59" 51" S, 61°33'16" W) (Figure 1) is a coastal tourist urbanization located in the district
of Coronel de Marina Leonardo Rosales, in the southern part of Buenos Aires Province, Argentina. Its beach
has a W-E orientation and a semidiurnal tidal regime, with an average high tide height of 3.09.m and an
average low tide of 0.8 m, resulting in a mean tidal range of 2.29 m (SHN, 2024). Based on wave and tidal
data obtained at a EMAC wave and tidal station located about 2 km to the East of the study zone between
2017 and 2022, Roth (2023) estimated that the higher probability of wave significant height.(Hs)is below
50 cm with significant periods (Ts) between 2 and 6 s. Although waves over 1.5 m-have been observed
associated with storm surges. Although there is a predominance of negative storm surges, Roth (2023)
also observed a significant increase in positive storm surges since 2022. The‘predominant longshore
currents flowed westward, with average annual velocities of 0.2 m/s (Bustos et al;;2011).

70°W 60°W. 50°W 40°'W 61°33W
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Figure 1. Location of the study area. (A) Location of Pehuen Co; (B) Position of the oceanographic buoy
(EMAC) and the'meteorological station; (C) Cigarette butt (CB) collection area.

The ‘economy of Pehuen Co is primarily based on sun-and-beach tourism. According to municipal
estimates, its permanent population is approximately 900 inhabitants, rising to 100,000 people per month
between'December and February (Direccion de Turismo de Cnel. Rosales, 2024). The study area coincided
with the'centre of the coastal village (Figure 1), where the density of visitors is usually significantly higher
than in other sectors (Bustos et al., 2011). This zone also had the narrowest beach width, with an average
of 50 m and a slightly gentle slope (2°). These characteristics caused the beach width to decrease by up to
50% during high tides, and during spring tides or southern winds, the tides could cover the entire beach.
The foredunes were vegetated with Tamarix gallica, except for two beach facilities located at the ends of
the study area and positioned on the foredune (Figure 1).
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METHODS

This study combined monthly collection of CBs and cigarette butt fibres (CBFs) with visitor surveys,
environmental variable monitoring, and multivariate statistical analyses. The objective was to characterize
the spatiotemporal distribution of CBs in a sector of Pehuen Co beach under different physical and
environmental conditions and usage patterns. The integration of these data sources allowed for the
identification of environmental scenarios with direct implications for coastal management. Part of the
English translation of this manuscript was assisted by an artificial intelligence tool (ChatGPT, OpenAl). The
authors carefully verified all generated content and take full responsibility for the accuracy/and integrity
of the final text.

BEACH ZONING BASED ON USE

The beach-use classification proposed by Vallarino and Urrutia (2021),.initially developed for the coast
of Mar del Plata (Argentina), was adapted to the specific characteristics.of Pehuen.Coto analyse the spatial
distribution of CBs. Since this beach does not have concessioned rest zones and the dunes are largely
covered with introduced vegetation and lack-built infrastructure, three zones were established (Figure 2):

Service zone: This area was located at the base of the foredune, where the limited service infrastructure
(food stands, toilets, access points) was concentrated. It was a transitional area, where users typically did
not remain for extended periods. The zone was delineated as extending.2 m landward from the base of
the foredune and seaward to the storm berm line. The average width of this zone was 11 m.

Rest zone: This zone was adjacent to the service zone, where visitors could remain with their
recreational equipment (beach chairs, tents, umbrellas). It extended from the service zone to the swash
zone. Due to the mesotidal regime, its width was variable, averaging 26 m during low tides but decreasing
to as little as 10 m during high tides. During.spring tides or after several hours of southerly winds, the
seawater reached the foredune.

Active zone: This area was.closest to the water and coincided with the swash zone. It was primarily used
for walking along the shoreline and.accessing the sea, with high user circulation in multiple directions. Its
average width was 10.m.

Ocean and Coastal Research 2025, v73 (in press) 4
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Figure 2. Functional zoning of Pehuen Co beach.

COLLECTION OF CIGARETTE BUTTS AND CIGARETTE BUTT FIBRES

Twelve monthly collection campaigns were conducted between July 2021 (month 1) and June 2022
(month 12), following the methodology of Diaz et al. (2023). Sampling was conducted along a 500 m
transect parallel to the shoreline, from the San Martin access point to the Brown access point (Figure 1).

