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210pb: Lead-210

COz: carbon dioxide

Corg: organic carbon

CP: Candelaria-Panlau

EV: El Verde Camacho Lagoon

MAR: mass accumulation rate

MO: organic matter

NDCs: National Determined Contributions
PDE: Palizada-Del-Este

SAR: sediment accumulation rate

TL: Terminos Lagoon

UNFCCC: United Nations Framework Convention on Climate Change
URB: Usumacinta River Basin

813Corg: isotopic composition of organic carbon

8'N: isotopic composition of nitrogen



SUMMARY

This doctoral project analyzed the spatial and temporal variability (~100 years) of the origin,
accumulation, stocks, composition, and preservation of organic carbon (Core) in mangrove
sediments from the Terminos Lagoon, Campeche, and El Verde Camacho Lagoon, Sinaloa,
Mexico. This variability was interpreted using environmental indicators, such as precipitation,
sedimentation, river discharge, sea-level rise, population growth, land-use change, and
deforestation rates. The results showed a progressive increase in sediment and Corg
accumulation from 1900 to 2021 in the mangroves. This increase was primarily attributed to a
rise in continental erosion that occurred parallel to land-use change caused by demographic
expansion in the study regions. The eroded organic material was transported by rivers to the
mangrove area, where it accumulated and formed stocks of terrestrial-derived Corg particularly
resistant to degradation. In the river basins that flow into the study lagoons, a decrease in
precipitation was recorded from 1959 to 2018. The increase in fluvial fluxes of water, sediment,
and Corg Was not directly related to precipitation trends, but rather to anthropogenic activities
that modified sediment dynamics in the basin. This study highlights the adaptability and
resilience of mangroves, which accumulated external inputs and, in certain mangrove areas,
increased their local Corg production to cope with sea-level rise over the past century. These
ecosystems are efficient and long-term sinks of Cor, and their conservation significantly

contributes to mitigating climate change.

Key words: Mangrove, Blue carbon, Organic carbon, Lead-210, Precipitation, Coastal lagoon,

Ramsar.



RESUMEN

Esta investigacion doctoral analiz6 la variabilidad espacial y temporal (~ 100 afos) del origen,
acumulacién, inventarios, composicion y preservacion del carbono organico (Corg) en
sedimentos de manglar de la Laguna de Términos, Campeche, y El Verde Camacho, Sinaloa,
Meéxico. Se utilizaron diversos indicadores ambientales, como la precipitacion, sedimentacion,
descarga de rios, nivel del mar, crecimiento poblacional, y cambio de uso de suelo, para
interpretar esta variabilidad. Los resultados revelaron un aumento gradual en la acumulacion
de sedimentos y Core desde 1900 hasta 2021 en los manglares estudiados. Este aumento se
atribuy¢ principalmente al incremento en la erosion continental, en sincronia con el cambio de
uso de suelo impulsado por la expansion demografica. El material organico erosionado en la
cuenca fue transportado por los rios hasta la zona de manglar, donde se acumul6 y formoé
inventarios de Corg principalmente de origen terrestre y particularmente resistente a la
degradacion. En las cuencas de los rios que desembocan en la Laguna de Términos y el Verde
Camacho, se registro una disminucion en la precipitacion desde 1959 a 2018. El aumento en
los aportes de agua, sedimentos y Corg por estos rios hacia la zona costera no estaba directamente
relacionado con las tendencias de precipitacion, sino mas bien con las actividades antropicas
que modificaron las dindmicas hidricas y sedimentarias dentro de la cuenca. Este estudio
destaca la capacidad de adaptacion y la resiliencia del manglar, que progresivamente aumentd
su acumulacién en material externo y, en ciertos sitios, su produccién local en Corg, lo que le
permitié hacer frente al aumento del nivel del mar durante el ultimo siglo. Estos ecosistemas
son sumideros eficientes y a largo plazo de Core y su conservacion contribuye significativamente

a la mitigacion del cambio climatico.

Palabras claves: Manglar, Carbono azul, Carbono organico, Plomo-210, Precipitacion, Laguna

costera, Ramsar.



RESUME

Cette theése de doctorat porte sur la variabilité spatiale et temporelle (~100 ans) de l'origine, de
'accumulation, des stocks, de la composition et de la préservation du carbone organique (Corg)
dans les sédiments de mangroves de la lagune de Términos, Campeche, et la lagune de El Verde
Camacho, Sinaloa, au Mexique. Divers indicateurs environnementaux, tels que la précipitation,
la sédimentation, le débit des riviéres, le niveau de la mer, la croissance démographique et le
changement d’usage des sols ont été utilisés pour interpréter cette variabilité. Les résultats ont
révélé une augmentation progressive de I'accumulation des sédiments et du Corg de 1900 a 2021
dans les mangroves étudiées. Cette augmentation a principalement été attribuée a l'érosion
continentale, intensifiée par le changement d'usage des sols résultant de l'expansion
démographique. Le matériel organique érodé a été transporté par les riviéres jusqu'aux
mangroves, ou il s'est accumulé et a formé des stocks de Cor principalement d'origine terrestre,
particulierement résistants a la dégradation. Une diminution des précipitations a été enregistrée
de 1959 a 2018 dans les bassins versants des fleuves qui se jettent dans les lagunes étudiées.
L'augmentation des débits d'eau, de sédiments et de Cor, par le fleuve vers la zone cotiere n'était
pas directement liée aux tendances des précipitations, mais plutdt aux activités anthropiques
qui ont modifié I’hydrodynamique et la sédimentation dans le bassin. Cette étude met en
évidence la capacité d’adaptation des mangroves, qui a favorisé 1’accumulation en apports
externes et la production locale de Corg, leur permettant ainsi de faire face a ’augmentation du
niveau marin au cours du dernier siécle. Ces écosystémes constituent des puits a long terme de

Corg et leur conservation contribue a l'atténuation du changement climatique.

Mots clés : Mangrove, Carbone bleu, Carbone organique, Plomb-210, Précipitation, Lagune

cotiere, Ramsar.

10



INTRODUCTION

Mangrove forests are widely recognized as among the most efficient and long-term sinks of
blue carbon (i.e., carbon stored in coastal ecosystems), owing to their high productivity, their
ability to receive autochthonous and allochthonous inputs of organic carbon (Corg), and their
high sedimentation rates (Alongi, 2020). Under the framework of the Paris Agreement (2016),
signatory countries committed to accounting for their carbon dioxide (CO:) emissions,
conducting an inventory of greenhouse gases, and developing plans to reduce emissions at a
national level and adapt to the effects of climate change through Nationally Determined
Contributions (NDCs) (Herr and Landis, 2016). As a result, several countries, including
Mexico, have integrated mangrove conservation and restoration into their climate change
mitigation and adaptation strategies within their NDCs. In its most recent update of its NDC to
the United Nations Framework Convention on Climate Change (UNFCCC), Mexico has
reaffirmed its priority to develop a 'National Blue Carbon Strategy' for the protection of blue

carbon ecosystems such as mangroves (INECC-SEMARNAT, 2022).

The implementation of mangrove protection and restoration actions worldwide is urgent, as
these ecosystems face considerable pressure due to high population density and increasing
demand for space and resources in coastal areas. It is estimated that nearly 40% of the world's
population resides between the coastline and 100 km inland, and population growth in coastal
areas is projected to increase between 10% and 22% (14% in Mexico), depending on the
countries, between 2020 and 2035 (Maul and Duedall, 2019). Mangroves are often associated
with communities with limited economic resources, limited social and food security, and where
the exploitation of these ecosystems is high due to the lack of adequate natural resource

management policies (Glaser et al., 2010). Between 2010 and 2016, globally, 3,363 km? (2.1%)
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of mangroves were lost, and 62% of this loss was attributed to land-use change, mainly due to
mangrove conversion to aquaculture and agriculture areas (Goldberg et al., 2020). Therefore,
anthropogenic activity and its repercussions are the main factors behind mangrove loss

worldwide.

Mangrove degradation leads to the loss of all their ecosystem services (e.g., coastline
stabilization, nutrient regulation; Primavera et al., 2019) and, in particular, their role as a Corg
sink. The majority of the Core stocks in mangroves is found within the sediments, constituting
up to 90% of the total stocks (e.g., Phang et al., 2015). This high proportion of sedimentary
Corg, compared to aerial stocks, is primarily due to regular flooding and predominantly anoxic
conditions of mangrove sediments, which favor Co preservation. As a result, Corg can
accumulate over extended periods (centuries to millennia) and constitute substantial and stable
stocks (Jennerjahn, 2020). However, destabilizing these sedimentary stocks through
anthropogenic activities (e.g., converting mangroves to agricultural areas) would expose
sedimentary Core to atmospheric oxygen, leading it to oxidize into CO», which would then be
added to the greenhouse gas flux in the atmosphere and contribute to climate change (Breithaupt

et al., 2012).

While some studies debate the role of mangrove forests as potential sources of greenhouse
gases (CO», methane, and nitrous oxide) to the atmosphere (e.g., Borges et al., 2003; Purvaja
and Ramesh, 2001; Rosentreter et al., 2018) derived from the waters surrounding the mangrove
(Bouillon et al., 2003; Koné and Borges, 2008), others demonstrate that mangrove forests act
as efficient and long-term sinks of atmospheric CO», thus mitigating climate change (Alongi,
2008; Bouillon et al., 2008; E. Kristensen et al., 2008b). This divergence is due to the strong
spatial and temporal heterogeneity of the processes associated with mangrove Corg
accumulation and degradation, leading to uncertainty regarding the magnitude and implications

of these variations (Rosentreter et al., 2018). The current debate on the potential role as sinks
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or sources of atmospheric CO; requires a better understanding of the variability of Corg
accumulation and fluxes in mangrove sediments. Since mangroves are diverse, complex, and
dynamic ecosystems, their study and monitoring requires a multi-temporal (short and long-
term), multidimensional (local, regional, global), and multidisciplinary perspective (economic,

environmental, and social) (Glaser et al., 2010; Atwood et al., 2017).

Several studies have addressed the identification of possible impacts of climate change on
mangroves (e.g., Gilman et al., 2008; Alongi et al., 2016; Ward et al., 2016) and the climatic
factors (e.g., precipitation, temperature, and storm occurrence) influencing the growth and
distribution of mangrove trees (Alongi, 2009; Simard et al., 2019). Precipitation plays a role in
the transport of sediments, carbon, and nutrients in river systems (Soria-Reinoso et al., 2022)
and a significant correlation has been found between global precipitation and Corg stocks
worldwide (Sanders et al., 2016). Depending on the region, potential changes in precipitation
patterns due to climate change could impact mangrove distribution, extent, and growth (Ward
etal., 2016). An increase in tropical regions due to climate change could result in more frequent
and prolonged periods of flooding in coastal wetlands, reducing oxygen inputs to sediment and
favoring the preservation of sedimentary Corg stocks (Davidson and Janssens, 2006; Sanders et
al., 2016). However, precipitation patterns can be highly variable at local and regional scales,
as they are influenced by topography and atmospheric circulation, which can be particularly
complex in regions like Mexico. For example, in Central America, reductions in precipitation,
alterations in rainy seasons, and increases in the occurrence of extreme precipitation events
have been recorded in recent decades (Hidalgo et al., 2017, 2013). Decreased precipitation
could reduce freshwater input to mangroves, causing high salinity and reduced flooding, which
in turn could limit mangrove distribution, extent, and growth (Gilman et al., 2008). However,

to date, no integrated study has been conducted addressing the multi-decadal variability of

13



precipitation and its potential impacts on the dynamics of Cor, accumulation and preservation

in mangrove sediments.

To accurately quantify the accumulation of sediments and Corg Over time in mangroves, it is
necessary to have a reliable time frame. The use of sediment records to reconstruct recent
environmental changes in aquatic systems is well established (Emeis et al., 2000; Smith, 2001)
and the most commonly used method for dating recent sediments in marine or lacustrine
environments is based on the study of profiles of Lead-210 (*!°Pb) (Koide et al., 1973), a natural
radionuclide (Ti2=22.23 £+ 0.12 yr; DDEP, 2012) member of the Uranium-238 chain. 2!°Pb is
formed from the decay of Radon-222 and is supplied to sediments by atmospheric deposition,
runoff, or production in the water column and within sediments. 2!°Pb is an ideal marker for
dating sediments in the last 100 years, a period during which appreciable environmental
changes have occurred due to global change. In areas where bioturbation, physical mixing, or
sediment erosion is minimal, chronology with 2!°Pb provides the ideal temporal framework for
interpreting records of temporal changes in sediment accumulation rate, Corg burial rates, and

preservation of organic compounds of interest (Sanchez-Cabeza and Ruiz-Fernandez, 2012).

Corg Burial rates (i.e., velocity at which Corg accumulates in the sediment column) and stocks
(i.e., Corg mass per unit area at a defined depth) are common metrics used to quantify the
temporal and spatial Corg retention capacity of mangroves (Jennerjahn, 2020). Through
stoichiometric relationships, Corg stocks can be used to estimate potential CO2 emissions in case
the ecosystem is disturbed (Howard et al., 2014). The accumulation of Cog in mangrove
ecosystems depends on a variety of interrelated factors, including mangrove community
structure, hydrodynamics (e.g., influence of tides, rivers, and currents), local climate (e.g.,
precipitation and temperature), sediment accumulation rates, Corg origin (allochthonous vs.
autochthonous), and the efficiency of Corg degradation during diagenetic processes (Twilley et

al., 1992; Woodroffe et al., 2005; Rovai et al., 2018). By comparing variations in Corg burial
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rates and stocks with environmental indicators, it becomes possible to reconstruct past

conditions that influenced Corg accumulation in mangroves.

In particular, to understand the spatial and temporal heterogeneity of Corg stocks, it is
important to identify the source of Corg, i.€., whether it results from local productivity or
allochthonous supply (terrestrial and/or marine) (Kusumaningtyas et al., 2019a). The origin of
Corg can be elucidated through the analysis of (1) the elemental ratio of Core and nitrogen (C:N),
which varies, for example, between 4 and 10 for algae, or can be > 20 for vascular plants
(Meyers, 1994); and (2) the isotopic composition of Corg (8'*Corg) and nitrogen (8'°N) which
allows for estimation of the proportion between C3 and C4 terrestrial plants, and marine
material (Gonneea et al., 2004; Bao et al., 2013; Ranjan et al., 2015). The mangrove-derived
Corg can represent the majority (~58%) of the Corg stored in the mangrove sedimentary stocks
(Alongi, 2014). However, allochthonous inputs, which include remains of marine organisms
(e.g., micro and macroalgae, seagrasses, transported by tidal currents) and terrestrial (e.g., plant
residues carried by surface runoff) (Bouillon et al., 2004; Alongi et al., 2005), can represent
significant contributions in mangroves influenced by tides and river discharges (Adame et al.,

2012; Bouillon et al., 2003).

Microbial decomposition of organic matter (OM) can occur through aerobic or anaerobic
pathways, involving a variety of electron acceptors (Kristensen et al., 2008a). The efficiency of
degradation depends on various environmental factors, such as temperature, moisture, pH, and
aeration (Rovira and Ramoén-Vallejo, 2002), as well as intrinsic properties such as compound
type, size, and shape of organic detritus (Osono et al., 2008; Ono et al., 2015). To understand
the potential of mangrove sediments as a sink or source of COg, it is essential to know the
composition and stability of accumulated Core. The Corg stability refers to its ability to degrade,
from labile (easily degradable) to refractory (difficult to degrade) (Disnar et al., 2003). The

composition and stability of Core can be determined through (1) Rock-Eval pyrolysis analysis,
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which allows the identification of sources, composition, and preservation state of Corg (Espitalié
et al., 1985a, 1985b), and (2) palynofacies analysis that quantifies and identifies organic
compounds according to their origin (i.e., terrestrial or aquatic), characteristics (i.e., biogenic,
anthropogenic, or fossil), and/or formation process (i.e., biodegradation, oxidation, or

combustion) (Combaz, 1964; Tyson, 1995).

Mexico ranks 4th among the 125 countries and territories with the largest mangrove cover,
although it is also one of the countries with the highest rates of mangrove loss (3.5 million
hectares between 1970-80 and 2015; CONABIO, 2017) due to population growth and
industrialization. The Terminos Lagoon (TL), Campeche, in the southern Gulf of Mexico, and
the El Verde Lagoon (EV), Sinaloa, at the entrance of the Gulf of California, are two examples
of coastal areas that possess significant mangrove cover at a regional scale (143,045 ha and
1,300 ha, respectively; CONABIO, 2020). TL can be separated into two subsystems (Fig. 1),
Palizada-Del-Este (PDE) in the western zone of the lagoon and Candelaria-Panlau (CP) in the
central and eastern zones of the lagoon. PDE contributes to 75% of freshwater discharge to TL
from the Palizada River and is characterized by well-mixed, low-salinity waters, muddy
sediments, and well-developed, tall fringe mangroves. The CP system contributes to a lower
proportion of freshwater input (15% of the total) to TL from the Candelaria River. It has
shallow, with predominantly calcareous sediments and fringe mangroves with a tendency
towards edge growth (Ramos-Miranda and Villalobos-Zapata, 2015). TL has been significantly
altered by human activity, particularly by shrimp farming (since the 1950s) and oil exploitation
(since the 1970s), leading to the construction of road networks, pipelines, and canals in the
wetlands (Ochoa, 2003). The EV system (Fig. 1) is a coastal lagoon, predominantly closed off
throughout the year but with open communication to the ocean during the rainy season (June to
October) due to the breaking of the sandy barrier by the combined effects of the Quelite River

flow, high tides, and occasional tropical storms and hurricanes (Flores-Verdugo et al., 1995).
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The beach and wetlands of EV have been relatively well-preserved in the past, although in
recent years, the extent of native vegetation has diminished due to changes in land-use (tourism
development, construction of intensive aquaculture ponds, and population settlement growth)

(Brisefno-Duefias, 2003).

Due to their significance as habitats of high biodiversity, bird migration, and breeding
grounds for many coastal species and the imperative need to protect mangroves from various
anthropogenic alterations, both TL and EV have been designated as internationally important
wetlands by the Ramsar Convention (TL: site 1356; EV: site 1349; RSIS, 2024a, 2024b). The
PDE, CP, and EV systems share similar mangrove species but exhibit contrasting climatic,
hydrological, and anthropic characteristics. No previous studies have investigated the temporal
variation in Corg accumulation and preservation in TL and EV mangrove sediments associated

with the anthropogenic and natural pressures experienced in these lagoons.