Sampling protocol: Theicampaigns were conducted on Sundays to ensure the highest number of beach
visitors, and during low tide (+ 2 hours) to maximize the sampling area. Visible CBs and CBFs were collected
from the surface, classified according to residue type and beach zone (service, rest, active) (Figure 3), and
counted at the end of each collection. CBFs were distinguished from CBs because their presence indicates
the duration of CBs' exposure in the environment. According to the study by Bonanomi et al. (2020), a CB
must remain exposed to natural environmental conditions for at least 30 days to degrade by 15 to 20%
and become what is classified as a CBF. This surface collection protocol, while standard for density
calculations (e.g., Diaz et al., 2023), primarily accounts for visible litter and may not capture buried residues,
which can also be a significant source of pollutants (Kouhi et al., 2025).

Ocean and Coastal Research 2025, v73 (in press) 5
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114
115 Figure 3. Figures are (A) Containers by zone and by type of cigarette butt or cigarette butt fibre and (B)
116 Cigarette butt fibres.
117
118 Additionally, each campaign included the recording of complementary data in a field log, such as the
119 date and time of the start and end of the collection, the time of low tide on the sampling day, the total
120 time dedicated to the collection, the total length of the transect (500 m), beach width by zone (service,
121 rest, active), and the number of CBs disposal units within the study area.
122 Data on the number of visitors present along the 500.m study arearwere also incorporated. During
123 months with high visitor density (January t0 March), an indirect estimation method was applied by
124 counting people in representative 3 m wide transects and extrapolating to the full 500 m. To validate this
125 methodology, a complete manual count of all individuals present on the beach within the study area was
126 conducted in March, allowing for a comparison between the two methods.
127 The formula used to calculate the relative error was:
128
Estimated value — Observed value
129 Relative error (%) = ( ) x 100
Observed value
130
131 Applying this foermula to the'data collected in March allowed for the assessment of the accuracy of the
132 indirect estimation method by comparing it against the full manual count conducted that month:
133
1000 — 1113
134 Relative error (%) = (—) x 100 = 10,1 %
1113
135
136 This'result indicated a moderate error margin (10.1%) for the estimation method used, which was
137 considered acceptable given the high user density and constant movement, as commonly encountered
138 on tourist beaches. During the months with lower attendance (April to December), only direct counting
139 was used, and, therefore, no estimation was required.
140
ENVIRONMENTAL VARIABLES
141 Environmental data were incorporated from the Coastal Environmental Monitoring Station (EMAC
142 IADO/CONICET), located 2 km east of the study area (Figure 1), with a recording frequency of 10 minutes.

Ocean and Coastal Research 2025, v73 (in press) 6
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143 Data included tidal height (m), wind speed (km/h) and direction (degrees), and air temperature (°C). There
144 were no tidal records available for July 2021 and May 2022; therefore, only wind data were used for those
145 months.
146 For the analysis, environmental conditions from the three days prior to each sampling campaign were
147 considered. On this beach, storm berms typically remain for at least 3 to 4 days before being removed by
148 tidal action (Bustos et al., 2016).
149 A descriptive analysis was conducted, including the calculation of basic statistics and the examination
150 of monthly variation in CB abundance in relation to environmental variables (tidal height, wind,
151 temperature) and tourist attendance. Patterns were identified between CB accumulation’ and_specific
152 conditions of tide, wind, and beach occupancy. Based on these patterns, three environmental scenarios
153 were determined through statistical analyses described in Section 2.6.
154

APPLICATION OF THE CIGARETTE BUTT POLLUTION INDEX (CBPI)
155 We applied the Cigarette Butt Pollution Index (CBPI) developed by dorkashvand-ét al. (2021) to assess
156 CB pollution. This index was specifically designed to characterize CB.pollution, while also accounting for
157 environmental factors that affect their degradation and toxicity. According to the review by Delavari Heravi
158 et al. (2024), the CBPI is the only index developed with an exclusive focus on CBs, and its calculation
159 incorporates variables such as precipitation, groundwater level, substrate type, and vegetation cover,
160 factors that influence the persistence and leaching of contaminants such as nicotine, heavy metals, and
161 PAHs.
162 The index was calculated using the following formula:
163
164 CBPI = DCB X E
165
166 where DCB represents the density of CBs (butts/m?), and E is an environmental correction coefficient
167 that weights ecosystem vulnerability.based on local conditions.
168 The environmental correction coefficient E was calculated as follows:
169
170 E=10X(SXPXRXG)
171
172 where:
173 Stisithe soil type, P: is the surface cover, R: is the annual rainfall, G: is the groundwater level. Specific
174 values were assigned to these variables for each of the beach zones evaluated, as detailed in Table 1.
175
Assigned
Variable Observed Category Source/Criterion
Value
Soil Type (S) Uncovered sand 2 Natural, unpaved soils
Surface Cover (P) Area without vegetation 1 Direct observation
Annual rainfall (R) > 600 mm 2 Aliaga et al. (2017)

Ocean and Coastal Research 2025, v73 (in press) 7
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Groundwater Level
(G)
Estimated E 60 10x2x1%x2x1.5

Between 3 and 5 m 1.5 Valdés (2019)

Table 1. Criteria and values used to determine the correction factor. Modified from Torkashvand et al.
(2021).

The CBPI results were interpreted according to the categories established by Torkashvand etal. (2021)
(Table 2). This classification allowed for the differentiation of CB pollution severity based'on the calculated
index value. It was used to interpret the results by zone and sampling date and to facilitate comparisons
among the beach’s functional sectors throughout the study period.

CBPI  Pollution category

<1 Very low pollution
1,1-25 Low pollution
2,6 -5 | Moderate Pollution
5.1-75 | Significantpollution
7,6 — 10 | Very high pollution

>10 Severe pollution

Table 2. Pollution categories based on CBPI values. Source: Torkashvand et al. (2021).

BEACH USER SURVEYS

Structured surveys were administered to beach visitors to assess perceptions and behaviours related
to CB disposal. A.total of 357 surveys were conducted, distributed by convenience sampling during each
campaign and proportionally to the number of visitors present on the day in the collection zone, as shown
in Table 3.

SURVEYS
DATE PEOPLE IN THE SAMPLING ZONE
ADMINISTERED
July 2021 0 0
August 2021 15 3
September 2021 53 7
October 2021 0 0
November 2021 30 5
December 2021 100 10

Ocean and Coastal Research 2025, v73 (in press) 8
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January 2022 6000 132
February 2022 5000 100
March 2022 1113 50
April 2022 206 20
May 2022 251 20
June 2022 70 10

TOTAL 12838 357

193
194  Table 3. Surveys conducted among visitors to Pehuen Co beach during the study period
195

196 The survey content, primarily consisting of closed-ended questions, was initially designed to collect
197 general sociodemographic data and subsequently focused on tobacco consumption‘habits, CB disposal
198 behaviours, knowledge about CB degradation times, perceptions of the environmental impacts of CBs,
199 and an assessment of the available infrastructure (CBs disposal units). The survey concluded with an open-
200 ended question inviting suggestions for reducing CB pollution on beaches.

201 In the data analysis, chi-square tests were used to evaluate potential associations between
202 sociodemographic variables (gender, age, and educational level) and:responses related to tobacco use,
203 disposal behaviour, and environmental perception. This test was selected because the analysis involved
204 categorical variables, aiming to identify differences or associations between groups. Moreover, it was
205 considered a standard tool in survey analysis when examining the relationship between two qualitative
206 variables (Agresti, 2018). A significance level of a'=.0.05 was established. Fisher's exact test was used to
207 confirm the results in cases with low expected frequencies.

208

MULTIVARIATE STATISTICAL ANALYSIS AND'SCENARIO DETERMINATION

209 Multiple Correspondence Analysis (MCA) and the Kruskal-Wallis test were key tools for exploring
210 associations among environmental iconditions, functional beach zones, and CB accumulation, allowing for
211 the definition of thrée main environmental scenarios:

212 Scenario 1: High anthropogenic pressure and intense marine forcing.

213 This scenario was characterised by high beach attendance, strong onshore winds, and elevated high
214 tides, which favoured the redistribution and accumulation of CBs in the service zone.