This doctoral research constitutes the first reconstruction of temporal changes (~100 years)
in variables associated with Corg dynamics (concentration, origin, accumulation, composition,
and preservation) in mangrove sediments, through the study of 2!°Pb-dated cores from the TL
and EV systems. The temporal trends of Corg variables were compared with trends in indicators
of climate change (e.g., precipitation, sea-level) and anthropogenic interventions (e.g.,
population growth, land-use change). The results of this study allowed for the reevaluation of
the role of mangroves as sinks for atmospheric CO; and justified the importance and urgency

of preserving and restoring these ecosystems both in Mexico and the rest of the world.
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Figure 1. Location of the study sites. A: El Verde Camacho Lagoon, Sinaloa; B: Terminos Lagoon, Campeche, C: Palizada-Del-Este, and D:

Candelaria-Panlau. Mangrove cover was sourced from CONABIO (2020).
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LITTERATURE REVIEW

The studies on the carbon cycle in the marine environment date back to the 19th century, with
early investigations initially focused on the contribution of phytoplankton to the carbon cycle
(Riley, 1944). As the 20th century progressed, attention shifted towards understanding the
significance of seagrasses and macrophytes as carbon sinks, leading to the initial estimations of
their contribution to atmospheric CO2 sequestration (Boysen-Jensen and Station, 1915; Duarte
and Cebrian, 1996; Smith, 1981). The UNFCCC, established in New York on May 9, 1992
(coming into effect on March 21, 1994), was the first international agreement on climate change
(Herr and Landis, 2016). It not only formally acknowledged the reality of climate change and
humanity's responsibility in its causation but also set forth objectives to stabilize concentrations
of greenhouse gases in the atmosphere and underscored the imperative to protect natural CO»
sinks. Since then, various studies (e.g., Breithaupt et al., 2012; Chmura et al., 2003; Howard et
al., 2014) have provided quantitative information on the contribution of blue carbon ecosystems
to CO» sequestration, long-term burial capacity of Core in blue carbon ecosystem sediments, and

the relevance of mangroves among ecosystems with the highest Cor storage capacity.

The literature on Corg dynamics in mangrove sediment records is extensive and includes
estimates of Core burial rates (e.g., Breithaupt et al., 2012; Breithaupt and Steinmuller, 2022;
Conrad et al., 2019; MacKenzie et al., 2016), Cor stocks (e.g., Kusumaningtyas et al., 2019;
Liu et al., 2014), Cor origin (e.g., Bouillon et al., 2003; Letourneur et al., 2018; Ray et al.,
2018), processes of Core degradation (e.g., Bao et al., 2013; Dittmar et al., 2001; Marchand et
al., 2005), and CO, and methane emissions to the atmosphere from sediments (e.g., Kristensen
et al., 2008b; Rosentreter et al., 2018). However, there often remains a dearth of precision and

standardization in methodologies (e.g., variations in sampling methods, observational errors,
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instrument imprecision, and inaccuracies in data calculations and reporting) to determine Corg
sources and burial rates, as well as in understanding the factors influencing Cor storage in these
ecosystems (Sidik and Friess, 2021). Uncertainties persist regarding mangrove responses to
climate-induced factors (e.g., droughts, floods, hurricanes) and anthropogenic interventions
(e.g., land-use changes), which have spatially variable impacts worldwide (Macreadie et al.,

2019).

Global databases include wide ranges of Cor burial rates (ranging from 2.3 to 1750 g m2 yr-
!, Breithaupt and Steinmuller, 2022) and stocks (ranging from 72 to 936 Mg ha'!; Atwood et
al., 2017), reflecting the high spatial variability in Corg accumulation in mangrove sediments.
Global patterns and interpolations in these metrics can be biased in regions or countries lacking
data (Sidik and Friess, 2021). In Mexico, in particular, the study of blue carbon is relatively
recent, and studies on temporal variations in Core sources, burial rates, and stocks in mangrove
sediments are still scarce. The synthesis by Herrera-Silveira et al. (2017) on carbon storage and
fluxes in Mexican mangroves is based on 48 studies on above-ground Corg storage in mangrove
forests and, although valuable, is limited by the scarcity of sediment data, which is very
relevant, given that most of the stored carbon is found in this compartment (e.g., Phang et al.,
2015). Furthermore, in general, the data used are not comparable and are derived from estimates
with reported/recommended factors in the international literature rather than locally measured
values. The study by Herrera-Silveira et al. (2020) included 196 sediment cores collected
around the Mexican coasts and showed high interregional variability in Corg stocks at a depth
of 1 meter (10-1952 Mg ha''); however, these sediment cores lacked a chronological
framework, and sediment accumulation rates (which can be highly variable) were not reported,
implying that accumulated stocks over various periods of time were compared. Generating
additional data using !°Pb-dated sediment cores in Mexico is imperative to improve estimates

of Corg storage and fluxes.
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In Mexico, only three studies on Core storage in mangrove sediment areas dated with the
219Pb method were found during literature review. Gonneea et al., (2004) estimated the temporal
variations of Corg burial rates in sediment cores within channels surrounded by mangroves in
the Celestin (55-70 g m2 yr'!), Chelem (35-104 g m2 yr!), and Terminos (33-117 g m2 yr'!)
lagoons in the Yucatan Peninsula; they reported a decrease in Corg burial rates towards the
present in all three lagoons, which coincided with a decrease in mangrove production. Aldana-
Gutiérrez et al. (2021) estimated Core burial rates (8.5 + 5.2-284.9 + 48.2 g m? yr!) and Corg
stocks at 1 m depth (375.1 + 14.2-445.1 + 11.2 Mg ha'!) in mangrove sediment cores from the
Estero de Urias lagoon, in Mazatlan, Sinaloa, Mexico, whereas Vazquez-Molina (2019)
estimated Core burial rates (26.1-374.7 g m yr'!) and stocks (272-490 + 1.4 Mg ha'!) in
mangrove sediment cores from Puerto Morelos, Quintana Roo, Mexico. In these latter two
studies, a general increase in Corg burial rates over the past 100 years was observed, primarily
attributed to land-use change in the studied regions. In Puerto Morelos, it was found that Corg
in sediment records mainly originated from terrestrial sources corresponding to C3 plants
(Vazquez-Molina, 2019). Additionally, in the vicinity of TL, stocks at 30 cm depth have been
evaluated in the Pom-Atasta system (80-236 Mg ha'!; Guerra-Santos et al., 2014) and stocks at
30 and 60 cm depth southeast of Isla del Carmen (12-222 Mg ha!; Cerén-Breton et al., 2011);
however, these values were calculated with undated sediment samples, so it is unknown

whether these Cor, stocks have comparable formation periods.

In EV, few environmental studies on mangroves and different aspects of carbon dynamics
(source, transport, and degradation) were conducted between the 1980s and 1990s, providing
information on the main autochthonous sources of OM including the white mangrove
Laguncularia racemosa, phytoplankton, and the seagrass Ruppia maritima (Flores-Verdugo,
1985; Gonzalez-Farias, 1985); the seasonal variation of in situ decomposition of mangrove

leaves, which was higher during the rainy season (Flores-Verdugo et al., 1987); laboratory
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biodegradation of mangrove leaves from EV which was very slow due to the presence of tannin
(Gonzalez-Farias and Mee, 1988); and the carbon import and export in the system that varied
over time and space, depending on hydrological conditions (river discharge, mouth opening and
closure, precipitation) (Flores-Verdugo et al., 1995). There are no previous studies on

sedimentary Corg burial rates and stocks in this ecosystem.

According to the literature, there has been no previous study in Mexico or globally on the
relationship between temporal variations in precipitation and indicators of Corg dynamics in
mangrove sediments over the past century. Furthermore, there is a lack of information regarding
burial rates, stocks, composition, and preservation of Core in 2!°Pb-dated mangrove sediment

cores at any of the study sites (EV, PDE, and CP).

22



JUSTIFICATION AND SIGNIFICANCE

This study is relevant because it provides quantitative information on Corg burial rates and stocks
in mangrove sediments, which is necessary to improve databases aimed at estimating CO»
emissions resulting from mangrove disturbances and assessing CO2 emission reduction through
the implementation of conservation or restoration programs for these ecosystems. Determining
whether mangroves act as sinks or sources of atmospheric CO> is crucial for justifying
mangrove conservation as nature-based strategies for mitigating climate change. Additionally,
it provides justification for the inclusion of this ecosystem in countries’ NDCs worldwide,
which is especially significant for Mexico, where the paucity of data complicates the inclusion

of contributions from mangrove ecosystems in greenhouse gas emission inventories.

The generation of data on sediment accumulation rates, and Corg burial rates and stocks at
the study sites, where information was previously unavailable, is crucial for defining patterns
of Corg accumulation in mangrove sediments at a more detailed scale. This is particularly
significant given the complexity and dynamism of mangrove ecosystems. Furthermore, this
study uses standardized methods and reliable dating techniques that facilitate inter-

comparability between data, both globally and in the specific context of Mexico.

Reconstructing the influence of climatic and anthropogenic disturbances on the origin,
accumulation, and preservation of Corg in mangroves at a centennial scale is fundamental for
predicting in the future how these ecosystems might respond to such changes and anticipating
their socio-economic repercussions. The study of precipitation variability and trends holds
significant importance as it elucidates its potential impact on the dynamics of Corg accumulation
and preservation in mangrove sediments. Additionally, the findings regarding precipitation

trends are of considerable interest to policymakers and stakeholders for planning and
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implementing adaptive measures aimed at mitigating the potential impacts of droughts and

floods on populations, ecosystems, and economic activities within these regions.
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RESEARCH QUESTIONS

This doctoral research work addresses the following questions:

(1) Are there differences in the variability and trends of precipitation over the study period

(~100 years) among the study areas?

(2) Are there differences in sediment accumulation rates over the study period (~100 years) in

sediment cores from the study sites?

(3) Are there differences in the sources, burial rates, and stocks value of Corg over the study

period (~100 years) among the study areas?

(4) Are there differences in the composition and stability of Core (~100 years) among the study

areas?
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OBJECTIVES

General objective

To evaluate the recent temporal variability (~100 years) of concentration, stocks, burial rates,
origin, composition, and preservation of Core in mangrove sediment cores from coastal Ramsar
sites in Mexico (TL, Campeche, and EV, Sinaloa), through the analysis of sediment cores dated

using the 2!°Pb method.

Specific objectives

(1) To assess precipitation variability at the study sites and relate it to indicators of climate

variability.

(2) To estimate sediment age models and accumulation rates over the past 100 years in sediment

cores using the 21°Pb method.

(3) To evaluate the temporal variability of Corg origin (autochthonous vs. allochthonous),
concentration, burial rates, and stocks in mangrove sediments over the past 100 years at the

study sites.

(4) To assess the composition and stability of Corg over the past 100 years at the study sites.
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CHAPTER OVERVIEW

The present thesis work consists of a series of publications that correspond to the different
chapters that form part of its content. Chapter 1 presents the assessment of precipitation
variability and trends at the study sites over the last decades and its relationship with climate
variability indicators (such as El Nifio 3.4), including an article on the Usumacinta River basin
that flows into the PDE system, and a complementary section on the Candelaria and Quelite
river basins flowing into the CP and EV systems, respectively. Chapter 2 presents age models
and sediment accumulation rates derived from dating sediment cores using the 2!°Pb method.
Chapter 3 provides an evaluation of the spatial and temporal variability of Core origin, burial
rates, and stocks in mangrove sediments over the last 100 years at the study sites. Chapter 4
evaluates the composition and stability of Corg during the studied period (<100 years) and

determines the role of mangroves at the study sites as sinks or sources of atmospheric CO».
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CHAPTER 1

PRECIPITATION VARIABILITY AND ITS RELATIONSHIP
WITH CLIMATE VARIABILITY INDICATORS
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1.1. A CASE STUDY OF THE USUMACINTA RIVER BASIN

29



Received: 19 May 2022

Revised: 9 October 2023

'.) Check for updates

Accepted: 18 November 2023

DOI: 10.1002/joc.8318

RESEARCH ARTICLE

International Journal ESRMets

of Climatology

Precipitation homogenization and trends
in the Usumacinta River Basin (Mexico-Guatemala)
over the period 1959-2018

Johanna L. J. Jupin '
Abdelfettah Sifeddine®® |

Joan-Albert Sanchez-Cabeza’

'Posgrado en Ciencias del Mar y
Limnologia, Universidad Nacional
Auténoma de México, Ciudad de México,
Mexico

“Institut de Recherche pour le
Développement (LOCEAN-IPSL),
Sorbonne Université, Paris, France

*Departamento de Investigacién y
Servicios Meteoroldgicos, Instituto
Nacional de Sismologia, Vulcanologia,
Meteorologia e Hidrologia-INSIVUMEH,
Ciudad de Guatemala, Guatemala

“Department of Earth and Environmental
Sciences, Columbia University, New
York, USA

SFaculty of Basic and Applied Sciences,
New Granada Military University
(UMNG), Bogotd, Colombia

SERC2-Université de Quisqueya, Port au
Prince, Haiti

7Unidad Académica Mazatlan, Instituto
de Ciencias del Mar y Limnologia,
Universidad Nacional Auténoma de
México, Mazatlan, Mexico

8Estacién el Carmen, Instituto de Ciencias
del Mar y Limnologia, Universidad
Nacional Autonoma de México, Ciudad
del Carmen, Mexico

Correspondence

Ana Carolina Ruiz-Fernandez, Unidad
Académica Mazatlan, Instituto de
Ciencias del Mar y Limnologia,
Universidad Nacional Auténoma de
México, 82040 Mazatlan, Sin., Mexico.
Email: caro@ola.icmyl.unam.mx

| Alan A. Garcia-Lopez>* |

Francisco J. Bricefio-Zuluaga® |

Ana Carolina Ruiz-Fernandez’ @ |

| José Gilberto Cardoso-Mohedano®

Abstract

The precipitation variability and trends were investigated in the Usumacinta
River Basin (URB) for the period 1959-2018, based on imputed and homogenized
data records from 60 meteorological stations in Mexico and Guatemala. The
homogenization process played a crucial role in enhancing the quality of the
original precipitation series, reducing regional inconsistencies and improving
temporal and spatial coherence. The dataset reliably captured large-scale climate
variations, revealing three regions with similar precipitation variability and
trends in the URB. Notably, maximum precipitation occurred at 636 m a.s.l.,
while minimum precipitation was at 1531 m a.s.l,, indicating an orographic effect
in the region. Extreme precipitation events were linked to El Nifio—-Southern
Oscillation. Although the Mann-Kendall test showed statistically significant neg-
ative trends in only 18% of the stations, integration of Sen's slope analysis and
30-year normals and dry year occurrences highlighted a progressive shift towards
dryer conditions throughout the study period in the URB. These drier conditions
could notably affect regions with higher precipitation, requiring special attention
due to possible socioeconomic impacts associated with drought events. By identi-
fying these vulnerable regions, policymakers and stakeholders can proactively
plan and execute adaptive measures to mitigate the potential impacts of droughts
on communities, ecosystems, and economic activities within the basin.
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1 | INTRODUCTION

Precipitation is one of the most studied hydroclimatic
variables because of its important social, economic and
ecological implications. Variations in global or local rain-
fall (i.e., amount, intensity, frequency) can lead to
extreme hydrological events (i.e., drought and floods) and
affect water availability and management, and agricul-
tural activities, particularly in developing countries (Kotz
et al., 2022). Information related to these events is vital in
the current scenario of climate change, especially since
recent global climate models predict changes in local pre-
cipitation patterns, in particular, reduced precipitation
and altered rainfall seasons in the Central America
region, and a higher number per year of extreme precipi-
tation events (IPCC, 2022). As a result, Central America
is considered a region expected to suffer significant agri-
cultural, ecological and hydrological impacts of climate
change (Hannah et al., 2017; Hidalgo et al., 2013).

The Usumacinta River Basin (URB) in the southeast
of Mexico and northern Guatemala is in the eastern
part of the Grijalva-Usumacinta fluvial system, the sec-
ond largest to flow into the Gulf of Mexico (after the
Mississippi River) and the largest river basin in Mexico,
accounting for 30% of the surface runoff of the country
(CONAGUA, 2018). The URB belongs to one of the
world's regions with the greatest biodiversity, as it is
home to the Lacandon Jungle, which has the highest bio-
diversity in the Tropics (Soasores & Garcia-Garcia, 2017).
The basin hosts ~2 million inhabitants, belonging to one
of the most marginalized populations of Mexico and
Guatemala, with the prevalence of indigenous people,
who live mainly from crop cultivation and livestock, with
low production and high impact on the environment
(March-Mifsut & Castro, 2010).

The average annual precipitation in the URB ranges from
1500 mm-year ' in the Mexican lowlands (Garcia, 1998)
to 3500 mm-year ' in the Guatemalan highlands
(INSIVUMEH, 2016). In this region, precipitation is influ-
enced by easterly waves (Serra et al., 2010), cyclonic activity
(NOAA, 2022), polar fronts (Zarate-Hernadndez, 2013) and
the complex topography of the region, resulting in marked
contrast in the annual precipitation cycle between the
Caribbean and the Pacific slopes (Alfaro, 2002; Giannini
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et al., 2000; Maldonado et al., 2017; Taylor & Alfaro, 2021).
Previous studies have analysed annual precipitation trends
based on climate indices from meteorological station series
over three decades in the Mexican part of the URB (Aguilar
et al., 2005; De la Barreda et al., 2020; Montero-Martinez
et al.,, 2018), and from reanalysis data in the URB region
(Andrade-Velazquez & Medrano-Pérez, 2020), and in Mexico
(Murray-Tortarolo, 2021); however, most results differed
between stations, and precipitation did not show general
trends. Furthermore, no studies have examined the variabil-
ity of rainfall in the URB, including meteorological stations
in the Guatemalan portion of the basin, which, however,
constitutes the largest area of the URB and experiences a
high precipitation variability. This can be explained by the
restricted spatial and temporal availability of data in northern
Guatemala, which is constrained by the poor infrastructure
of the network of meteorological stations due to the difficulty
of access (e.g., absence of highways, low population, presence
of a jungle; Fuentes, 2021). However, precipitation data from
the upper basin is essential for understanding the hydrologi-
cal processes, water availability and impacts of climate
change in the entire river basin.

To calculate climate normals and trends, it is highly
recommended to perform quality control and homogeniza-
tion of the dataset and to ensure that the dataset is com-
plete with no missing or erroneous values (WMO, 2017).
Among the datasets that can be considered to study the
URB, global satellite and reanalysis data have become
increasingly available; however, many of these datasets are
not always calibrated with rain gauge information for
Mexico and Guatemala (Morales-Velazquez et al., 2021).
Satellite datasets typically cover a relatively short-term
record, mainly since the 1980s, while reanalysis datasets,
generated through data assimilation techniques (Parker,
2016), provide broader temporal coverage, but may exhibit
a greater bias in estimating precipitation in complex moun-
tainous regions and tend to overestimate lighter precipita-
tion events while underestimating heavier ones (e.g., Izadi
et al., 2021; Jiang et al., 2021). Rain gauge time-series have
longer periods of availability, and certain Mexican records
have been available since the beginning of the twentieth
century (SMN-CONAGUA, 2022). However, these data
series are usually limited by gaps in the data and by dubi-
ous values, behaviours or trends owing to nonclimatic
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external factors, generated during the measurement pro-
cess or data digitization or by changes in instrument, cali-
bration or station location (Peterson et al., 1998;
WMO, 2017). These alterations (inhomogeneities) could
lead to erroneous interpretations (Guijarro, 2018). Among
the various methods that aim to guarantee that the
observed values correspond only to climatic processes, the
neighbour-based homogenization algorithm “climatol”
(Guijarro, 2019) has outstanding accessibility, flexibility to
adapt to any climatic variable, its high tolerance of missing
data and capability to deal with any temporal resolution
(e.g., day, month or year). In the last few years, climatol
has been widely applied to homogenize a variety of daily
and monthly climate databases. In particular, it has shown
its efficiency in studying air temperature, precipitation, and
wind speed series worldwide (e.g., Chile, Meseguer-Ruiz
et al., 2018; Australia, Azorin-Molina et al., 2019; Israel,
Yosef et al., 2019; Ireland, Coll et al., 2020; Domonkos
et al., 2020; Iran, Javanshiri et al., 2021; Canada, James
et al., 2022) and is recommended as one of the top homoge-
nization methods (Coll et al., 2020; Guijarro et al., 2023).

This study used a meteorological station dataset over
the period 1959-2018 to construct a homogenized and
complete precipitation dataset for the URB region, iden-
tify the main precipitation regions and the possible fac-
tors that explained the spatiotemporal precipitation
variability, and conduct a trend analysis at station and
precipitation region scale over the study period. It aims
to improve upon previous research conducted in the
region by introducing several novel aspects: (1) incorpo-
rated data from meteorological stations situated in both
the Mexican and Guatemalan territories to capture a
broader representation of the precipitation patterns and
climatic conditions within the URB; (2) the use of one of
the most widely used and recent software (climatol) for
quality control, homogenization and imputation of miss-
ing data to obtain valuable insights into long-term pre-
cipitation trends (1959-2018) in the URB; (3) the
identification of precipitation regions within the URB to
find the main precipitation characteristics and examine
long-term temporal trends at yearly scales, which have
significant practical implications for sustainable plan-
ning and adaptation strategies, particularly for stake-
holders and policymakers in the URB region.

2 | MATERIALS AND METHODS
2.1 | Study site
The URB extends from 14.90°N to 18.70°N and from

92.71°W to 89.13°W, and its 77,183 km® is shared by
Mexico (~46%), Guatemala (~54%) and Belize (<1%). The

water source is in the upper basin, in the northwestern 1

of Climatology

highlands of Guatemala (Huehuetenango and El Quiche
departments, with a maximum altitude of 3800 m a.s.l).
The Usumacinta River runs off through the Mexican states
of Chiapas, Tabasco and Campeche before reaching the
Gulf of Mexico, with a river flow estimated at 1700 m>-s™*
(Cotler-Avalos, 2010). The Koppen climate classification
was modified by Garcia (1973) for Mexico, based on tem-
perature and precipitation, and divides the basin into three
altitude levels (lower, middle, and upper), for which the
climatic types are warm-humid in the lower basin (Am2
(x); Am(f)) and middle basin (Am), and semi-warm
humid in the upper basin ((A)C(m)(f); (A)C(m)). Consid-
ering the latitude and altitude ranges of the URB, snow is
not considered in the region.

2.2 | Database management

The boundaries of the URB used in this study were geo-
graphically defined by Solorza-Gémez (2017) (bold black
line in Figure 1). The daily precipitation database for
URB was compiled with data from the Mexican states of
Campeche, Tabasco, and Chiapas (period 1942-2019)
from the database of SMN-CONAGUA (2022), and Gua-
temala (period 1969-2018) from the National Weather
Service (INSIVUMEH, 2021). Precipitation time series
from 77 meteorological stations were found in the URB:
70 in Mexico and 7 in Guatemala. Daily data missing
from the stations within Mexico were calculated over the
respective networks' operating period from this study's
database. Daily data missing over its operating period
from Guatemalan stations were calculated by Fuentes
(2021). As a first step, only time series with <20% of daily
missing data and >10years of continuous data were
selected, that is, 54 in Mexico and 6 in Guatemala
(Figure 1 and Table S1, Supporting Information).

For further analyses, monthly accumulated precipita-
tion was computed from daily data. To compute valid
monthly accumulates, the daily data had to fulfil two
requirements set by the World Meteorological Organization
(WMO, 2017): (1) there cannot be 10 days with missing data
in a month and (2) there cannot be >4 consecutive days
with missing data in a month. The neighbour-based homog-
enization algorithm R-package climatol version 3.1.2
(Guijarro, 2019) was used for quality control of the data,
time-series homogenization and imputation of missing data
by comparing each time series with a reference series esti-
mated from an average of nearby stations.

221 | Data availability and homogenization

Climatol requires a minimum of three (ideally five or
more) data at every time step (here monthly). Data
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FIGURE 1 Meteorological
stations (A) used for the analysis of
precipitation patterns and trends in
the Usumacinta River Basin (bold

foe) black line), in southern Mexico and
- northern Guatemala [Colour figure
can be viewed at
wileyonlinelibrary.com]
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availability was lowest (3-14 data per month) between 30-year periods (1959-1988 and 1989-2018) to calculate
1940 and 1959 and highest (36-51 data per month) climate normals and compute consistent trends
between 1970 and 1990 and ranged from 14 to 51 during  (WMO, 2017).

the period 1959-2018 (Figure 2). To minimize errors From the preliminary run of climatol, the follo-
stemming from data gaps in the initial decades and  wing parameters were determined for quality control,
enhance the accuracy of infilled data, the monthly accu- homogenization, and imputation: (i) the minimum and

mulated precipitation data were limited to the period maximum limits for the standardized anomalies that
1959-2018 and prepared using the approach outlined by  allowed the exclusion of outliers and (ii) the thresholds
Guijarro (2019). This period allowed the study of two  of the Standard Normal Homogeneity Test (SNHT;
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Alexandersson, 1986) that verified the homogeneity of the
series, dividing the series at a break-point (i.e., sudden shifts
in the means) when the SNHT statistics were more signifi-
cant than the prescribed threshold, and filling missing data
before and after a break-point. To prevent negative values,
average ratio normalization was applied to the raw data to
indicate that precipitation has a natural zero lower limit.
Afterward, climatol was run in full mode with the previ-
ously defined thresholds, and complete monthly precipita-
tion series were obtained for each climatological station. The
station density was checked to validate the statistical homo-
geneity of the results (Gubler et al, 2017), and higher
weights were assigned to the closest station series during the
imputation process. Spearman correlation coefficients
between each pair of precipitation series assessed both the
strength and direction of the relationship between time-
series data before and after the homogenization process and
allowed the identification of reference stations for homoge-
nization (Aguilar et al., 2003).

The performance evaluation metrics used for evaluat-
ing the impact of the homogenization process on the data
quality included: (1) the break-points detection by the
homogenization process that indicates when occurred
sudden shifts in the means of the station precipitation
series (i.e., data irregularities in the series), leading to a
break and correction of the series by climatol; (2) the
comparison of monthly median accumulated precipita-
tion for raw, imputed and homogenized data, calculating
for all the available data in the homogenization process
and indicating the monthly distribution of the original
data compared to the reconstructed data; (3) the mean
absolute difference (in mm) and the bias percentage
(in %) for each station, indicating the deviation magni-
tude and orientation (i.e., under- or over-estimation) of

of Climatology

the reconstructed data compared to the original data; and
(4) the bias time-series percentage between the means of
original and the reconstructed data throughout the study
period.

2.2.2 | Precipitation regions and extreme
precipitation events

The subsequent analyses were conducted using annual
precipitation data calculated specifically for the period
from May to October, which corresponds to the
6 months of the highest annual precipitation in the
region (i.e., the rainy season; Figure 3), in order to focus
on long-term series independently from the impact of
seasonal variability. The Gap statistic (Tibshirani
et al., 2001) was used to estimate the optimal number of
meteorological station clusters, and a hierarchical clus-
ter analysis identified major station groups that shared
a similar temporal pattern of annual precipitation
(Kolde, 2019).

In order to define dry and wet periods, the Standard-
ized Precipitation Index (SPI; McKee et al., 1993) at a
6-month scale (May—October) was used to quantify the
anomalies (Beguerfa & Vicente-Serrano, 2017) from nor-
mal precipitation conditions for each station and cluster.
Annual values of 6-month SPI < —1 were considered dry,
and annual values of 6-month SPI > 1 were considered
wet, between values of 0.99 to —0.99, defined as close to
normal (WMO, 2012) (Table S2). The Nifio3.4 index
(CPC, 2021) was calculated for the period from May to
October of each year (using the period of the rainy season
defined by SPI; Figure 3) to describe annual ENSO sea
surface temperature anomalies in the central Equatorial
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300

FIGURE 3
monthly mean accumulated

Annual cycle of the
200
precipitation for each station in the
Usumacinta River Basin (1959-2018).
Bold line is the median. Within the
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o
o
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region (May-October) [Colour figure can Jan
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Pacific Ocean (5°N-5°S, 170°E-120°W) and was com-
pared to the occurrence of extremes precipitation events
in the 6-month SPI series of each cluster.

2.2.3 | Trends analysis

As precipitation does not follow a normal distribution,
the Mann-Kendall nonparametric test (Kendall, 1975;
Mann, 1945) and Sen's slope estimator (Sen, 1968) were
applied, at a 95% confidence level, to the stations and the
cluster series, aiming to detect potential trends within the
series and precipitation region. These methods are widely
used in analysing hydrological data trends as they are less
sensitive to extreme values or outliers (e.g., Aditya
et al, 2021; Aswad et al., 2020; Gan & Kwong, 1992;
Gocic & Trajkovic, 2013; Hirsch et al., 1982). In particular,
Sen's slope analysis offers an estimation of the trend's mag-
nitude (expressed in this study in mm-year "), enabling
the interpretation of both the direction and extent of the
trend, even in cases where the Mann-Kendall test does
not yield statistically significant results (e.g., Aditya
et al., 2021; Aswad et al., 2020; Gocic & Trajkovic, 2013;
Stefanidis & Stathis, 2018).

To complete the previous trend analyses, 30-year pre-
cipitation normals were calculated and compared for the
periods 1959-1988 and 1989-2018. The 30-year normals
were derived by averaging the monthly normals for each
year of the precipitation series and then computing the
mean of the annual normals over the respective 30-year
intervals, following the guidelines outlined by the World
Meteorological Organization (WMO, 2017). Climate nor-
mals have proven to be valuable tools for identifying and
quantifying precipitation trends (e.g., Grigorieva & de
Freitas, 2014; Kuya et al., 2022). Additionally, the occur-
rence of dry years based on 6-month SPI values below —1
(WMO, 2012) was compared between the two 30-year
periods for each station and precipitation region, aiming
to investigate potential changes in extreme drought
events over time. The SPI has been previously used for
drought monitoring and trend analysis (e.g., Guimaraes
Santos et al., 2019; Montero-Martinez et al., 2018; Naresh
Kumar et al., 2009; Saada & Abu-Romman, 2017).

3 | RESULTS
3.1 | Homogenization and reliability of
the imputation

Most of the meteorological stations (50) showed no
break-points (splits) through the homogenization pro-
cess. A total of 13 splits were observed in the time series
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of 10 stations, with each station experiencing either one
or two splits due to anomalous changes in their mean
(Figure 4). From the 1980s to 2000s, there was a notable
surge in the number of data splits per year, indicating a
substantial increase in data inconsistencies. This rise in
splits coincided with the progressive decline of data avail-
ability in the region (Figure 3).

Considering the entire study period, the mean dis-
tance to the closest stations with available data used in
the imputation process was 63 km (46-122 km) and
93.33% of stations exhibited a mean value below 100 km
(Figure S1), indicating sufficient data within a 100-km
radius to perform the imputation and homogenization
process. The median Spearman correlation coefficient
obtained for time-series from stations within 100 km was
0.81 (0.64-0.92 at a 95% confidence interval) before
homogenization and 0.87 (0.75-0.95 at a 95% confidence
interval) for the homogenized data (Figure 5). The
monthly medians of the raw, imputed and homogenized
were compared to gain insights into the potential biases
introduced by the homogenization and imputation proce-
dures (Figure 6). In general, the imputed data demon-
strated higher median monthly precipitation values
(+10.2 mm; +4.5%) compared to the raw data. The differ-
ence was more pronounced during the rainy season from
May to October (+13.5 mm; +4.8%) compared to the dry
season from November to April (+7.0 mm; +4.2%). The
homogenized data consistently exhibited higher values
(+5.2 mm; +3.4%) than the raw data, both during the
rainy season (+4.0 mm; +2.4%) and the dry season
(+6.5 mm; +4.4%). However, the homogenized data still
remained lower than the imputed data, suggesting that
the homogenization process effectively adjusted the data-
set and preserved the statistical distribution of the origi-
nal data, as evidenced by the relationship between the
raw and homogenized data, which displayed a high
degree of significance with a strong determination coeffi-
cient (R2 = 0.95; Figure 7). Among the Mexican stations,
stations 7089 and 7006 exhibited noteworthy deviations
from the regression line (Figure 7; see detailed discussion
in section 4.1).

The absolute differences between the means of monthly
precipitation data before and after homogenization were
within a narrow range for a majority of the stations, as
absolute difference values were below 5 mm for 68% of the
stations, below 10 mm for 80% of the stations and below
15 mm for 94% of the stations (Figure 8). The evaluation of
bias percentages demonstrated that the majority of stations
exhibited minimal bias, with values that were within the
range of —5% to +5% for 80% of the stations and between
—10% and +10% for 97% of the stations. The comparison
between the means of raw and homogenized data over the
study period indicated a bias per year that ranged from
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FIGURE 5 Spearman correlation coefficient for time series between stations against their distance for the raw (left) and homogenized
data (right) in the Usumacinta River Basin (1959-2018) [Colour figure can be viewed at wileyonlinelibrary.com]

—5.1% to 6% for the period 1959-1988 and from 5% to 21% and the median altitude of the stations was 777 m a.s.l.
during the second 30-year period (Figure 9). (IQR: 122-1258 m a.s.l.) (Table 1). The data clustering
was done on the homogenized data. The Gap statistic
identified three main clusters for the study period
3.2 | Data clustering and precipitation that suggested the presence of three main precipitation
anomalies regions within the URB. A composite series of annual
precipitation with the average of all stations per cluster
The median annual precipitation in the URB was was computed (Ci: Cluster i, i =[1, 3]; Figure 10 and
1384 mm-year " over 1959-2018 (IQR: 1025-1879 mm-year ')  Table 1). The highest accumulated annual precipitation
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was in C1 (IQR: 1957-2688 mm-year '; n = 15), which 1984, 1999, 2010, 2013 and 2017) (Figure 10). Significant
grouped stations in a restricted area of Chiapas (average (p < 0.05) positive Spearman'’s correlations were found
distance between stations of 62 km) with a mean between the 6-month SPI time series of the clusters
altitude range of 636 m a.s.l. Precipitation values were (0.81 < r <0.88) and significant (p < 0.05) negative cor-
intermediate in C2 (IQR: 1160-1604 mm-year™'; n = 32) relations were observed between the cluster and Nifio3.4
with a lower mean altitude (536 m a.s.l.). Precipitation index time series (—0.40 < r < —0.31) (Table 2).
was lowest in C3 (IQR: 874-1035 mm-year '; n = 13) in
the mountains of Chiapas and northwestern Guatemala,
including the highest mean altitude (1531 m a.s.L.). 3.3 | Trend analysis

The 6-month SPI analysis revealed similar values
among the three clusters, with shared common dry years =~ The application of the Mann-Kendall test to the raw data
(6-month SPI < —1; 1994, 2004, 2015, 2016 and 2018) and revealed significant (p < 0.05) trends, both positive and
common wet years (6-month SPI > 1; 1960, 1969, 1981, negative, in eight stations across the basin (Figure 11).
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The median Sen's slope, indicating the magnitude of
the observed trends, was calculated as —0.12 mm-year "
(=0.51 to 0.26 mm-year '). When comparing the
30-year normals, the results revealed that 35 stations
exhibited values of difference ranging from —-10% to

38

7% in 1989-2018 compared to 1959-1988, while the
remaining stations recorded values below —10%. More-
over, among all the stations, 32 stations displayed an
increase of 1-4 dry years (6-month SPI values >1) dur-
ing the second period. Fourteen stations showed no
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TABLE 1
River Basin (1959-2018)

Stations clustering All stations
Number of stations 60
Median annual precipitation (mm-year™") 1384
Precipitation interquartile range (mm-year™") 1025-1879
Mean altitude (m a.s.l.) 777
Altitude interquartile range (m a.s.l.) 122-1258
Trend analyses

Kendall's tau —-0.08
p-value 0.36

Sen's slope (mm-year™*) —2.33
Difference in climate normals (%)* —4.70
Increase in dry year® +4

Abbreviation: m a.s.l., meters above sea level.
#Comparing the two 30-year periods of 1959-1988 and 1989-2018.

Annual precipitation, station altitude, and trend analysis in clusters grouping meteorological stations from the Usumacinta

PBased on the number of dry years (defined as 6-month-SPI values >1) in 1989-2018 compared to 1959-1988.

change, while another 14 experienced a reduction of
one or two dry years from 1989 to 2018 when compared
to the 1959-1988 period.

After homogenization of the station series, the
Mann-Kendall test revealed significant (p < 0.05) nega-
tive trends in 11 stations from the central-western region
of the URB, which exhibited negative Sen's slopes values
(-4 to —6 mm-year '), a notable difference between the
30-year normals (—22% to —10%) and a higher number of
dry years (+6 to +11 dry events) during the second period
compared to the first. At the scale of the basin, the Sen's
slope value was negative for 82% of the stations (median:
—2.33 mm-year ') and the difference between the 30-year
normals was negative for 81% of the stations (—4.70%).
The analysis of the 6-month SPI revealed an increase in
the number of dry years during the second 30-year
period, observed in 92% of the meteorological stations.
More than half of them (52%) experienced an additional
4-11 dry years occurring during the second period.

At the scale of the precipitation regions, the Mann-
Kendall test on homogenized data assessed negative values
of a nonsignificantly (p > 0.05) monotonic trend in the
cluster time series of the URB (—0.09 to —0.10) (Table 1).
Sen's slope estimated the magnitude of that trend,
accounting for —3.89 mm-year ' in C1, —2.10 mm-year '
in C2, and —1.95 mm-year " in C3. The discrepancy in cli-
mate normals exhibited a negative trend across all three
precipitation regions, with C1 displaying a higher disparity
compared to the other clusters. Over the second period
(1989-2018), a noticeable rise in dry years was observed,
showing an increase ranging from +4 to +7.