215 Scenario 2: Moderate anthropogenic pressure with low natural removal.

216 This included conditions with medium to high visitor attendance, but weak offshore winds and normal
217 or low tides, which allowed CBs to persist in the rest zone.

218  Scenario 3:'Low anthropogenic pressure and variable removal.

219 This scenario occurred under conditions of little or no human presence on the beach, resulting in
220 minimal CB generation regardless of the natural removal capacity. Although physical conditions varied
221 between high tide or strong wind events and more stable situations, the low CB accumulation was mainly
222 attributed to the absence of visitors generating them.

223 The MCA allowed for the identification of consistent groupings among environmental scenarios, zones
224 with higher CB accumulation, and predominant wind types. Variables were coded as factors and analysed
225 using the Burt method which identified two principal dimensions. The analysis was conducted in RStudio

Ocean and Coastal Research 2025, v73 (in press) 9
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using the packages FactoMineR (Lé et al,, 2008) and factoextra (Kassambara and Mundt, 2020).

Subsequently, to assess whether the total number of CBs collected differed significantly among the
three defined scenarios, the Kruskal-Wallis test was applied, as it is a suitable alternative for small samples
and non-normal distributions. The null hypothesis (Ho) stated that the distribution of CB counts was the
same across the three groups, while the alternative hypothesis (H,) indicated that at least one group
differed.

RESULTS

ENVIRONMENTAL CONDITIONS DURING THE STUDY PERIOD

During the study period (July 2021 — June 2022), strong seasonality was 0bserved in both
meteorological conditions and beach attendance. High tides reached an average value/of2.48 m, with a
recorded maximum of 3.77m, while low tides showed a minimum of 0.1 m. The mean tidal range was
2.32m, with significant variations associated with meteorological events, mainly.driven by wind patterns
(Figure 4). The average air temperature was 16.5°C, ranging from_32 °C'in.summer to below freezing in
winter. Two main wind patterns event were identified: Sudestada and Sudoestada, with winds exceeding
30km/h, directly influencing tidal dynamics and sea level rise.

Ocean and Coastal Research 2025, v73 (in press) 10
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Figure 4. Sea level height during the three days prior to each sampling campaign conducted between July

2021 and June 2022 at Pehuen Cocbeach. Panels labeled “No Data” correspond to dates with no records

in the database. Data with zero values indicate that the tide was below the sensor level.

The averagé beach width exposed during the sampling campaigns was 47 m, distributed as follows:

service zone, 11 m (24%); rest zone, 26 m (54%); and active zone, 10m (22%). The general beach slope was

gently inclined (2°). This configuration exhibited considerable variation depending on tidal stage and wind

conditionsywith'a notable reduction in available surface area during high tides.

Regarding beach attendance, a total of 12725 individuals were counted in the study area throughout

the study period. Temporal distribution showed marked seasonality, with very high numbers in summer

(January and February) and no attendance in winter (June and July). The remaining months exhibited

fluctuations depending on nearby holidays (e.g., September) or exceptionally comfortable (April and May)

or uncomfortable (November and December) weather conditions (Table 3). These variations directly

influenced the quantity and distribution of CBs observed. In months with higher attendance, greater CB

accumulation was also recorded, although not exclusively, as meteorological and oceanographic dynamics

played a significant role in modulating the surface visibility of the residues.

Ocean and Coastal Research 2025, v73 (in press) 11
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TOTAL ABUNDANCE AND SPATIAL DISTRIBUTION OF CIGARETTE BUTTS

258 Over the 12 sampling campaigns, a total of 2,639 CBs and 113 CBFs were collected along the 500-
259 metre transect. The distribution by functional beach zones showed that 89% of the CBs and CBFs were
260 collected in the service zone, 10% in the rest zone, and only 1% in the active zone. Although the density
261 was significantly higher in the service zone, it did not exceed 0.5 butts/m? (Table 4).
262
DENSITY
CB (ITEMS) CBF (ITEMS) TOTAL )
(BUTTS/M?)