39

Cluster 1 Cluster 2 Cluster 3
15 32 13
2311 1364 874
1957-2688 1160-1604 874-1035
636 536 1531
265-712 19-963 1180-1750
-0.10 -0.09 -0.10
0.31 0.45 0.41
-3.89 -2.10 -1.95
—4.77 —4.65 —2.60
+6 +7 +4

4 | DISCUSSION

4.1 | Reliability of the imputation and

homogenization process

Studying temporal and spatial precipitation patterns at a
regional scale requires long-term observations at suffi-
ciently high temporal resolution and enough spatial cov-
erage (Easterling, 2013). However, these conditions are
challenging in the URB region. Indeed, data were scarce
in Mexico before 1960 (3—-14 data per month) and nonexis-
tent in Guatemala before 1970 (Figure 2); this was due to
the paucity of meteorological stations during earlier times,
as was the case in most of the countries of Central America
(e.g., Aguilar et al., 2005; INSIVUMEH, 2016). The declining
data availability in Mexico, starting in the 1980s and acceler-
ating after the 1990s, is likely due to budgetary constraints
(CONAGUA, 2012) because many climatological stations in
Mexico that were operative in the 1950s were progressively
suspended (SMN-CONAGUA, 2022): of 5880 stations that
were once operative in Mexico, only 3348 remain opera-
tional in the country (CONAGUA, 2018). Results suggested
that the restructuring of the station network in Mexico may
have compromised the quality of data from the 1980s to the
2000s, resulting in a noticeable rise in data inconsistencies
and irregularities during this timeframe (Figure 4). The sta-
tion INS-110104 (Flores) in Guatemala exhibited data incon-
sistencies in 2000 that can be ascribed to localized
alterations introduced during the measurement or data digi-
tization process, which may occur in the Guatemalan station
network, as reported in Fuentes (2021).
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Heatmap of annual precipitation for each station grouped by cluster (left); station localization (A) (centre); time series of

the Nifio3.4 index and the 6-month Standardized Precipitation Index (SPI) for each cluster (right) in the Usumacinta River Basin (1959-
2018). On the right, hatched bars represent the occurrence of wet years (6-month SPI > 1) and La Nifia events (Nifio3.4 index <0.5°C),
whereas dotted bars represent dry years (6-month SPI < 1) and El Nifio events (Nifio3.4 index >0.5°C) [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Spearman's correlation coefficients between the
time-series of 6-month SPI in clusters and the Nifio3.4 index in the
Usumacinta River Basin (1959-2018)

Cluster1 Cluster2 Cluster3  Niii03.4
Cluster 1 1 0.88 0.81 —-0.31
Cluster 2 1 0.81 —0.40
Cluster 3 1 -0.47
Nifio3.4 1

Note: Values shows significant correlations (95% of confidence level,
p <0.05); n = 60.

The imputation process, relying on a reference precip-
itation series derived from an average of neighbouring
stations, was made possible over the study period due to
low mean distances from the closest station with avail-
able data (46-122 km) (Figure S1) and the strong correla-
tion observed among their time-series (Figures 5 and S1).
The homogenization process improved the correlation
coefficients among precipitation time-series, as indicated
by an increase from a median value of 0.81-0.87
(Figure 5) and a diminution of the bias percentage of
monthly median accumulated precipitation between the
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raw and imputed data (Figure 6), demonstrating the effi-
cacy of the homogenization process in enhancing the
quality of the data compared to its pre-homogenization
state. Overall, the monthly means of the two datasets
exhibited a strong relationship (R* = 0.95; Figure 7), and
the absolute differences and the bias between the means
of nonhomogenized and homogenized series were low
for the majority of the stations (Figure 8), indicating a
high level of accuracy and agreement between the nonho-
mogenized and homogenized data. Throughout the study
period, the bias time-series percentage between the raw and
homogenized data remained consistently low (Figure 9),
indicating the successful preservation of the temporal distri-
bution of average precipitation despite the homogenization
process. In the second 30-year period for the Mexican sta-
tions, bias values increased slightly (ranging from 5% to
21%) due to a higher correction of artificial precipitation
values and trends through the homogenization process after
the break-point detection (Figure 4).

Despite the presence of a unique station in the north-
ern part of Guatemala (INS-110104), the closest stations
that served as references for its missing data imputation
were located within a 122 km radius (Figure S1) and the
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Basin [Colour figure can be viewed at wileyonlinelibrary.com]|

correlation coefficients between the station INS-110104
and other stations were relatively high (76-78, 95% confi-
dence interval), indicating sufficient data for the infilling
procedure and good correspondence with other station
series. Moreover, station INS-110104 presented a minimal
amount of missing data (2%) during its operational period
(Fuentes, 2021) and its reconstructed data was reliable, as
demonstrated by low absolute difference (7.6 mm) and
bias percentage (—5.2%) values compared to the original
data (Figures 7-9).

Among the Mexican stations that were analysed, the
two stations 7089 and 7006, stood out from the others for
showing noticeable deviations from the regression line
(Figure 7) and relatively high absolute difference values
(7089: 44 mm; 7006: 83 mm,; Figure 8), although the cor-
relation coefficients were high before homogenization
(7089: 0.86; 7006: 0.82), indicating a similar temporal var-
iability with other stations. This was explained by the
presence of significant shifts in precipitation series
detected by the SNHT test, which were attributed to non-
climatic external errors, likely resulting from changes in
the instrument or calibration. These alterations affected
the recorded precipitation values after the breakpoints.
For instance, station 7089 showed a transition from mean
monthly values around 220-110 mm after the breakpoint.
Similarly, station 7006 displayed anomalous high precipi-
tation values during the period December 1986-August

1989 compared to nearby stations, leading to the detec-
tion of two breaks before and after this period.

The different used parameters have demonstrated the
reliability of climatol in imputing and homogenizing
the precipitation series of each station, successfully recti-
fying data inconsistencies as observed in stations 7006
and 7089. Following homogenization, the station series
presented improved temporal and spatial coherence com-
pared to the nonhomogenized series.

4.2 | Precipitation regions

The three clusters of meteorological stations, each corre-
sponding to different precipitation regions, exhibited
well-defined and distinct precipitation ranges. The C1
stations, situated at intermediate altitudes, exhibited the
highest median precipitation, while the C3 stations,
located at the highest altitudes, experienced the lowest
median precipitation. Thus, the spatial distribution of
clusters was primarily influenced by altitude, where the
highest precipitation was observed at a mean elevation of
636 m a.s.l., represented by C1, and the minimum precip-
itation occurred at a mean elevation of 1531 m a.s.l, as
shown by C3. The wide altitude range of the C2 stations
(19-963 m a.s.]l) reflected the influence of other factors,
such as the source and direction of wind and humidity
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(windward/leeward mountainsides) and the distance to
the ocean (Houghton, 1979).

The relationship between elevation and precipitation
is the result of the orographic effect occurring in the Tro-
pics, a combination of the cooling of moist air ascending
along the mountains and the decreasing air moisture
with altitude (Daly et al., 1994; Fernandez et al., 1996;
Houghton, 1979), that produces an increase in precipita-
tion until a particular elevation (belt of maximum precip-
itation) after which precipitation declines with higher
elevation. Finding a belt of maximum precipitation is a
frequent phenomenon in the mountains of the Tropics
and subtropics (Hastenrath, 1967) and has been found
around the world, such as India (Puvaneswaran &
Smithson, 1991), Costa Rica (Chacén & Fernandez, 1985;
Fernandez et al., 1996) and Morocco (Abahous et al., 2018).
The belt of maximum precipitation of this study defined as
265-712 m a.s.l. and based on C1 stations (Table 1) was
found at a lower altitude than other studies in Central
America, such as on the Pacific escarpment of the
Guatemala Highlands (900 m a.s.l.; Hastenrath, 1967) and
on the Pacific and the Caribbean coasts (~1000 m a.s.l;
Fernandez et al., 1996) and in the Reventazon River Basin
(1700 m a.s.l.; Chacén & Fernandez, 1985) in Costa Rica.
This level varies in Central American mountains; it
depends on each region's topographic and meteorological
conditions but is generally reported to occur at intermedi-
ate elevations.

Certain events of El Nifio (Nifio3.4 index >0.5°C) and
La Nifa (Nifio3.4 index <0.5°C) were associated with
changes in URB precipitation in the last decades
(Figure 10; hatched bars for dry years and El Nifio events;
dotted bars for dry years and La Nina events). All the
clusters showed mild to severe drought SPI categories
(=1 < 6-month SPI < —1.5) in the URB linked to the El
Nifio medium intensity event of 2002-2003 and linked to
the very intense El Nifio event of 2015. The strong La
Nifia events of 1999 and 2010 were associated with
severely wet conditions (6-month SPI > 1.5), and the
moderate event of La Nina in 1984 was related to
the moderate wet conditions (6-month SPI > 1) in the
URB. In particular, these events were also evident in the
temporal bias (Figure 9), where they resulted in a notable
increase in variability among the station series.
Specifically, we observed a higher bias during La Nifia
events and a lower bias during El Nifio events, compared
to the original series. The significant negative correlation
(=047 < r<-0.32; p<0.05) found between the time-
series of the clusters and the Nifio3.4 index (Table 2) is
consistent with results from previous studies in the URB
region (Andrade-Veldzquez & Medrano-Pérez, 2020;
INSIVUMEH, 2016) and in Central America (Alfaro, 2002;
Maldonado et al., 2018), as a result of the impact of El
Nifio events on the moisture transport for Central
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American precipitation (Duran-Quesada et al., 2017). In
addition, evidence of a relationship between drought and
El Nifio events has been found in southern Mexico
(Magafia et al., 2003; Salas-Flores et al., 2014; Salas-
Flores & Jones, 2014). The possible further increases in the
frequency and intensity of extreme El Nifio events
related to climate change (Cai et al, 2022; Wang
et al., 2019) may lead to future drought conditions in
the URB and associated socioeconomic consequences,
although further research and consideration of various
factors are required to better understand and project the
future behaviour of ENSO under the influence of
anthropogenic climate change (Cai et al., 2022).

4.3 | Trend analysis at station and
precipitation region scale

Based on the Mann-Kendall test results, a small
number of meteorological stations presented statistically
significant trends over 1959-2018 in both non-homoge-
nized (8 stations) and homogenized (11 stations) data,
suggesting that the rest of the station data or the period
considered in this study may be limited in capturing sig-
nificant precipitation trends due to its inherent wide vari-
ability (WMO, 2017). This concurs with most previous
findings for Central America (Alfaro-Cérdoba et al., 2020;
Duran-Quesada et al., 2017; Hannah et al., 2017; Hidalgo
et al., 2013, 2017; Maldonado et al., 2021), which have sug-
gested that precipitation trends are not always homoge-
neous for Central America and depend on the database
used in the assessment. However, the investigation of
trends in this study was extended through the integration
of results based on the reconstructed homogenized data
and different trend methods, such as Sen's slope, climate
normals, and the occurrence of dry years.

Before homogenization, the trend analysis using the
raw data yielded a mixture of trends over the study
period, with 55% of the stations exhibiting positive trends
and 45% showing negative trends, and a low magnitude
of change, as indicated by the Sen's slope values (—0.51 to
0.26 mm-year ™). The difference between the 30-year nor-
mals (—6.1 to +4.8%) and the change in dry years (-2 to
+5) in 1959-1989 to 1989-2018 did not show a general
pattern (Figure 10). However, after homogenization of
the station series, the Mann-Kendall test showed a con-
centration of significant (p < 0.05) negative trends in the
central-western region of the URB, which was identified
as the area with the most pronounced drought condition
within the URB. The remaining stations of the URB also
exhibited a general negative trend; however, these trends
did not reach the statistical significance threshold. The
negative value of the Sen's slope confirmed declining pre-
cipitation in most of the meteorological stations, with
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high magnitudes of change (-4 to —6 mm-year ')
(Figure 10). The evidence indicating a trend towards drier
conditions was reinforced by strong negative values in
the difference of 30-year normals (—22 to —5%), indicat-
ing lower mean precipitation in 1989-2018 compared to
1959-1988, and an observable increase in the occurrence
of dry years during the second 30-year period (+6 to +11)
across the majority of stations.

Applying homogenized data for analysing precipita-
tion trends enhanced spatial and temporal coherence
compared to nonhomogenized data (Figures 5 and 11).
When executed correctly and with meticulous control of
parameters, the improved coherence within long-term
trend data series is a consistent and expected result of the
homogenization process (Aguilar et al., 2003), widely
observed in studies employing climatol methodology on
hydroclimatic datasets (e.g., Abahous et al., 2020; Javanshiri
et al., 2021; Kessabi et al, 2022; Kuya et al, 2022;
Meseguer-Ruiz et al., 2018; Yosef et al., 2019). The valida-
tion of the data density and reliability of the homogeniza-
tion process within the URB (in section 4.1) confirmed the
accuracy of trends derived from the homogenized dataset,
and it also ensured that the heightened coherence within
series directly resulted from effectively eliminating noncli-
matic noise while preserving natural climatic data variabil-
ity and information.

The comparison of results obtained before and after
the homogenization process (Figure 11) through the
Mann-Kendall test evidenced a transition from significant
positive trends to significant negative trends in precipita-
tion records from two of the meteorological stations, as
well as a shift from significant to nonsignificant trends in
the records of another five stations. Previous studies else-
where that used homogenization of precipitation data
have also reported such trend variations (e.g., Abahous
et al., 2020; Kessabi et al., 2022; Kuya et al., 2022) that
were attributed as a positive outcome of the homogeniza-
tion process itself. Indeed, this process is designed to iden-
tify and rectify trend inconsistencies introduced by
nonclimatic factors and to isolate the precipitation trend
driven by true climatic factors (Aguilar et al., 2003). In this
study, the absence of spatial coherence in precipitation
trends before homogenization could have resulted from
the sensor misalignment, station relocations, alterations in
observational practices, or the progressive land use change
around the station (Ribeiro et al., 2016). This lack of coher-
ence was likely a consequence of the reconfiguration of
the meteorological station network in Mexico during the
period from the 1980s to the 2020s and resulted in the
emergence of artificial trends superimposed upon the true
climate trends in URB stations.

Across the scale of precipitation regions represented
by the clusters, a noticeable transition towards drier pre-
cipitation conditions was evident throughout the study

period (Figure 10 and Table 1). Stations experiencing the
highest levels of precipitation (C1) were particularly
affected, suggesting that the consequences of this shift
may be more pronounced in this specific region and at
intermediate altitudes. The observed rise in drought con-
ditions over the past few decades aligns with previous
studies that have documented warming trends in the
Mexican part of the URB (Montero-Martinez et al., 2018)
and in Central America across interdecadal scales (Alfaro-
Cordoba et al., 2020; Duran-Quesada et al., 2017; Hannah
et al., 2017; Hidalgo et al., 2013, 2017; Maldonado
et al., 2021). Such temperature trends can have substantial
implications for the regional hydrological cycle and water
resources, as the concurrent increase in evaporation
and evapotranspiration may lead to shifts in atmospheric
circulation patterns, altering the distribution and intensity
of rainfall, and a significant reduction in water avail-
ability and runoff. Additionally, warmer temperatures can
increase the capacity of the atmosphere to hold moisture,
potentially leading to more intense rainfall events but
also longer periods of drought. However, it is important to
note that the relationship between warming trends and
precipitation variability is complex, and further improve-
ments in the study could be achieved by considering lon-
ger time-series data, for example, using paleo-precipitation
records, or by incorporating reanalysis data calibrated with
local rain gauge data. These additional sources of informa-
tion, as demonstrated in previous studies (e.g., Hidalgo
et al., 2017), can provide valuable insights for a more com-
prehensive understanding of precipitation trends.

The escalating aridity in the URB region holds signifi-
cant importance for stakeholders, particularly because
the socio-economic development of the area relies mainly
on crop and livestock production. These crucial sectors
are exceedingly susceptible to fluctuations in water avail-
ability and extreme weather events like droughts. Hence,
it becomes imperative to take these changing drying con-
ditions into thoughtful consideration.

5 | CONCLUSIONS

This study made a significant contribution by creating a
complete and homogenized precipitation dataset for the
Usumacinta River Basin, spanning 1959-2018 and
including meteorological stations from Guatemala. The
climatol imputation and homogenization process demon-
strated high reliability through strong Spearman correla-
tions and low absolute differences and bias percentages
between raw and homogenized data. The homogeniza-
tion process corrected abrupt shifts and artificial trends
in 13 time series primarily observed between 1980 and
2000. The resulting temporal evolution showed improved
spatial consistency, enhancing temporal and spatial
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coherence while preserving the overall distribution of
raw data. The 60 meteorological stations were grouped
into three clusters based on distinct annual accumulated
precipitation ranges, mainly related to the orographic
effect of altitude. Interannual variability in cluster time
series was associated with El Nifio Southern Oscillation.
Although the Mann-Kendall test did not show statistical
significance for most stations, combining it with Sen's slope
analysis and comparing 30-year precipitation normals and
dry year occurrences revealed a discernible decreasing trend
in homogenized precipitation data. This trend was particu-
larly evident in the cluster characterized by the highest pre-
cipitation levels in the Usumacinta River Basin (C1),
suggesting a higher risk of intensifying droughts in this
region, corresponding to the intermediate altitudes of Chia-
pas. Understanding how local and global factors
(e.g., topography and ocean-atmosphere interactions) influ-
ence precipitation in the region is crucial. The Usumacinta
River Basin is an exceptionally diverse region with high
economic potential, and extreme events in the context of
future climate change may affect key aspects of essential
sectors such as health, agriculture, environmental science,
and water and disaster risk management.
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1.2. A CASE STUDY OF THE CANDELARIA AND QUELITE
RIVER BASINS

1. Introduction

Climate change and land-use change have the potential to alter hydrological regimes and
freshwater availability worldwide (Osland et al., 2018). In Mexico, climate change is expected
to manifest as changes in the duration of rainy seasons, a decrease in precipitation in southern
regions, and an increase in the frequency of extreme precipitation events, significantly
influencing socioeconomic activities such as agriculture (Hidalgo et al., 2013, 2017; Hannah et
al., 2017). Precipitation can exhibit high variability across regions, and the assessment of its
trend may be influenced by the choice of databases and models used, complicating their study
(Maldonado et al., 2018). Therefore, accurately assessing local-scale precipitation trends

requires complete time series with high spatial and temporal resolution (Easterling, 2013).

Analyzing time series of meteorological observations can contribute to understanding
precipitation variability and trends over decades and centuries; however, series are often
incomplete and can contain suspicious values, behaviors, or trends. These anomalies, called
inhomogeneities, are not a result of climatic factors but rather arise during the measurement
process, data digitization, or changes in instrument, calibration, and station location (Guijarro,
2024). To correct these alterations, which can lead to erroneous interpretations, homogeneity
tests are used to ensure that the variations observed in meteorological observation series are

solely attributable to climatic processes.

In a previous study, precipitation variability and trends in the Usumacinta River basin (URB)
were investigated using the data homogenization model 'climatol' (Jupin et al., 2024). This
model, developed in the R language by Guijarro (2018), is notable for its accessibility,

flexibility to adapt to any climatic variable, high tolerance of missing data, and the possibility
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of using different temporal resolution (e.g., days, months, or years). It allows for data quality
control, series homogenization, and imputation of missing data by comparing an original series

with a reference one derived from an average of nearby stations.

In this additional section of chapter 1, the same methodology were applied to the Candelaria
and Quelite river basins, which flow into the CP and EV systems, respectively. The Candelaria
River basin holds significant economic importance for the state of Campeche, Mexico, as it
hosts a variety of productive activities, including agriculture, livestock farming, industry,
fishing, and forestry (Kauffer-Michel, 2010). El Quelite River basin, in the municipality of
Mazatlan in Sinaloa, encompasses a smaller surface area but holds ecological significance, as
it flows into the protected area Playa Tortuguera El Verde Camacho, which has been designated
as a reserve zone and refuge site for the protection, conservation, repopulation, and control of
various species of marine turtles in October 1986. Designated as a sanctuary in July 2002, it
was later recognized as a Ramsar site, denoting its international significance as a wetland of

importance (registration 1349, February 2004) (Brisefio-Dueiias, 2003).

Precipitation variability and trends in the Candelaria and EV basins have not been previously
studied through the use of observed data and homogenized precipitation series. This work aims
to collect observed precipitation data in the Candelaria and Quelite river basins and employ a
process of quality control, homogenization, and imputation of missing data to determine

precipitation trends over the past decades.

2. Methods
Study sites

The Candelaria River basin covers an area of 7,160 km?, including a portion in Mexico (84%)
and another in Guatemala (16%). The river originates in the Petén region of Guatemala and

flows into the CP system, located in the eastern part of TL. It has an annual discharge of 1.6
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billion m? yr'!, contributing 20% of the total freshwater flowing into TL (Ramos-Miranda and
Villalobos-Zapata, 2015). The river flows over limestone and karstic soil, resulting in greater
underground drainage than surface drainage (Ayala-Pérez et al., 2015; Ramos-Miranda and
Villalobos-Zapata, 2015). Annual precipitation ranges from 1,000 to 1,500 mm yr! (Fig. 2),
with a clearly defined rainy season from June to October, during which approximately 70% of
the total precipitation is recorded (Benitez, 2010). During the months of November to February,
invasions of polar masses known as "nortes" occur, which can contribute up to 25% of the
annual precipitation. Of the approximately 45,000 estimated inhabitants in the basin, 23% of
the population resides in the municipality of Candelaria, located in the center of the basin

(Benitez, 2010).

The Quelite River covers an area of 835 km? and discharges 107 million m? yr'! into EV,
Sinaloa, on the Mexican Pacific coast. For most of the year, the Quelite River remains dry, with
a flow period occurring mainly during the rainy season from June to October (Flores-Verdugo
et al., 1995), during which most of the precipitation accumulates. The precipitation in this
region has an annual average of 750 mm yr! (Fig. 2). In the Quelite River basin, a total of 6,000
inhabitants were recorded for the year 2000, including the communities of EI Quelite (1,758

inhabitants), Marmol (862), El Quemado (674), and El Recreo (555) (CONAGUA, 2015).
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Figure 2. Annual precipitation in Mexico calculated from data recorded between 1910 and 2009. A: Candelaria River basin; B: Quelite River basin.

Created using the database provided by Cuervo-Robayo (2014) and river basin data from INEGI-INE-CONAGUA (2007).
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Database

The data on accumulated daily precipitation for the Candelaria and Quelite river basins were
obtained from databases provided by the Servicio Meteoroldgico Nacional and Comisién
Nacional del Agua (SMN-CONAGUA) for the states of Campeche and Sinaloa, respectively.
Additionally, for the Guatemalan part of the Candelaria River basin, a search was conducted in
the databases of the Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e Hidrologia

(INSIVUMEH) of Guatemala.

Data selection

Data selection involved geographically delineating the hydrographic basins of the two rivers
using data from INEGI-INE-CONAGUA (2007), and subsequently selecting meteorological
stations within each basin. In total, 9 stations were identified in the Candelaria River basin and
only 2 stations were found in the Quelite River basin, covering the period from 1944 to 2016
(Fig. 3 and Table 1). No precipitation data were found in the Guatemalan portion of the
Candelaria River basin. Monthly accumulated precipitation was calculated from daily data,
following the criteria established by the World Meteorological Organization (WMO, 2017),
which included the following criteria: 1) there cannot be more than ten days with missing data
in a month, and 2) there cannot be more than four consecutive days with missing data in a

month.
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Figure 3. Meteorological stations (@) located in the Candelaria River basin in Campeche, Mexico, and southern Guatemala (A) and in the Quelite

River basin in Sinaloa, Mexico (B).
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Table 1. Characteristics of the meteorological stations in the Candelaria River basin in Campeche, Mexico, and southern Guatemala, and in the

Quelite River basin in Sinaloa, Mexico.

ID Station gsflf:tion Latitude (°) Longitude (°)  Altitude (m)*  Start End

Candelaria River

4004 CANDELARIA (SMN) OPERATING 18.184 -91.046 40 01/06/1944 31/12/2018
4021 MONCLOVA OPERATING 18.057 -90.821 100 01/09/1944 31/12/2018
4057 MAMANTEL OPERATING 18.525 -91.089 12 01/01/1978 31/12/2018
4082 PABLO T. BURGOS OPERATING 18.297 -90.697 50 01/01/1998 31/12/2018
4083 ENTRE HERMANOS OPERATING 18.457 -91.142 40 01/01/1998 31/12/2018
4018 LA ESPERANZA SUSPENDED 18.167 -90.083 290 01/01/1965 31/08/1981
4019 NANZAL SUSPENDED 18.264 -91.303 10 01/01/1965 31/08/1976
4020 MIGUEL HIDALGO SUSPENDED 17.983 -90.833 67 01/10/1964 31/12/1989
4039 CANDELARIA (DGE) SUSPENDED 18.183 -91.046 50 01/01/1961 31/12/1985
Quelite River

25031 EL QUELITE (CFE) SUSPENDED  -106.458 23.557 49 01/01/1961 28/02/2001
25176 EL QUEMADO OPERATING -106.467 23.563 50 01/08/1979 31/12/2018
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Data Availability

The precipitation series in the Quelite River basin, consisting of only 2 stations in total, were
insufficient for conducting a process of homogenization and imputation of missing data, as

climatol requires a minimum of 3 data points per time step (i.e., month) for its execution.

For the Candelaria River basin, precipitation data collected from the nine stations were
organized into two input files, following the procedure detailed by Guijarro (2018). One file
contained station metadata, such as coordinates, altitude, code, and name, whereas the other
contained monthly accumulated precipitation data for each station for the period between 1970
and 2018. The period 1970-2018 was selected due to inherent limitations of the dataset, as only

two stations had monthly prior to the selected period.

In an initial stage, climatol was executed in preliminary mode to assess data availability and
quality. It was verified that the set of stations met the requirement of five data points per month,
which is the threshold to generate theoretically reliable imputed series. Additionally, parameter
values were reported to determine data quality, including the percentage of original data used

in the model and the correlation coefficient between precipitation series.

3. Results

In the Candelaria River basin, data availability was observed to fall below the threshold of five
data points per month (Fig. 4). Although the climatol model could theoretically complete the
series in preliminary mode (Fig. 5), the resulting series could not be considered reliable due to
the scarcity of data required to create a reference series for imputing missing data. On average,
less than 46% of the percentage of original data was used in the model, and the correlation

coefficient between precipitation series was 0.27.
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4. Discussion

To calculate precipitation trends accurately, it is recommended to perform data quality control
and homogenization, ensuring that the dataset is complete and free from missing or erroneous
values (WMO, 2017). However, in the studied sites, the limited data availability from
meteorological stations prevented proper execution of climatol and the imputation of missing
data in the series. No precipitation data were found in the Guatemalan portion of the Candelaria
River basin, which can be attributed to the limited spatial and temporal availability of data in
northern Guatemala, resulting from deficient infrastructure of the meteorological station
network, affected by access difficulties such as low population density, lack of roads, and the
presence of jungle (Fuentes, 2021). Without series homogenization, it was not possible to
determine whether the observed trends in the series would have been attributable to climatic or

non-climatic factors.

To address the objective of this study, previous research examining precipitation variability
at regional, national, and Central American levels was consulted. Studies have been conducted
at the scale of the Yucatan Peninsula (e.g., De la Barreda et al., 2020; Mardero et al., 2012), the
state of Sinaloa (Llanes-Cardenas et al., 2022, 2016), Mexico (Murray-Tortarolo, 2021) and
Central America (e.g., Aguilar et al., 2005; Alfaro-Coérdoba et al., 2020; Karmalkar et al., 2011).
However, it is important to note that those studies have not specifically addressed precipitation
variability in the Candelaria and Quelite river basins, nor have they employed a series
homogenization method to analyze precipitation trends. Given the high variability in
precipitation patterns, trends in those studies should be interpreted with caution and findings

from regional studies should be preferred over large-scale studies.

De la Barreda et al. (2020) conducted a study on the regionalization of precipitation and the
occurrence of dry events on the Yucatan Peninsula. Their findings indicated that precipitation

trends were not homogeneous and were distributed by subregions, which aligned with earlier
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studies (e.g., Hidalgo et al., 2013, 2017; Hannah et al., 2017) suggesting that precipitation trends
vary across Central America and depend on the database and time scale used for assessment.
An increase in the occurrence and duration of dry years was observed in certain meteorological
stations across the eastern part of the Yucatan Peninsula from 1953 to 2007 (Mardero et al.,
2012). In the region where the Candelaria River is situated, significantly negative trends were
observed through Mann-Kendall analysis and Sen's slope of observed precipitation data series
for the period 1980-2011 (De la Barreda et al., 2020). This trend towards lower precipitation
in the Candelaria River basin was consistent with observations in the Usumacinta River basin
during the period 1959-2018 (Jupin et al., 2024). In Sinaloa, the occurrence of extreme drought
events between 1963 and 2014 was examined using indices to describe their frequency,
duration, and intensity (Llanes-Cardenas et al., 2022). Meteorological stations in southern
Sinaloa recorded some of the highest index values compared to those in northern Sinaloa,
suggesting a particularly high vulnerability to drought events in south. This trend towards
increased drought vulnerability was also observed in northern Sinaloa (Llanes-Cardenas et al.,

2016).

In Mexico, significant relationships have been evidenced between drought events and the El
Nifio-Southern Oscillation (ENSO) phenomenon (Magaia et al., 2003; Salas-Flores et al., 2014;
Salas-Flores and Jones, 2014). Additionally, significant negative correlations have been
observed between precipitation series in the URB and the El Nifio 3.4 index, which is used to
monitor and forecast El Nifio events (Jupin et al., 2024). During El Nifio events, drier conditions
typically prevail in southern Mexico, whereas wetter conditions are more commonly observed
in northern Mexico (Magana et al., 2003). The anticipated increases in the frequency and
intensity of extreme El Nifio events, attributed to anthropogenic climate change (Cai et al.,
2022; Wang et al., 2019), may have varying effects on the northern and southern regions in

Mexico; however gaining a deeper understanding and projecting the future behavior of the
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ENSO phenomenon under the influence of climate change necessitates further research into its

controlling parameters (Cai et al., 2022).

The potential escalating occurrence of drought events in the Candelaria and Quelite river
basins raises significant concerns, particularly considering the population's dependence in these
regions on agriculture and water supply from precipitation (e.g., De la Barreda et al., 2020).
Consequently, changes in precipitation patterns and the increasing frequency of droughts could
exacerbate food insecurity and the vulnerability of local population within these areas.
Stakeholders should develop strategies to conserve water resources and enhance irrigation
efficiency to mitigate the impacts of declining precipitation and ensure agricultural

sustainability in the face of increasing drought occurrences.

5. Conclusions

The insufficient observed data in the studied regions represent a barrier to analyzing
precipitation variability at a local and long-term scale, making it difficult to project precipitation
trends and understand their impacts. Additional studies are required, along with the collection
of reliable data, to achieve a more comprehensive understanding of precipitation trends and
patterns in these areas. For example, in regions where scarce or no observed data is available,
satellite data could be utilized to investigate changes in precipitation since the 1980s, combined
with paleoprecipitation records and reanalysis data to create longer time series. However, it is
important to consider the limitations of these datasets, such as the possible lack of calibration
with local rain gauge data in Mexico for global satellite and reanalysis data, as well as potential
low spatial resolution and bias in precipitation estimation in mountainous regions. Comparing
multiple models and datasets would facilitate the conduct of more robust studies and

interpretation of precipitation trends, subsequently enabling more effective planning by
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policymakers and stakeholders to address water scarcity challenges in the context of climate

change and mitigate the impacts of droughts on the population.
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Figure 4. Availability of monthly data at meteorological stations in the Candelaria River basin between 1970 and 2018. Left: available monthly
data (in blue) at the nine stations over time. Right: number of monthly data over time. Dashed green line: desirable minimum of 5 data per month

for generating reliable imputed series; dashed red line: minimum of 3 data per month for climatol operation.
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CHAPTER 2

AGE MODEL AND SEDIMENT ACCUMULATION RATES IN
SEDIMENT CORES USING THE LEAD-210 METHOD
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ARTICLE INFO ABSTRACT
Keywords: Mangrove sediments are valuable records to reconstruct the impacts of human-induced changes on the coastal
210; : . . .

Pb radiochronology zone. Seven lead-210 dated sediment cores were used to evaluate temporal trends of sedimentation rates over the
Mangroves

past century in Mexican mangrove areas at Términos Lagoon (TL; southern Gulf of Mexico) and El Verde
Camacho Lagoon (EV; northern Mexican Pacific coast). We hypothesized that the contrasting characteristics (e.
g., meteorological, demographic, and land-use change) would lead to significant differences in sedimentation
rates between the study sites. Sediment accumulation rates (SAR) in both sites (TL 0.03-2.1 cm yr~'; EV 0.04—-4
cm yr 1) were comparable to the global SAR range for mangrove forests. Mass accumulation rates (MAR) in the
TL cores (0.03-0.47 g cm™2 yr 1) were consistent with previous studies of the region. Excluding conspicuous
MAR maxima, attributed to meteorological events, MAR values in the EV cores (0.04-0.9 g cm™2 yr™ 1) were
higher than in other mangrove areas of the Mexican Pacific coast, but comparable to other sites in the world.
Similar exponentially increasing MAR values towards present in both sites were attributed to general factors
driving sediment accumulation in mangroves, mainly continental erosion promoted by land-use changes, which
has accelerated since the 1950s, associated with (i) population growth and the consequent expansion of human
activities and (ii) sea-level rise, similar in the studied regions and from which mangrove ecosystems seem to
adapt. Intensifying population growth and land-use change are already reducing the extent of mangrove
coverage in some parts of the study areas. Adaptation to an accelerating sea-level rise depends on maintaining
conditions that allow mangroves to accrete vertically. However, both global change pressures may pose future
threats to these ecosystems. Efforts to monitor sediment accretion and adapt the management of mangrove
conservation areas are required to understand better mangrove response to global change impacts.

Sediments
Coastal lagoon
Sea-level rise
Ramsar

1. Introduction 2008). These shrub- and tree-dominated, intertidal, and saltwater

communities, which occur throughout the world on tropical and sub-

Sedimentary records allow the reconstruction of recent environ- tropical coastlines (Alongi, 2009), slow down water currents to speeds

mental changes and provide quantitative information on anthropogenic that facilitate the deposition of suspended material from both river and
impacts and past climatic conditions. Among coastal ecosystems, man- tidal waters (Cahoon and Lynch, 1997; Sanders et al., 2008).

groves are notable for their rapid sediment accumulation (Alongi, Mangrove sediment records have yielded much information: to
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Table 1
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Main characteristics of the study sites in the Palizada-del-Este and Candelaria-Panlau systems in Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho

system (northern Mexican Pacific coast).

Palizada-del-Este’

Candelaria-Panlau’ El Verde Camacho”

Characteristics
Location Latitude (°N)
Longitude (°W)
Meteorology Mean annual precipitation (mm yr ') 1,750
Mean annual temperature (° C) 27
Mean annual salinity 4
River Name Palizada
Annual mean discharge (10° m® yr™1) 9.1
Basin (km®) 40,000
Mangrove Laguncularia racemosa Present
Rhizophora mangle Dominant
Avicennia germinans Dominant

Conocarpus erectus

18°29.22-18°29.06
91°44.60-91°51.52

18°36.00-18°38.50
91°17.50-91°12.50

23°29.33-23°17.82
106°27.17-106°37.07

1,400 750

27 25

15 14
Candelaria + Mamantel Quelite
1.6 +0.16 0.11
7,160 + 520 835

- Dominant
Dominant Present
Dominant Present

- Present

! (Ochoa, 2003);
2 (Briseno-Duefias, 2003).

reconstruct sea-level changes during past centuries (Gilman et al., 2006;
Sanders et al., 2008) and throughout the Holocene (Woodroffe et al.,
2005; Berger et al., 2013); to trace the impacts of extreme events (Smith
et al., 2009); to study contamination by trace elements and nutrients
(Passos et al., 2022); and to evaluate the temporal variability of blue
carbon stocks and accumulation rates as a result of environmental
changes caused by anthropogenic impacts (Aldana-Gutiérrez et al.,
2021). Sedimentary reconstructions in coastal lagoons have been used to
identify the consequences of local land-use change owing to deforesta-
tion or to industrial and urban development (Aronson et al., 2014; Ruiz-
Fernandez et al., 2014, 2012), to detect recent climate impacts on
coastal lagoons (Ruiz-Fernandez et al., 2016), and to record precipita-
tion variability (Cuellar-Martinez et al., 2017). Sedimentation rates in
mangrove areas range from 0.1 to 10.0 mm yr~! with an average of 5
mm yr’1 (Alongi, 2012; Breithaupt et al., 2012).

The method most widely used within the past ~100 years for dating
recent sediment records is based on the study of lead-210 (?1%p) pro-
files (T}, = 22.23 + 0.12 years; DDEP, 2012). 210p}, is a natural radio-
nuclide that accumulates in sediments mainly through atmospheric
deposition (excess 210Pb, 210Pbex) and in situ production (supported
210py, 210Pbsup) from the decay of 222Rn, assumed to be in equilibrium
with 22°Ra. The Constant Flux (CF) model (Appleby and Oldfield, 1978;
Robbins et al., 1978) is one of the most robust 2'°Pb dating models; it is
based on the main hypothesis that the flux of 21°Pby to the sediments is
constant over time and allows assessment of the variations in the mass
accumulation rate (MAR) and the sediment accumulation rate (SAR)
throughout the dated period (Sanchez-Cabeza and Ruiz-Fernandez,
2012). 21%Pb-chronologies should be validated either by comparing the
210pp_derived ages with independent stratigraphic markers (e.g., artifi-
cial radionuclides released from nuclear weapon tests) or by testing the
consistency of the age models against those obtained from independent
dating models (Appleby, 2001). 210pp, dating is often corroborated with
187Cs (T\, = 30.05 =+ 0.08 years; DDEP, 2007), an artificial radionuclide
released into the environment by the detonation of thermonuclear
weapons in the atmosphere between 1945 and 1980 (UNSCEAR, 2000).
137Cs is used as a stratigraphic marker that, in areas where post-
depositional processes (e.g., mixing, erosion, bioturbation, diagenesis)
are negligible, would show detectable activities shortly after the onset of
the nuclear tests (since ~1952; Robbins et al., 2000) and a maximum
activity in 1963 (Sanchez-Cabeza and Ruiz-Fernandez, 2012).