SERVICE ZONE 2339 111 2450 0,44

REST ZONE 270 2 272 0,02

ACTIVE ZONE ‘ 30 0 30 <0,01

TOTAL ‘ 2639 113 2752
263
264 Table 4. Number and density of cigarette butts (CBs) and cigarette butt fibres (CBFs) collected throughout
265 the study period for each beach zone according to use.
266
267 The mesotidal regime had a significant impact on the distribution and persistence of CBs on the beach.
268 The service zone exhibited a markedly different behaviour compared.to the other areas. As it was not
269 directly influenced by tidal height, CBs remained in place.for more extended periods. However, CBFs were
270 nearly absent, indicating that CBs did not remain exposed long enough to undergo degradation. The few
271 CBFs observed were likely associated with CBs.that had been temporarily buried in the sand (possibly
272 uncovered by wind or storm surge events) or trapped among roots or vegetation debris in the foredune
273 (Figure 5).
274
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276 Figure 5. Percentage of cigarette butts (CBs) and cigarette butt fibres (CBFs) found by beach zone.

277

278
279 The rest zone, which coincides with the intertidal area, exhibited similar behaviour, as frequent high
280 tides (every 12 hours) likely prevented.the accumulation of CBs on at least part of its surface. In this zone,
281 CBs may not have remained for more than 12 hours, as the rising tide regularly swept the beach surface,
282 potentially carrying the residues out to sea and limiting the opportunity for their degradation into fibres.
283 The active zone, in turn,showed very low CB presence in all sampling events, confirming the natural
284 cleaning effect exerted:by.tidal dynamics. The few CBs detected were associated with specific activities
285 (such as recreational fishing) that implies the constant presence of people in the swash zone (Figure 5).
TEMPORAL VARIATION IN CIGARETTE BUTT AND ITS RELATIONSHIP WITH ENVIRONMENTAL FACTORS
286 During the study period, marked monthly variability was observed in the number of CBs and CBFs
287 collected; which did not respond solely to tourism seasonality. As expected, the highest abundance values
288 coincided with the summer months, resulting from increased beach visitors who directly contribute to this
289 type of litter. However, unexpected increases in CB and CBF quantities were also detected during months
290 with low visitor attendance, indicating the influence of oceanographic and meteorological conditions prior
291 to the sampling events (Figure 6).
292
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Figure 6. Number of cigarette butts and cigarette butt fibres found in each beach zone of Pehuen Co
during the 2021/2022 period.

The MCA identified groupings among the defined environmental variables (wind and tide) and CB

accumulation. The biplot graph showed a clear separation of scenarios according to their dominant
conditions (Figure 7).
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302 Figure 7. Multiple Correspondence Analysis of environmental scenario, dominant accumulation zone, and
303 wind direction. Months are.ordered with July as month 1.
304
305 The results_of the Kruskal-Wallis test showed statistically significant differences among the three
306 groups (H= 6.84;df = 2; p = 0.033), thereby validating the established classification. Scenario 1 exhibited
307 the highest number of CBs collected, followed by Scenario 2, while Scenario 3 showed the lowest levels of
308 accumulation (Figure 8). These results enabled the definition and categorization of outcomes into three
309 scenarios, detailed in Sections 3.4, 3.5, and 3.6.
310
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312 Figure 8. Distribution of cigarette butts collected by scenario (1, 2, and 3).
313
SCENARIO 1: HIGH ANTHROPOGENIC PRESSURE AND INTENSE MARINE FORCING
314 February and March represented conditions of high anthropogenic pressure combined with intense
315 marine forcing: In February, 384 CBs were collected, and in March, 980, these being the highest values
316 recorded during the entire study period. Most of the CBs were found in the service zone, with lower
317 accumulation in therest zone and virtually none in the active zone.
318 Environmental conditions during these months included Sudestada events in February and Sudoestada
319 in March, characterised by sustained onshore winds ranging from 30 to 60km/h. This wind direction
320 favoured an increase in high tide levels, exceeding 2.7m (Figure 4), facilitating the redistribution of litter
321 from the rest zone toward the base of the foredune, and even its transport offshore. Additionally, both
322 months featured meteorological conditions conducive to prolonged beach use (low wind intensity on the
323 sampling day and maximum temperatures above 27 °C).
324 The CBPI in the service zone reached its highest values: 5.4 in February (classified as significant
325 pollution) and 11.4 in March (classified as severe pollution) (Figure 9). In contrast, the CBPI values in the
326 rest and active zones were zero, confirming the sweeping effect of tidal action on these more exposed
327 areas.
328
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330 Figure 9. Monthly CBPI values during the study period in the rest zone of Pehuen Co beach.
331
332 From the perspective of social perception; the surveys administered during this scenario revealed a
333 high proportion of responses indicating discomfort due to the presence of CBs on the beach and a
334 negative perception of the existing infrastructure (only two CBs disposal units were available throughout
335 the study area). Among the respondents;13.1% identified as smokers. All smokers surveyed (100%) stated
336 that the CBs disposal units were insufficient, which aligned with direct observations showing that only two
337 units were present in the area.
338 These findings supported-the conclusion that Scenario 1 concentrated the most critical conditions in
339 terms of both CB generation and their redistribution and surface visibility. The combined effect of a large
340 number of visitors andhintense meteorological events, including onshore winds and elevated high tides,
341 favoured the accumulation of CBs in elevated areas of the beach, beyond the reach of conventional
342 cleaning efforts.
343
SCENARIO 2;: MODERATE ANTHROPOGENIC PRESSURE WITH LOW NATURAL REMOVAL
344 This scenario, which included the months of September, November, January, April, and May, was
345 characterised by moderate to high visitor attendance combined with environmental conditions that
346 reduced the natural removal efficiency of CBs. Low-intensity winds from the continent (N and NE) and
347 medium to low tide heights predominated, allowing CBs to remain longer on the beach surface,
348 particularly in the rest zone.
349 In January, one of the months with the highest visitor attendance (6000 people), 294 CBs were
350 collected. Although wind conditions were mild (12 km/h, predominantly from the N), strong SW gusts in
351 the days prior may have contributed to the displacement of CBs toward the base of the foredune.
352 Nevertheless, accumulation in the rest zone was significant. The CBPI reached a value of 3 in the service