Términos Lagoon (TL) in the southern Gulf of Mexico, and El Verde
Camacho Lagoon (EV) on the Pacific coast, are two Mexican coastal
lagoons that lie within areas of high biodiversity, bird migration, and
breeding for many coastal species; both sites have been recognized as
wetlands of international importance by the Ramsar Convention since
2004 (TL: site 1356; EV: site 1349; RSIS, 2020). However, mean annual
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precipitation, temperature, and freshwater discharge are higher in TL
than in EV, and the mangrove area is greater (143,045 ha in TL and
1,300 ha in EV) (Table 1). Urban growth is much higher in TL than in EV,
due to accelerated demographic growth since the second half of the 19th
century. For instance, between 1950 and 1960 and 1970-1980, the
average annual population growth rate in Carmen Municipality (which
surrounds most TL) ranged between 5.5 % and 6.3 % (INEGI, 2002),
whereas in Mazatlan Municipality (where EV is located) it ranged be-
tween 3.9 % and 4.2 % (INEGI, 2008).

No previous studies have related the reconstructed temporal varia-
tion of MAR in TL and EV mangrove sediments to anthropogenic and
natural pressures occurring in these lagoons. This study aimed to un-
derstand the temporal variation of sediment accumulation in mangrove
ecosystems of two contrasting Mexican Ramsar sites, and to answer the
questions: (1) what are the ranges of mass accumulation rates? (2) how
have mass accumulation rates changed in the study sites over the last
100 years? and (3) are these sediment accumulation changes related to
anthropogenic activities, such as deforestation and land-use change?
The central hypothesis was that the contrasting characteristics (e.g.,
meteorological, demographic, and land-use change) between the study
sites would be reflected in significant differences in sedimentation rates.
This work provides a retrospective evaluation of temporal changes in
sediment mass accumulation rate in contrasted Mexican coastal lagoons
over the past century, through a geochemical study of 2!°Pb-dated
sediment records.

2. Study sites
2.1. Términos Lagoon

Lying in the southeastern part of the Gulf of Mexico, Términos
Lagoon (TL) is the largest coastal lagoon of Mexico, with a surface area
of 1,936 km? (70 km long and 30 km wide at its widest point) and an
average depth of 3.5 m (Yanez-Arancibia and Day, 1982; Contreras-
Ruiz-Esparza et al., 2014) (Fig. 1). TL is surrounded by the Carmen
Municipality, in Campeche State; it is permanently connected to the Gulf
of Mexico through two inlets at the extremities of Carmen Island, and
receives discharges of two main river systems (Palizada and Candelaria),
that represent 90% of the freshwater supply. Since TL extends across a
wide area, the study has been separated into two subsystems (Fig. 1;
Table 1): (1) Palizada-del-Este belongs to the western TL zone, which
receives ~ 75% of the total freshwater input into the lagoon through
discharge from the Palizada River (9.08 x 10° m® yr™1) and is charac-
terized by well-mixed, low-salinity waters, fine sediments (clay and silt),
and a warm humid climate (type Am(f)) with abundant summer rains
(mean annual precipitation of 1800 mm yr ') and a mean annual
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Fig. 1. Sampling location map of the seven sediment cores (%) collected in El Verde Camacho Lagoon (inset A, Mexican Pacific) and Términos Lagoon (inset B,
southern Gulf of Mexico). Insets C and D depict the collection sites of cores in Palizada-del-Este and Candelaria-Panlau systems, respectively.

temperature of 27 °C; and (2) Candelaria-Panlau belongs to the central
and eastern TL zones, which receive only ~ 15% of the total freshwater
input into the lagoon, mainly through the Candelaria River (1.6 x 10°
m® yr1); these are shallow and characterized by the presence of
calcareous sediments and a warm sub-humid climate (Aw2(w), with a
mean annual temperature of 27 °C and precipitation of 1400 mm yr 1)
(Garcia, 1973; Ochoa, 2003; Ramos-Miranda and Villalobos-Zapata,
2015) (Table 1).

TL has been affected by human activities, in particular, those asso-
ciated with the shrimp industry (starting in the 1950s) and the oil in-
dustry (starting in the 1970s), for which networks of roads, pipelines,
and canals have been built in wetlands, mostly crossing the Palizada-del-
Este system (Ochoa, 2003). Forest cover was reduced by 31% between
1974 and 2001 in TL (Soto-Galera 2010); throughout the 1970-2005
period, the degradation of wetlands and primary forests was observed in
the basins of the three main rivers discharging into the TL (Palizada,
Candelaria, and Chumpan rivers) while urban and agricultural areas
increased (Cotler-Avalos, 2010). The mangrove species in TL are
Laguncularia racemosa, Avicennia germinans, and Rhizophora mangle. In
TL, sediment accumulation rates (SAR) have been reported for
mangrove areas near the Palizada River mouth (Lynch et al., 1989) and
on the lagoon side of Carmen Island (Gonneea et al., 2004). SAR and
MAR have been determined in seagrass meadows in the surroundings of
Carmen Island (Ruiz-Fernandez et al., 2020a).

2.2. El Verde Camacho Lagoon

El Verde Camacho Lagoon (EV) is on the Mexican Pacific Coast and
belongs to the Municipality of Mazatlan, Sinaloa State (Table 1; Fig. 1).
It is an internal coastal barrier lagoon with 47 ha, 7 km long, and an
average depth of 1 m (Flores-Verdugo et al., 1995). EV is fed by the
seasonal flow of the Quelite River, which drains a basin of 835 km? and
discharges 0.11 x 10° m® yr~. Although EV is closed throughout most
of the year, free communication with the sea occurs during the rainy
season (June to October) due to the breaking of the sandbar by the
combined effects of the Quelite River water flow and the tides that reach
their highest levels at this time of year, as well as the impact of occa-
sional tropical storms and hurricanes (Flores-Verdugo et al., 1995). The
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climate of this region is subhumid tropical, with a mean annual tem-
perature of 25 °C and contrasting seasons (Garcia, 1973). The average
salinity is 14 psu, ranging from 10 to 30 psu, depending on whether the
sandbar is open or closed. The average annual precipitation is 750 mm
yr~!, which falls mainly during the rainy season (CONAGUA, 2015). The
dominant mangrove species is Laguncularia racemosa, but Rhizophora
mangle, Avicennia germinans, and Conocarpus erectus can also be found.
The beach and wetlands in this area are relatively well preserved,
although in recent years the extent of native vegetation has been
reduced by land-use changes (tourism developments, construction of
intensive aquaculture ponds, and growth of population settlements;
Briseno-Duenas, 2003). No previous reports on sediment accumulation
were available.

3. Methods

3.1. Sampling

Sampling sites were chosen based on the analysis of mangrove dis-
tribution in the study areas from aerial pictures and satellite images
available at CONABIO (2013, 2021). By comparing mangrove coverage
changes between 1970 and 2020, we identified mangrove areas that
have remained stable within the past 50 years and have not direct in-
fluence of river discharges. Seven sediment push cores were manually
collected by inserting PVC tubes (10 cm internal diameter, 1 m length) in
the substrate of fringe mangrove communities. All sampling sites were
within 15 m of the tidal creek, except for the core LTMCAO02, which was
collected within 30 m of the creek (Table 2, Fig. 1). The cores were
extruded and sectioned at 1 cm intervals; samples were weighed before
and after being freeze-dried. Dry bulk density was measured as the
weight of the dry mass per the unit volume, expressed as g cm ™3, and
used to identify compaction. All analyses (except grain size analysis)
were carried out on samples ground to a powder with porcelain mortar
and pestle. Analytical results are expressed on a dry weight basis.
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Table 2

Sediment cores sampled in Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (Mexican Pacific coast).
Corename  System  Date! Coordinates (latitude N; Length Mangrove species Distance?

longitude W) (cm) (m)
LTMPAO1 PDE 2021-02-11 18°20.3319; 91°47.7541 69 Rhyzophora mangle 5
LTMPAO2 PDE 2021-02-11 18°29.0131; 91°47.7362 47 Rhyzophora mangle; Avicennia germinans; Laguncularia racemosa 10
LTMCAO01 CP 2021-02-12 18°37.1903; 91°16.0722 66 Rhyzophora mangle; Avicennia germinans; Laguncularia racemosa 10
LTMCA02 CP 2021-02-12 18°38.4186; 91°16.3408 64 Peat sediments surrounded by Rhyzophora mangle and Laguncularia 30
racemosa

LTMCAO03 CP 2021-02-12 18°37.6450; 91°16.7640 76 Rhyzophora mangle; Laguncularia racemosa 10
EVC01 EV 2021-07-06 23°42.384; 106°55.820 65 Rhyzophora mangle; Laguncularia racemosa 15
EVC02 EV 2021-07-06 23°43.893; 106°57.387 69 Rhyzophora mangle 10

PDE: Palizada-del-Este; CP: Candelaria-Panlau; EV: El Verde Camacho. 'Date format: yyyy-mm-dd. 2Estimated distance from the closest tide creek.

3.2. Laboratory analysis

3.2.1. ?pp dating

Gamma-ray spectrometry (well-type HPGe detectors, GWL-Ortec-
Ametek) was used to determine the activities of 2!°Pb (46.5 keV;
21°Pbtot) and 2?°Ra (through 214Pb, 351.9 keV, to estimate 21OPbsup), as
well as activities of the bomb fallout radionuclide '3’Cs (661.7 keV) to
corroborate the 21°Pb-derived chronology. Briefly, ~5.0 g of dried and
ground samples were packed into standardized geometries (4 mL plastic
tubes), sealed with Teflon tape, and stored for three weeks to achieve
secular equilibrium between ?°Ra and its progeny (Diaz-Asencio et al.,
31(3)20). 210pp,.. was calculated as the difference between 2!°Pby, and

Pbgyp.

3.2.2. Sediment characteristics and composition

Grain size distribution was analyzed to identify hydrodynamic
changes, and magnetic susceptibility (MS) to infer changes in sediment
provenance, e.g., related to changes in erosion, deposition, and vege-
tation (Stoner and St-Onge, 2007).

The percentages of sand, silt, and clay fractions were determined by
laser diffraction with a Malvern Mastersizer 2000E®. Magnetic suscep-
tibility (in x107° SI) was measured with a Bartington MS2 magnetic
susceptibility meter coupled to an MSG2 frequency sensor. Since meagre
sample was available for core LTMCAOQ2, analyses of grain size distri-
bution and magnetic susceptibility could not be performed.

The accuracy of the analytical results was evaluated through the
analysis of reference materials (CRM IAEA 300 for gamma spectrometry,
Malvern QAS3002 for grain size distribution, and Bartington-G039 for
magnetic susceptibility); results were within the reported range of
certified values. The precision of the analyses was assessed through the
coefficient of variation (CV (%) = standard deviation/mean value x
100) from replicate analysis of a single sample (n = 6): <1% for mag-
netic susceptibility, <10% for 21°Pb and 1%”Cs, and < 10% for grain size.

3.3. Data treatment

3.3.1. 21%pp dating

The 2!%Pb chronologies were calculated with the constant flux (CF)
model (Robbins et al.,, 1978; Sanchez-Cabeza and Ruiz-Fernandez,
2012). Dating uncertainties were estimated with a Monte Carlo method
in which, assuming that the variables included in the CF model follow
normal distributions, measured variables are randomized and used to
calculate the distribution of derived variables (e.g., section age, MAR,
and SAR); and the final uncertainty of each derived variable is the
standard deviation of its resulting distribution (Sanchez-Cabeza et al.,
2014). To strengthen the confidence and accuracy of the 21°Pb chro-
nologies, the age models must be validated using independent dating
models and stratigraphic markers (Appleby, 2001). The CF-derived ages
were compared with those obtained from a Bayesian 2'°Pb age-depth
modelling (Aquino-Lopez et al., 2018, 2020) implemented through the

66

package rPlum (Blaauw et al., 2021). 2!%Pb dating was supported by
identifying the peak value of the '*’Cs activities and/or the records of
known meteorological events (e.g., hurricanes or tropical storms).

3.3.2. Statistical analysis

Significant differences in the mean values of the variables among
cores were assessed through one-way analysis of variance (ANOVA) and
post-hoc Tukey test. In addition, Pearson correlation followed by Stu-
dent’s t-test was used to assess associations between variables. These
analyses were performed at a 95% confidence level, and significant
differences are reported as p-values < 0.05.

Exponential regression models for mass accumulation rates (MAR)
versus time were calculated for each sediment core following the
equation:

MAR = MARy + a x ")

where MAR corresponds to the mass accumulation rates; MARy is the
initial MAR computed from lowermost sections; t is the time, and t is the
time reference (set to 1800); a and b are the fitted model coefficients.
Significant peaks were removed to improve the model fit, and a 95%
confidence interval was calculated.

4. Results
4.1. 21%pp dating

Total 21°Pb (>'%Pby,p) activities ranged from 16 + 4 to 202 + 12 Bq
kg~ ! (Table 3) and were comparable among most cores, except for core
LTMCAO2, which had the highest (p < 0.05) activities (Table 3). 21%Pbe,
activities decreased with depth (Fig. 2), but those in the cores from EV
displayed irregular profiles. According to 21°Pb chronologies, sediment
records spanned from 90 to > 100 years.137Cs activities were compa-
rable among cores from TL, except for LTMCAO1 which had significantly
(p < 0.05) lower activities than the rest of the cores.

4.2. Mass and sediment accumulation rates

The values of MAR and SAR were comparable among TL cores,
except for LTMCAO02, which in recent decades showed significantly (p <
0.05) higher values of SAR than the other cores (Table 3; Fig. 3). MAR,
and SAR values were comparable (p < 0.05) in the EV cores. Notably,
high MAR values were found in the years 1956 + 6 (LTMPAO1); 1985 +
9 and 2014 + 3 (EVC01); 1944 + 6, 1950 + 6, 1987 + 3 + 2 and 1997
+ 2 (EVC02) (Fig. 3), and these were removed to compare MAR trends
among cores.

MAR is a more reliable variable than SAR because it is independent
of compaction. The MAR profiles of all the cores followed a significant
(0.72 <r <0.99; p < 0.05) exponential growth from the beginning of the
20th century to 2020 (Fig. 4, Table 4), mostly accelerating since the
1950s. The exponential growth was comparable among the cores from a



Table 3

Radionuclide activities and sediment properties in cores of mangrove areas from Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (Mexican Pac

Core Statistics 210pp, o Eowvmé 210pp, . flux Max age and period of the record 137¢s MAR SAR Sand Silt
(Bqkg™ (Bgkg) (BqmZyrY) (Bgkg™ (gemZyr'H  (emyrh) (%) (%)

Términos Lagoon

LTMPAO1 Min 18+9 30+2 - 102 1.4+0.1 0.06 = 0.03 0.07 £+ 0.04 4.4 £0.2 62+ 1
Max 90 +7 39+2 - (1918-2020) 13+1 0.41 £+ 0.02 1.3+0.5 17.0 £ 0.7 69 +1
Mean 53+5 34+1 218 £ 13 5.4+ 0.4 0.25 + 0.01 0.46 + 0.05 9.4 +£0.3 65+ 1

LTMPAO02 Min 30+8 28+2 - 120 0.8 +0.1 0.03 = 0.01 0.02 £ 0.01 2.6 £0.1 59+1
Max 83+7 50 £2 - (1900-2020) 9.8+1 0.47 = 0.07 0.73+0.1 15.9 £ 0.7 70+ 1
Mean 5245 35+1 245 + 13 4.7 £0.7 0.27 + 0.05 0.31 £+ 0.02 8.9+0.3 65+ 1

LTMCAO1 Min 14+ 4 12+1 - 118 0.5+ 0.1 0.07 £ 0.04 0.07 £ 0.03 23+0.1 49.7 £ 0.8
Max 100 + 8 24+2 - (1902-2020) 6.5+ 0.7 0.40 = 0.06 0.71 £ 0.09 23+1 71+1
Mean 47 £3 20+1 260 + 12 2.7+0.3 0.24 + 0.01 0.34 £ 0.02 8.1+0.3 63+1

LTMCA02 Min 16 £ 4 4+1 - 117 1.0+ 0.1 0.034 + 0.003 0.11 £+ 0.02 NA NA
Max 202 + 12 26 +4 - (1903-2020) 9+1 0.26 £+ 0.02 21+0.3 NA NA
Mean 117 +£7 9+2 444 + 6 6+1 0.15 + 0.01 0.81 £+ 0.02 NA NA

LTMCA03 Min 23+ 4 16 £1 - 112 0.4 +£0.1 0.06 + 0.03 0.06 £+ 0.03 1.76 + 0.08 54.7 £ 0.9
Max 137 +£9 25+ 2 - (1908-2020) 12+1 0.31 = 0.04 0.8 +£0.2 11.4 £0.5 72+1
Mean 61 +4 21+1 260 +£9 5.6 £ 0.4 0.20 + 0.03 0.38 £+ 0.02 7.2+£0.2 65+ 1

El Verde Camacho  Lagoon

EVCO1 Min 23+9 22+2 - 90 1.0+ 0.4 0.09 + 0.09 0.07 £+ 0.07 6.7 £ 0.4 28.6 = 0.8
Max 47 £11 33+2 - (1931-2021) 4.9 +0.8 0.7 £ 0.6% 0.8 £ 0.5 62+ 4 64 + 2
Mean 33+6 28+1 114 £ 21 2.8+ 0.5 0.43 + 0.20* 0.4+ 0.1 28+1 49 £ 2

EVCO02 Min 21+5 17 £1 - 118 0.3+0.1 0.06 + 0.03 0.06 + 0.04 0.95 + 0.05 49 +1
Max 63+9 26 +2 - (1903-2021) 4.6 £0.7 09 £0. 1.4+ 04" 8.6 £ 0.5 62+ 2
Mean 37+6 22+1 284 +£17 23+0.6 0.43 + 0.08* 0.6 +£0.1* 4.4 +£0.2 53+2

210pp, . total 21°Pb; Bowcmzv“ supported 210pp (22°Ra); MAR: mass accumulation rate; SAR: sediment accumulation rate; DBD: dry bulk density; MS: magnetic susceptibil

available.

" Excluding MAR maxima attributed to meteorological events. See the text for explanation.
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Fig. 2. Grain size distribution, dry bulk density (DBD), magnetic susceptibility (MS), and 2'°Pb and '3”Cs activities in sediment cores from mangrove ecosystems in
Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (Mexican Pacific coast). A: LTMPAO1; B: LTMPAO02; C: LTMCAO1; D: LTMCAO3; E: EVCO01;

F: EVC02, G: LTMCAO2.

single study site; this was indicated by the model coefficient values of a
and b, which were comparable within their uncertainty in the TL system
(a: 0.002 £ 0.001 — 0.003 £ 0.001; b: 0.020 + 0.002 — 0.024 + 0.002)
except for core LTMPAOQ2 (a: 0.0001 + 0.0001; b: 0.034 + 0.002), and in
the EV system (a: 0.03 £ 0.02; b: 0.013 + 0.003) (Table 4).

4.3. Sediment characteristics and composition

The TL cores were mainly composed of silt (50-71%) and clay
(18-38%), with lower contents of sand (2-23%) (Table 3). In the EV
system, EVCO1 had significantly (p < 0.05) higher proportions of sand
and silt, and lower proportions of clay than EVCO02. In TL, the profiles of
the different grain size fractions showed little variation with depth
(Fig. 2), although particular features were observed in some profiles.
Those included the following: (1) in LTMCAO1, a recent increase of clay
percentages (between the surface and 12 cm depth, corresponding to
1993-2020) and fluctuations of sand and silt percentages between 40
cm and the core bottom, occurring during a period earlier than 1900; (2)
in LTMPAO1, a decrease of sand percentages (between the surface and
42 cm depth, from before 1900 to 2020); (3) in LTMPAO2, fluctuations
in sand and silt percentages (between 18 and 25 cm depth, from before
1900 to 1961). In the EV system, core EVCO1 showed a progressive in-
crease in silts and clays, and a decrease in the sand fraction towards the
surface. On the contrary, core EVC02 had an almost homogeneous dis-
tribution, except in segment 54-69 cm (<1900 to 1936), where
increasing clays and decreasing silts were observed.

Based on the DBD profiles, compaction increased slightly with depth.
In general terms, the MS profiles (Fig. 2) shared similar characteristics,
with increasing values from deep sections reaching subsurface maxima
and decreasing values towards the surface, except in EVCO1, where MS
decreased steadily from the bottom to the surface.
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5. Discussion
5.1. 219pp dating and sedimentary events

210pb,, flux ranges in TL cores (218-444 Bq m~ 2 yr 1) were higher
than those reported for mangrove sediments (70-169 Bq m™2 yr%;
Lynch et al., 1989) and seagrass meadows (46-80 Bq m~2 yr™!; Ruiz-
Fernandez et al., 2020a) in nearby areas. Similarly, the 210pp,, flux
ranges in EV cores (111-284 Bq m~2 yr~!) were higher than those re-
ported 30 km south of the EV in Urias Lagoon (69-83 Bq m ™2 yr™1; Ruiz-
Fernandez et al., 2016) and 150 km to the north in Culiacan River es-
tuary (82 Bq m~2 yr~}; Ruiz-Fernandez et al., 2002). The magnitude of
210pp fluxes is directly proportional to factors such as the 2!%Pb transport
from the catchment, water residence time, the fraction of the radionu-
clide adsorbed onto particles, the mean particle deposition velocity, and
the influence of post-depositional transport processes (mixing)
(Appleby, 2008). In this study, higher 210pp, . fluxes were likely caused
by a preferential accumulation of sediments (i.e., sediment focusing;
Likens and Davis, 1975) since the mangroves are effective sediment
traps (Cahoon and Lynch, 1997; Sanders et al., 2008).

The departures from the exponential decay function in all 2!°Pb ac-
tivity profiles were attributed to variations (i.e., dilution or enhance-
ment) in the sediment supply since 2'°Pbe, activities depend on the
balance between the 210Pbex flux (considered constant in the CF model)
and MAR (Krishnaswamy et al., 1971; Sanchez-Cabeza and Ruiz-
Fernandez 2012). The MAR maxima in the EV system (Fig. 3) were likely
caused by isolated changes in sediment supply, related to the specific
hydrodynamic and morphology of the lagoon. EV is a coastal lagoon
with an ephemeral inlet, and most sediment input is provided during the
rainy season from the combination of Quelite River water flow and tides,
and during occasional high-energy events, such as tropical storms and
hurricanes (Flores-Verdugo et al., 1995). The MAR maxima (Fig. 3) can
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Fig. 3. Mass accumulation rates (MAR) and sediment accumulation rates (SAR) in mangrove sediment cores from Términos Lagoon (above) and El Verde Camacho
Lagoon (below). Letters indicate the hurricanes that occurred in the surroundings of the EV system (A = Mazatlan, 1943; B = Tico, 1983; C = Ismael, 1995; D = Isis,

1998; E = Manuel, 2013).

be related to the impact of hurricanes, documented in local newspapers
and climatological reports, and these MAR maxima might also serve to
corroborate the 2!°Pb age-models. In core EVC02, MAR maxima (>1.5 g
em 2 yr~1) were associated with meteorological events with trajectories
over the EV system (Blake et al., 2009) that have had significant human
and economic impacts on Mazatlan: 1940 + 7 associated with hurricane
Mazatlan (Oct 9, 1943; Sumner, 1943); 1985 + 3 with hurricane Tico
(Oct 11-24, 1983; Gunther and Cross, 1984); 1993 + 3 with hurricane
Ismael (Sept 12-15, 1995; Mayfield, 1995); and 1996 + 2 with hurri-
cane Isis (Sep 1-3, 1998; La Jornada, 1998; Pasch, 1999). Core EVCO1
recorded two main exceptional events: 1985 + 9, which that could be
associated with hurricane Tico, and 2014 + 3 with hurricane Manuel
(Sept. 13-20, 2013; Pasch and Zelinsky, 2013).

The records of meteorological events in coastal sediments are usually
heterogeneous (Cuellar-Martinez et al., 2017 and references therein),
because they are influenced by inherent characteristics of those events
(e.g., intensity, trajectory, wind speed) and coastal morphology (e.g.,
presence of wetlands, coast orientation and vulnerability to overwash).
In EV, EVCO1 is near the mouth of the Quelite river, where the sandbar
breaks during the rainy season, and so it receives mainly coarser-grain
sediments (significantly higher values of sand and SM were found in
EVCO1 than in EVC02). EVCO2 is farther from the influence of the river,
where only enhanced sediment deposition (observed as MAR peaks) is
likely provided during exceptional precipitation and storm surge events.

The irregularity of the profiles complicated the corroboration by
137Cs in the EV cores. A '37Cs maximum activity can only be observed in
a specific and defined section of the core when sediment accumulation is
constant and with a small 13”Cs catchment supply (Appleby et al., 2019),
a condition that was not observed in the EV system.

Chronologies in the TL cores were corroborated through the depth
profiles of the artificial radionuclide '3’Cs since the range of highest
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values at each core (assumed to correspond to the maximum 137¢g
fallout occurred in the mid-1960s) agreed with the corresponding 2!°Pb-
derived dates. Maximum '%Cs activities were found in sections 22-24
cm (LTMPAO1; 1969 + 5 -1973 + 4), 18-20 cm (LTMPAOQ2; 1956 + 5 —
1961 + 5), 15-19 cm (LTMCAO1; 1966 + 4 — 1982 + 2), 40-46 cm
(LTMCAO02; 1957 + 1 -1970 + 1), and 20-23 cm (LTMCA03; 1967 + 3 -
1973 + 3), which included the period of maximum 1375 fallout (1962
1964; Fig. 2). At 40-46 cm, where the 137Cs maximum was expected,
137Cs and 210Pbex minima and high values of DBD were observed (Fig. 2).
As 21%Pby, activities are the balance between the 2!°Pby, flux and MAR
(Krishnaswamy et al., 1971b), 210PbeX activities can be enhanced or
diluted by changes in sediment inputs; thus, the 2!°Pbey minimum could
be a result of dilution, owing to a relatively higher sediment input, as
observed in the MAR record (Fig. 3), which also caused a low 137¢cs
activity. The highest '*’Cs activities were found for EVCO1 in the
segment 22 (4.8 + 0.9 Bq kg_l) to 24 cm (4.9 + 0.8 Bq kg_l) (period
from 1971 + 11 to 1977 + 10), and for EVCO02 in the segment 48 (3.0 +
0.9 Bq kg™) to 50 em (4.3 + 0.9 Bq kg™1) (1947 + 6 to 1956 + 6),
which included the '*7Cs fallout maximum, within the uncertainty.
However, identifying meteorological events in these sediment records
improved the dating validation, especially for ages before the initial
onset of 1%’Cs deposition in the early 1950 s and the maximum '*’Cs
fallout in 1963.

5.2. Mass and sediment accumulation rates and sea-level rise

The MAR ranges in TL cores (0.03-0.47 g cm 2 yr 1) were consistent
with values reported in seagrass meadows of Carmen Island in TL (MAR:
0.03-0.39 g cm ™! yr™1; Ruiz-Fernandez et al., 2020a) and mangroves of
the Gulf of Mexico and Yucatan Peninsula (Table 5). Excluding the MAR
maxima in EV cores, the MAR values (0.04-0.9 g cm ™2 yr 1) were higher
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Fig. 4. Exponential regression of mass accumulation rates (MAR) with a 95%
confidence interval in mangrove sediment cores from Términos Lagoon (above)
and El Verde Camacho Lagoon (below).

than in other mangrove areas of the Mexican Pacific coast but were
comparable to other sites in the world (e.g., Brunskill et al., 2002, 2004;
Table 5). Excluding the SAR maxima of core LTMCAO2 after 2000 and
peaks from the EV profiles, SAR values of all the cores (0.02-1.4 cm
yr 1) were comparable to the range of values recorded for mangrove
forests worldwide (0.01-1 cm yr~! with an average of 0.5 cm yr~};
Alongi, 2012).

The general trend of increasing values of DBD with depth was related
to gravitational compaction that affects sediment porosity and water
content along the sediment column (Mobilian and Craft, 2022). Changes
in sediment MS can indicate variations in the mineralogy, quantity and
grain size of the magnetic particles (Thompson and Oldfield, 1986).
Except in EVCO1, increasing MS values in all sediment cores (Fig. 2)

Table 4
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were associated with a progressive change in the amount of magnetic
grains present in the sediments transported to the mangroves, and thus a
modification in the proportion of sediment sources to the ecosystems
(Hilton, 1987; Eriksson and Sandgren, 1999). The lower MS values
found in the last 10-20 years in all cores could be caused by a change in
sedimentary sources, causing the dilution of magnetic mineral concen-
trations by paramagnetic or diamagnetic minerals (Hilton, 1987), such
as the precipitation of calcium carbonate and diatom silica (Thompson
and Oldfield, 1986) or the increase in organic matter inputs (e.g., the
deposition of mangrove detritus) (Mohamed et al., 2017). Although
grain size distribution changes can also cause the recent decreasing MS
values, MS increased with clay in the Palizada cores (LTMPAO1 and
LTMPAO2) and with silt in the Candelaria cores (LTMCAO1 and
LTMCAO3).

In EVCO1, increasing content of silt and clay, and decreasing content
of sand and MS towards the surface before the 20th century (Fig. 2)
likely indicated a shift from a higher- to a lower- energy environment.
Unfortunately, no information was available on the hydrodynamic
variability of the lagoon or the Quelite River discharge over the past
century. However, these changes in grain size and MS could be
explained by one or more of the following factors: (1) a change in
morphology (for example, the formation of a sandbar, which reduces the
energy of water currents, allowing deposition of finer sediments); (2) the
growth of the mangroves that progressively attenuate the wave energy
and promote the deposition of finer sediments in the lower reaches of the
intertidal zone; or (3) a change of sedimentary sources from the Quelite
River.

The regression slope of MAR versus time depends on the type of
environment of deposition, inundation frequency, plant type and pro-
ductivity, sediment input, and sea-level rise (SLR) (Breithaupt et al.,
2014; Sadler, 1981). Despite the different characteristics of the two TL
estuaries, MAR values in all cores followed a comparable exponential
growth over the last century (Fig. 4). Results suggest that the MAR
exponential growth does not depend on specific characteristics of each
study site, but on other factors with a widespread impact on mangrove
sedimentation.

Mangroves are notable for having high sediment accumulation
owing to their ability to reduce water current speed, facilitate suspended
material trapping and deposition, and stabilize the shoreline against
coastal erosion (Cahoon and Lynch, 1997; Mazda et al., 2006; Sanders
et al.,, 2008), owing to their vegetation structure (e.g., aerial and
belowground roots, pneumatophores, seedlings). As the sea-level rises,
tidal flooding occurs for more extended periods, prolonging the time for
the deposition of suspended particles and reducing soil compaction and
organic matter decomposition (Rogers et al., 2005; Gilman et al., 2006;
Alongi, 2009). Mangroves can also increase surface elevation through
biotic processes, such as generating roots, forming microbial mats, and
accumulating leaf litter and vegetation detritus (Mckee et al., 2007;
McKee, 2011). Because of their unique intertidal location, mangroves
tend to maintain an equilibrium between sedimentary accretion and

Exponential regression models for mass accumulation rate (MAR) versus time in sediment cores from mangrove ecosystems in Términos Lagoon (southern Gulf of

Mexico) and El Verde Camacho Lagoon (Mexican Pacific coast).

Core n MAR, E b r* p*

LTMPAO1 30 0.059 0.002 + 0.001 0.024 + 0.002 0.96 2.5¢10
LTMPAO2 22 0.027 0.003 + 0.001 0.023 + 0.001 0.99 4.1e12
LTMCAO1 16 0.065 0.003 + 0.001 0.020 =+ 0.002 0.97 3.9¢1°
LTMCA02 45 0.034 0.0001 =+ 0.0001 0.034 =+ 0.002 0.95 2.2¢714
LTMCA03 21 0.061 0.002 + 0.001 0.021 =+ 0.003 0.94 3.9¢1°
EVCO01 25 0.092 0.03 + 0.02 0.013 + 0.003 0.72 5.1e%
EVC02 31 0.055 0.03 + 0.02 0.013 =+ 0.003 0.77 1.2¢'%

n: number of MAR values per core used in the model; MAR: mass accumulation rates (g cm 2 yr’l); MAR: initial MAR computed from lowermost sections; to: time

reference set up to 1800; a, b: fitted coefficient values.

* Correlation coefficient (r) and p-value (p) obtained from the relationship In MAR versus time.
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Table 5
Mass accumulation rates (MAR) in mangrove sites in Mexico and around the world.
Study area MAR Reference
(gem *yr ")
Gulf of Mexico and Yucatan Peninsula
Everglades National Park, USA 0.01-0.6 Breithaupt et al. (2014)
Sian’Ka’an Biosphere Reserve, Mexico 0.05-0.28 Carnero-Bravo et al. (2016)
Canctin-Riviera Maya, Mexico 0.02-0.08 Cuéllar-Martinez et al. (2020)
Términos Lagoon, Mexico 0.03-0.47 This study
Mexican Pacific Coast
Marismas Nacionales, Mexico 0.07-0.41 Cuellar-Martinez et al. (2020); Ruiz-Fernandez et al. (2018a)
Estero de Urfas Lagoon, Mexico 0.01-0.37 Aldana-Gutiérrez et al. (2021); Cuellar-Martinez et al. (2020)
El Verde Camacho Lagoon, Mexico 0.04-0.9* This study
Other sites in the world
Herbert River region, Qld, Australia 0.04-1.2 Brunskill et al., (2002)
Irian Jaya, Indonesia 0.45-1.3 Brunskill et al., (2004)
Ba Lat Estuary, Vietnam 0.22-0.36 Van Santen et al., (2007)
Western Arabian Gulf, Saudi Arabia 0.18-0.50 Cusack et al., (2018)

" Excluding MAR maxima attributed to meteorological events. See the text for explanation.

SLR, facilitating coastal adaptation to a rising sea-level (Lynch et al.,
1989; Nyman et al., 2006; Krauss et al., 2014). For this reason, SARs
from mangrove sediments have been used to estimate local SLR during
the past century (Lynch et al., 1989; Parkinson et al., 1994; Sanders
et al., 2010).

Regional SLR depends on factors such as ocean hydrodynamics (e.g.,
currents, upwelling, and wind-forced ocean circulation), ocean surface
properties (e.g., salinity and temperature related to water exchanges
between the ocean, atmosphere, and land), local/regional vertical mo-
tion of the Earth’s crust and glacial isostatic adjustment (Stammer et al.,
2013; Zavala-Hidalgo et al., 2015). A relationship between the present
SLR and increasing mangrove sediment accumulation rates has been
observed in other Mexican coastal lagoons (e.g., Carnero-Bravo et al.,
2016, 2018; Ruiz-Fernandez et al., 2018b).

SAR depends on compaction along the sediment column (Robbins,
1978). Therefore, to relate mangrove sediment accumulation to SLR,

depth is corrected for compaction by normalizing each value by the
average bulk density of the bottom sections (e. g., Lynch et al., 1989;
Carnero-Bravo et al., 2016, 2018; Ruiz-Fernandez et al., 2020a). Cor-
rected SAR values, calculated from the linear regression of age versus
corrected depth series over significant periods, were 0.48-2.0 mm yr !
before the 1950s, 1.8-3.6 mm yr* from 1950 to 2000, and 3.4-6.7 mm
yr~! during the 2000-2021 period (Fig. 5, Table 6). The irregularity of
the core EVC02 SAR profile, showing various peaks, precluded the
detection of a relationship with SLR in the EV system.

Within its uncertainty, the corrected SAR ranges from TL cores
(Table 6) were compatible with the SLR rates reported for Carmen City
over the period 1956-1992 (3.4 + 1.0 mm yr~'; Zavala-Hidalgo et al.,
2015). Increasingly marine conditions have been reported from the
analysis of seagrass meadow sediment records of Carmen Island (Ruiz-
Fernandez et al., 2020b) and through direct salinity observations in the
lagoon between the 1980s and late 1990s (Villéger et al., 2010), because
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Table 6
Corrected sediment accumulation rate (SAR) calculated from the linear regres-
sion of age versus compaction-corrected depth series for selected periods.

Core Start End Corrected Determination
SAR coefficient
(mm yr 1) ?
LTMCAO1 1993 2020 3.6 0.5 0.998
1943 1993 23+04 0.998
1902 1943 0.8+ 0.1 0.998
LTMCAO02 2002 2020 6.7 £ 2.3 0.994
1960 2002 3.6 +£0.5 0.999
1903 1960 1.4+04 0.992
LTMCAO03 1993 2020 4.6 +£0.8 0.998
1943 1993 3.1+0.9 0.992
1902 1943 1.5+ 0.4 0.990
LTMPAO1 2000 2020 41+09 0.996
1955 2000 25+04 0.998
1947 1955 3.2+0.3 0.994
1918 1947 1.5+ 0.4 0.967
LTMPAO2 1988 2020 3.4+1.0 0.992
1948 1988 1.8+ 0.2 0.997
1900 1948 0.48 + 0.04 0.992
EVCO01 2013 2021 5.2+ 2.0 0.971
1988 2013 3.0+0.2 0.999
1983 1988 89+37 0.944
1931 1983 20+1.1 0.968

of rising sea-level. Evidence of progressive SLR-induced erosion along
the Campeche state coastline has been reported from 1974 to 2008,
particularly along the coast in the northwest of the TL system, where a
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reduction in mangrove coverage has also been reported (Torres-Rodri-
guez et al., 2010). Eroded materials could be transported and redis-
tributed by tide currents into the lagoon and would support TL’s
mangroves to adjust to SLR by increasing MAR, as seen in other studies
around the world (e.g., Thampanya et al., 2006; Hayden and Granek,
2015).