353 zone, classified as high pollution (Figure 9).
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354 In September, there were fewer people on the beach at the time of sampling, but higher attendance
355 (approximately 200-300 people) had been recorded in the preceding days due to Spring Festival
356 celebrations. A total of 96 CBs were collected in the service zone and 62 in the rest zone, the highest value
357 recorded for this zone during the study period. Environmental conditions included weak continental winds
358 (~13.3km/h) and moderate tides, which favoured surface accumulation without effective removal.
359 In November, an increase in beach attendance was observed, associated with rising temperatures. This
360 trend was reflected in the number of CBs collected, which reached 131 units, with a notable concentration
361 in the rest zone (Figure 6). Although a very high tide occurred 72 hours prior to the sampling due to strong
362 southern winds, the wind later shifted to north and east quadrants, and tides normalized below 2 m (Figure
363 4).
364 In April, high tides were low (~2m). Despite being part of the low season, favorable meteorological
365 conditions (average temperature of 17.5°C and weak northerly winds) encouraged visitor presence. That
366 month, for the first and only time, the number of CBs in the rest zone (48) exceeded that/of the service
367 zone (45), highlighting the role of tide as a key modulator of CB distribution. The CBPI'in the rest zone was
368 0.9 (very low pollution), while in the service zone it was 0.6.
369 In May, the number of CBs recorded in the service zone was similar tothat observed in April. Although
370 no tidal data were available, meteorological records indicated. persistent southwesterly quadrant winds
371 during the two days prior to sampling, with average speeds of approximately 30 km/h. This wind pattern
372 may have influenced tidal dynamics, increasing high tide levels and reducing the amplitude of low tides.
373 As a result, lower CB accumulation was observed in the rest zone, despite similar or even higher visitor
374 attendance compared to April (Figure 6 and Table 3).
375 Regarding social perceptions, survey responses ‘again reflected the perception of insufficient
376 infrastructure for CB disposal and a negative view of their presence on the beach. This suggests that even
377 under less extreme conditions than insScenario 1, users perceived a persistent pollution problem,
378 reinforcing the need for structural actions.combined with awareness strategies.
379 It is worth noting that duringhall campaigns, informational flyers on the environmental impact of CBs
380 were distributed. In the following weeks, behaviours related to the distributed material were observed:
381 some visitors returned with questions or shared the information with family and friends. This multiplier
382 effect, generated through“a.low-cost and straightforward educational intervention, demonstrated the
383 effectiveness of direct, on=site actions and their potential to promote sustained behavioural change.

SCENARIO 3: LOW ANTHROPOGENIC PRESSURE AND VARIABLE REMOVAL

384 Scenario. 3 was characterised by a low influx of people to the beach, combined with variable physical
385 conditions,such as low-intensity winds and moderate to low high tides. This situation resulted in limited
386 waste generation and, consequently, a low availability of CBs. The months of July, August, October,
387 December, and June were included in this group. Although some differences in meteorological and
388 oceanographic conditions were observed, the low concentration of CBs primarily reflected the absence of
389 visitors rather than natural removal processes.

390 In July and August, the beach had virtually no visitors, with no direct presence of users during the
391 sampling. However, CBs were detected in the rest zone, indicating they had been discarded several days
392 earlier and had not been removed due to low high tides (Figure 4). In August, the highest number of CBFs
393 was recorded for the entire period (Figure 10), coinciding with neap tide conditions and weak northerly
394 winds (8.8 km/h), which favoured the persistence of these residues in the environment and their
395 subsequent degradation.
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398 Figure 10. Percentage of cigarette butts (CBs) and cigarette butt fibres (CBFs) during the study period on
399 Pehuen Co beach.

400

401 In October, CB accumulation'remained low and was restricted to the service zone. Moderate tides and
402 very mild northerlyawinds (~11.3 km/h) allowed the CBs to remain visible. However, no significant visitor
403 presence was recorded, highlighting that low tourist activity was a key factor in the reduced CB generation.
404 In December, despite falling within the high season, visitor numbers were limited (around 100 people),
405 mainly due to_unusually low temperatures (average 14 °C). High tides did not exceed 2m, and ESE winds
406 were_mild (15.6 km/h), allowing some CBs to persist in the service zone. However, CBs accumulation
407 remained notably lower than that observed in January or February.

408 InJuneshigh tide levels were recorded due to strong S/SW winds (~45 km/h). Although these physical
409 conditions resembled Scenario 1, the lack of visitors due to cold temperatures resulted in typical Scenario
410 3 conditions: low waste generation, with a few residual CBs observed in the service and rest zones.

411 Despite the reduced influx of visitors, the CBPI analysis showed low to moderate values (Figure 9).
412 Social perception data, although limited by fewer surveys during the low season, continued to reflect a
413 negative view of CBs presence, even when abundance was minimal. This suggests that the public's
414 perception of environmental quality is not solely based on visible waste but also on expectations regarding
415 beach cleanliness and maintenance.

416 Regarding suggestions for reducing this form of pollution, most respondents proposed increasing the
417 number and visibility of CBs disposal units (60%), enforcing fines (20%), and implementing educational
418 campaigns (9%). These responses demonstrate a positive attitude toward corrective actions and highlight
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419 the potential for engaging beach users in improving environmental management.
DISCUSSION

420 The scenario-based analysis developed in this study allowed for the characterization of how the
421 interaction between anthropogenic pressure and environmental conditions influences the distribution and
422 persistence of CBs on mesotidal beaches. These findings are consistent with previous studies which
423 indicate that the visibility and accumulation of litter in coastal environments are not solely determined by
424 recreational use, but also by the natural dynamics of the system (Morales-Caselles et al., 2021; Botero et
425 al, 2021).
426 Compared to tropical or microtidal beaches, where litter accumulation typically concentrates-in areas
427 of intensive recreational use (Zielinski et al., 2019; Howlader et al., 2023), the service zone in Pehuen Co,
428 despite limited human presence and greater distance from direct tidal action,exhibited the‘highest levels
429 of CB contamination. This pattern contrasts with reports from Cox's Bazar (Bangladesh), where the
430 intertidal zone showed the highest CBPI values (Howlader et al., 2023); from the Vung Tau beaches in
431 Vietnam, where CBs were widespread n tourist areas despite the presence of disposal infrastructure
432 (Nguyen et al,, 2025), and from Baltic Sea beaches, where accumulation,was linked to access points and
433 vegetation cover (Katarzyté et al., 2020). The observed differences may be attributed to the mesotidal
434 regime of Pehuen Co, where tides act as a natural removal mechanism in lower beach zones but do not
435 reach elevated areas such as the frontal dune.
436 CBPI values recorded in this study highlighted the contrast between absolute litter density and the
437 relative, context-specific severity of contamination. While other urban beaches, such as those in Morocco,

438 Copacabana (Brazil), or Ancol (Indonesia), reported €Bs densities of more than 6, 17.6, and 1.14 CBs/m?,
439 respectively (Ribeiro et al., 2022; Mghili etal., 2023; Yogaswara et al., 2024), Pehuen Co exhibited maximum

440 CBPI values falling into the “severe pollution” category despite much lower absolute densities. This
441 demonstrates the index’s sensitivity to local environmental conditions and its suitability for highly seasonal
442 contexts. Furthermore, its application made it possible to identify that low-traffic zones may reach critical
443 pollution levels in the absence of natural removal mechanisms or adequate infrastructure, as also noted
444 by Yogaswara et al. (2024). Itis also/important to acknowledge that relying solely on surface sampling may
445 lead to an underestimation of the overall CB load, as buried residues, although not visible, can act as
446 hidden sources©f contamination and significantly influence the DCB values used in the CBPI calculation
447 (Kouhi et al., 2025).

448 The presence of CBFs during periods of low tourist influx evidenced the persistence of hidden litter or
449 its re=exposure due to meteorological events. This finding aligns with observations by Bonanomi et al.
450 (2020) and Garrido Lazo et al. (2024), who confirmed that CBs can persist for weeks in coastal environments
451 and continue releasing contaminants even after partial degradation. The detection of CBFs in vegetated
452 areas or partially buried under sand indicates that, beyond surface cleaning, monitoring strategies must
453 also consider non-visible residues.

454 From a management perspective, the results reinforced the need to adapt cleaning and monitoring
455 strategies to the functional dynamics of each beach zone. Areas with limited tidal exposure, such as the
456 frontal dune, require more structured interventions, while intertidal zones should be prioritized for
457 preventive actions before high-tide events. These recommendations are consistent with those proposed
458 by Morales-Caselles et al. (2021); Howlader et al. (2023), and Yona et al. (2024), who emphasize that
459 conventional cleaning operations are ineffective unless integrated with an understanding of coastal
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460 dynamics.

461 Finally, public perceptions gathered in this study were consistent with field observations regarding the
462 insufficiency of infrastructure for CBs disposal. The lack of awareness about the final fate of these residues
463 highlights a key opportunity to strengthen environmental communication (Yogaswara et al., 2024; Garrido
464 Lazo et al., 2024). Simple educational actions, such as leaflet distribution, proved to have a multiplier effect,
465 reaffirming the potential of participatory interventions as a complement to structural measures.
466 Taken together, this study highlights the relevance of applying an integrated approach that considers
467 environmental variables, recreational use, and social perception to evaluate and manage CBs pollution on
468 beaches. The scenario-based framework proved especially useful in highly seasonal contexts, where
469 tourism pressure and physical conditions can vary drastically over short periods.
470

CONCLUSION
471 The mesotidal regime and meteorological factors influenced the distribution,visibility, and persistence
472 of CBs on Pehuen Co beach. The scenario-based classification enabled. the identification of distinct
473 accumulation patterns driven by the interaction between tourist pressure and natural removal capacity,
474 providing a useful framework for adaptive management in highly seasonal beach environments.
475 Concerning levels of CB pollution were recorded during the summermonths, with CBPI values classified
476 as ‘significant’ or 'severe.' These findings underscore the need to implement basic yet sustained
477 management measures, such as reinforcing disposal infrastructure in critical areas (particularly in the rest
478 zone) and applying targeted cleaning strategies in the intertidal zone prior to high tides.
479 Public perception aligned with field observations, revealing concern over the presence of CBs and
480 negative assessments of the available infrastructure. Simple educational actions, such as distributing of
481 informational leaflets, showed short-term positive effects, underscoring the value of participatory
482 interventions.
483 Taken together, the study's findings support the effectiveness of an integrated, scenario-based
484 approach to managing CBs pollution on beaches. This approach enables the prioritization of intervention
485 areas based on functional 'use and ‘environmental exposure, and facilitates the adaptation of monitoring
486 and cleaning strategies torlocal'dynamics and observed social behaviour.
487
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