Core EVCO1 from the EV system showed corrected SAR values of 2.0
+1.1mmyr ! (1931-1983) and 3.0 + 0.2 mm yr ' (1988-2013). These
values were also in agreement with the rates of SLR reported for Estero
de Urfas Lagoon, 30 km south of EV (1.9 + 3.3 mm yr ' between 1953
and 1992, Zavala-Hidalgo et al., 2010; 3.87 £+ 0.12 mm yr'l, between
1990 and 2012; Ruiz-Fernandez et al., 2016). EV has a temporary
connection to the ocean during the rainy season (Flores-Verdugo et al.,
1995), during which SLR could cause an increase in mangrove sedi-
mentation by increasing the frequency and intensity of the inundations
caused by the tides and meteorological events (e.g., hurricanes and
tropical storms).

The removal or disturbance of mangroves, whether naturally or
anthropogenically caused, leads to a reduction in sediment accretion
and a loss of stability against coastline erosion (e.g., Mckee et al., 2007;
McKee, 2011; Hayden and Granek, 2015). The ability of a mangrove
ecosystem to adapt to SLR depends on factors such as river and marine
sediment inputs, the type and conditions of the mangrove communities,
and hydrogeomorphic conditions (Krauss et al., 2014). The findings of
this study indicate a link between increasing accretion rates at the
lowest level of a mangrove transect, the first to be impacted by an in-
crease in the frequency and duration of tidal flooding, such as that
caused by sea level rise, and suggest that the sedimentary and
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hydrological conditions in the TL and EV areas, as well as the states of
the studied mangroves, are favorable for sediment accretion at a rate
consistent with current local SLR and coastline stabilization.

5.3. Anthropogenic influences on MAR

MAR in sediment cores showed an exponential increase, mainly
accelerated since the 1950s, that was interpreted as the consequence of
increased continental erosion led by land-use change and a growing
population (e.g., Ruiz-Fernandez et al., 2009). The Carmen (including
Palizada-del-Este and Candelaria-Panlau systems) and Mazatlan
(including the EV system) municipalities doubled their population be-
tween 1900 and 1950. Over 1950-2020, the acceleration (x7 and x10
increase in Carmen and Mazatlan municipalities, respectively) was
matched by exponential MAR increases (Fig. 6).

The main land-use changes in the surroundings of TL started with the
development of the shrimp industry in 1947, induced by an agreement
between Mexico and US vessels to support the most intensive commer-
cial shrimp exploitation in the southern Gulf of Mexico; however, this
declined in the 1990s when various species of shrimps were close to
extinction (Ramos-Miranda and Villalobos-Zapata, 2015). The oil in-
dustry started in the 1970s, with the installation of administrative of-
fices of the Mexican state-owned petroleum company (PEMEX, Petréleos
Mexicanos) on Carmen Island to identify potential hydrocarbon reserves
in TL (Bach et al., 2005). Further oil exploration and exploitation
required destroying thousands of hectares of wetlands, especially in the
Palizada-del-Este system, where the main roads, pipelines, and canals
were installed (Ochoa, 2003). These two industries contributed to the
intensification of population growth on Carmen Island (Bach et al.,
2005). Other factors may have contributed to increasing continental
erosion in the lagoon and its surrounding areas, such as the development
of intensive agriculture and urban settlements, each of which increased
by 30% throughout the 1974-2001 period, while mangrove, tropical
forests, and aquatic vegetation progressively lost 31% of their original
cover during the same period (Soto-Galera et al., 2010).

For the EV lagoon, no quantitative studies are available on the
consequences of land-use changes on local vegetation; however, in
recent decades there has been a reduction in the extent of mangroves as
a result of land-use changes, mainly in terms of the development of
population settlements and productive activities such as tourism and
aquaculture (Briseno-Duenas, 2003). The annual deforestation rate in
the Mazatlan municipality was estimated at 0.36% from 1993 to 2011
(Monjardin-Armenta et al., 2017). Moreover, the EV system has been
affected by the recent urban expansion of Mazatlan City, a popular
tourist destination lying 30 km south of EV, which hosts one of the
largest tuna processing facilities in the world, the main tuna fishing fleet
of Latin America and the second largest fishing fleet of Mexico. Harbor
and tourism development caused substantial city growth, starting from
the 1960s and accelerating since the 1980s, following a direction par-
allel to the coast toward the north (Beraud-Lozano et al., 2009). In
particular, to the north of the city and along the main road leading
through the Quelite River Basin to the state capital Culiacan, there has
been informal urbanization, construction of intensive aquaculture ponds
and agricultural areas, and unregulated population settlements; all these
have contributed to the spatial transformation of the Mazatlan munici-
pality (Padilla and De Sicilia, 2020).

This study showed that, although the study areas have endured
several anthropogenic disturbances, sediment cores from these man-
groves recorded similar MAR growth patterns; these reflected an
increasing erosion trend in coastal areas and upper watersheds related to
land-use change. Efforts to monitor sediment accretion and improve
coastal zone management will allow a better understanding of the
mangrove responses to anthropogenic land-based activity and verifying
that the environmental services of mangroves, such as reducing the
impacts of waves, coastal erosion, storm and SLR-derived flooding
(Krauss et al., 2014) are preserved.
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6. Conclusions

Retrospective reconstruction of sediment accumulation over the past
century from Términos Lagoon and El Verde Camacho Lagoon, two
Mexican coastal lagoons with contrasting environmental characteristics,
was achieved through 2'°Pb-dating of mangrove sediment cores,
corroborated by the use of *’Cs and MAR maxima (attributed to
meteorological events) observed in the sediment records. Both areas’
sediment accumulation rates (SAR) were comparable to the global range
recorded for mangrove forests worldwide. Furthermore, all cores
showed exponential trends in the mass accumulation rate (MAR) to-
wards the present, accelerating since the 1950 s and matching the re-
ported population growth. Contrary to the study hypothesis, MAR
increases over the past century were similar, despite differences in
meteorological and demographic characteristics between the study sites.
This suggested that MAR increases are mainly affected by general factors
such as continental soil erosion promoted by land-use changes associ-
ated with the regional economic development, and sea-level rise related
to climate change, similar in the two study areas. In addition, the
density-corrected SAR values were comparable to those recorded in
previous studies in these regions, indicating that the fringe mangrove
sites of this study are currently under conditions favorable to sediment
accumulation at a rate comparable to local sea-level rise.
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Abstract

Despite their ability to mitigate climate change by efficiently absorbing atmospheric carbon
dioxide (COz) and acting as natural long-term carbon sinks, mangrove ecosystems have faced
several anthropogenic threats over the past century, resulting in a decline in the global
mangrove cover. By using standardized methods and the most recent Bayesian tracer mixing
models MixSIAR, this study aimed to quantify source contributions, burial rates, and stocks of
organic carbon (Corg) and explore their temporal changes (~100 years) in seven lead-210 dated
sediment cores collected from three contrasting Mexican mangrove areas. The spatial variation
in Corg burial rates and stocks primarily depended on the influence of local rivers, which control
Corg sources and fluxes within the mangrove areas. The Corg burial rates in the cores ranged
from 66 + 16 to 400 + 40 g m? yr''. The Core stocks ranged from 84.9 + 0.7 to 255 + 2 Mg ha!
at 50 cm depth and from 137 =2 to 241 =4 Mg ha' at 1 m depth. The highest Core burial rates
and stocks were observed in cores from the carbonate platform of Yucatan and in cores with
reduced river influence and high mangrove detritus inputs, in contrast to patterns identified
from global databases. Over the past century, the rising trends in Corg burial rates and stocks in
the study sites were primarily driven by enhanced inputs of fluvial-derived Cor and, in some
cores, mangrove-derived Core. Despite their decreasing extension, mangrove areas remained
highly effective producers and sinks of Corg. Ongoing efforts to enhance the global database
should continue, including mangrove area characteristics and reliable timescales to facilitate

cross-comparison among studies.

Keywords: organic carbon; burial rate; stock; mangroves; 2!°Pb radiochronology; MixSIAR.
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1. Introduction

Despite the multiple benefits provided by mangroves (Blankespoor et al., 2017b; Primavera et
al., 2019b), the world's mangrove cover has declined due to land-use changes, particularly the
conversion of mangroves to aquaculture and agriculture areas (Goldberg et al., 2020; Valiela et
al., 2001). Thanks to the implementation of conservation policies, the worldwide rate of
mangrove cover loss is now lower than in the past (i.e., >2% in 1980-2005, FAO, 2007; 0.16—
0.39% in 2000-2012, Hamilton and Casey, 2016). Nevertheless, the loss rates vary among
countries (e.g., 0.7% in Myanmar, 0.08% in Mexico, and 0.03% in Australia between 2000 and
2012; Hamilton and Casey, 2016) due to differences in mangrove management policies and
regulations, economic conditions, and demography (J. H. Primavera et al., 2019). In addition,
the loss rates do not provide information about the conservation status of the remaining forests
or the magnitude of potential loss in ecosystem services and carbon storage.

The extent of ecosystem service loss resulting from mangrove cover loss varies depending
on the type of mangrove and the hydrologic and biogeographic characteristics of the region.
Furthermore, a large fraction of sedimentary organic carbon (Corg) stocks in degraded mangrove
ecosystems may be oxidized to carbon dioxide (CO2) and released into the atmosphere,
contributing to global warming (Hamilton and Friess, 2018; Kauffman et al., 2014). Therefore,
the conservation and restoration of mangroves are significant and low-cost strategies for climate
change mitigation to reduce atmospheric CO, (Murdiyarso et al., 2015; Pendleton et al., 2012),
needed to keep global warming under two °C by 2050 (Paris Agreement, 2015).

The study of Corg burial rates and stocks is essential for conducting comprehensive
assessments of actual and past Corg storage in mangroves. The wide ranges of Corg stocks (72—
936 Mg ha'!'; Atwood et al., 2017) and Cor, burial rates (2.3—-1750 g m* yr'!; Breithaupt and
Steinmuller, 2022) in mangrove ecosystems worldwide result from the strong spatial and

temporal heterogeneity of processes (e.g., climate, hydrology, sedimentary and geomorphic
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settings) that influence Coz accumulation and degradation, and therefore complicate the
understanding of Corg dynamics and their implications at regional and global scales (Breithaupt
and Steinmuller, 2022; Rosentreter et al., 2018). Uncertainty persists regarding mangrove
responses to climate-induced factors (e.g., droughts, floods, hurricanes) and anthropogenic
interventions (e.g., land-use changes, deforestation), with impacts spatially nonuniform
worldwide (Macreadie et al., 2019).

The stable isotopic composition of carbon (8'3C) and nitrogen (8!°N) and the C:N ratio are
valuable indicators for discerning the origin of Cor stored in mangrove sediments (e.g.,
Bouillon et al., 2003, 2008; Kusumaningtyas et al., 2019), which enable the interpretation of
the variability of Corg accumulation and the effectiveness of Corg storage. Unlike linear mixing
models, which use a fixed isotopic composition for each source, Bayesian tracer mixing models
account for the potential variability within isotopic composition data (i.e., mixtures and
sources) and effectively propagates the associated uncertainties, resulting in more realistic
predictions within the estimated likelihood (Stock and Semmens, 2016a). The Bayesian mixing
model MixSIAR is the most recent advancement among mixing models. It builds upon years
of investigation on mixing models, incorporating features from previous models, such as
MixSIR (Moore and Semmens, 2008) and SIAR (Parnell et al., 2013, 2010), and introducing
novel user-specified parameters (e.g., a priori information, categorical and continuous
covariates) to improve accuracy and reliability in estimating source-to-mixture proportions
(Stock et al., 2018). It has been successfully employed to investigate food webs and trophic
structures (e.g., Soria-Barreto et al., 2021) and carbon sourcing in river catchments (e.g.,
Menges et al., 2020). In mangrove sediments, carbon sources may exhibit notable spatial and
temporal variations (e.g., Gonneea et al., 2004), however the flexibility and repeatability of
MixSIAR enables the exploration of most realistic predictions by creating a framework of

different Bayesian mixing models and incorporating customizable options.
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In a previous study, Jupin et al. (2023) assessed the temporal trends of sediment
accumulation rates over the past century in seven lead-210 (*'°Pb) dated sediment cores
collected in mangrove areas in two contrasting coastal lagoons of Términos Lagoon (TL) in the
southern Gulf of Mexico and El Verde Camacho Lagoon (EV) in the entrance of the Gulf of
California. The study lagoons exhibited contrasting characteristics, as TL experienced higher
rainfall rates, river discharges, and economic development than EV. Consistent exponential
trends in mass accumulation rates (MAR) towards the present were observed across all cores,
with an acceleration noted since the 1950s. These trends were attributed to continental soil
erosion induced by land-use change and sea-level rise.

The present study, based on the 2!°Pb-derived chronology previously established for the
seven sediment cores from TL and EV mangroves, provides new insights on changes in source
contributions, burial rates, and stocks of sedimentary Co over the past century, by using
Bayesian tracer mixing model MixSIAR and standardized methods. The main questions
addressed in this study were: i) how do the ranges of Cq, burial rates and stocks in the study
areas compare to each other and with other mangrove ecosystems worldwide? ii) have changes
in sediment and C, sources influenced the temporal trends (~100 years) of Core burial rates
and stocks in the study sites? Over the past century, an overall decline in Corg concentration,
burial rates, and stocks was hypothesized as a result of increasing land-use changes, mangrove

cover loss, and sediment inputs, which would favor the accumulation of allochthonous Corg.

2. Study sites

2.1. Términos Lagoon

Términos Lagoon (TL), in the southern Gulf of Mexico, is Mexico’s most extensive coastal
lagoon (Yafiez-Arancibia and Day, 1982; Contreras-Ruiz-Esparza et al., 2014). It is

characterized by a permanent water exchange with the Gulf of Mexico via the inlets on opposite
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sides of Carmen Island (Fig. 1). The Palizada-del-Este (PDE) in the western zone and the
Candelaria-Panlau (CP) in the eastern zone of TL were previously defined as fluvial-lagoon
subsystems (e.g., Rendon-Von Osten et al., 2006; Medina-Gomez et al., 2015). Details
regarding the main geological, climatic, and hydrologic characteristics of PDE and CP are
detailed in Table 1. TL has experienced significant land-use changes due to the population
growth of El Carmen Municipality, mainly driven by shrimp and oil industries since the 1950s
and 1970s, respectively. The construction of canal networks, pipelines, and roads has negatively
impacted wetland areas, particularly the PDE system (Ochoa, 2003). In the basins of the main
rivers that discharge into TL, the gradual conversion of wetlands and primary forests into urban
and agricultural zones accounted for a forest cover loss of ~31% between 1974 and 2001
(Cotler-Avalos, 2010; Soto-Galera et al., 2010).

Previous studies about Corg accumulation in TL mangrove sediments include Corg burial rates
in channels at southeastern Carmen Island (53 and 65 g m™ yr'!, Gonneea et al., 2004) and Corg
stocks in the southeast of Carmen Island (12-222 Mg ha!, Cer6n-Breton et al., 2011) and in
the Pom-Atasta System northwest of TL (80-236 Mg ha!, Guerra-Santos et al., 2014).
However, Corg stocks were obtained from undated sediment cores (30 or 60 cm long), so they
were likely not formed during comparable periods. Presently, studies examining Core sSources,
burial rates, and stocks in mangrove areas of TL and its subsystems are scarce, especially using

210pp-dated sediment cores.

2.2. El Verde Camacho Lagoon

El Verde Camacho Lagoon (EV) is a 47-hectare (ha) internal coastal barrier lagoon (Fig. 1,
Table 1). It receives marine water inputs during the rainy season (June to October) when the
sandbar breaks due to the higher elevation of tides, the larger Quelite River discharge, and

occasional tropical storms and hurricanes (Flores-Verdugo et al., 1995). The beach and
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Figure 1. Location of the seven sediment cores (%) collected in Términos Lagoon (southern
Gulf of Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of California).
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Table 1. Main characteristics of the study sites in the southern Gulf of Mexico and the entrance of the Gulf of California.

Characteristics Palizada-del-Este  Candelaria-Panlau El Verde Camacho Reference

Sedimentary setting* Terrigenous Carbonate Terrigenous Ortiz-Pérez and de la Lanza-
Espino (2006); Rendén-Von

Geomorphic class Fluvial-Lagoon Fluvial-Lagoon Lagoon Osten et al. (2006); Medina-
Goémez et al. (2015)

Climate regime (type) Warm, humid Warm, sub-humid Very warm, semiarid Garcia (1973); Brisefio-Duenas

(Am(f)) (Aw2(w)) (BW(h")w(e)) (2003); Ochoa (2003);

Mean annual precipitation (mm yr!) 1,750 1,400 750 CONAGUA (2015); Ramos-

Mean annual temperature (° C) 27 27 25 Miranda and Villalobos-Zapata

Mean annual salinity 4 15 14 (2015)

River name Palizada Candelaria + Mamantel  Quelite -

Annual mean discharge (10° m® yr'!) 9.1 1.6 +0.16 0.11 B;Z)Clh;t al. (2005); Fichez et al.

Basin (km?) 40,000 7,160 + 520 835 ( )

Annual mangrove loss (ha yr!)** 60 16 1

Total mangrgve loss (‘%())**y : 21 9 27 CONABIO (2013a, 2021)

*Sedimentary settings were defined based on Breithaupt and Steinmuller (2022). Terrigenous settings indicate externally sourced sediments;
carbonate settings indicate locally formed sediments through calcareous processes.
** Mangrove loss was estimated over the 1970-2020 period based on CONABIO (2013a, 2021).
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wetlands in EV are relatively well preserved; however, native vegetation loss has been
promoted by the development of tourism, aquaculture facilities, and human settlements in the
Mazatlan municipality (Brisefio-Duefias, 2003). The mean annual deforestation rate in
Mazatlan was estimated at 0.36% between 1993 and 2011 (Monjardin-Armenta et al., 2017).
During the dry season, ~90% of Cor inputs to the EV come from mangrove leaf defoliation,
whereas during the rainy season, Corg is exported to the ocean through the Quelite River and
tidal currents (Flores-Verdugo et al., 1995, 1987; Gonzélez-Farias and Mee, 1988). To our
knowledge, there are no previous investigations on sedimentary Core burial rates and stocks in

EV mangroves.

3. Methods

3.1. Sampling, dating, and analysis

Core sampling and sediment dating

Sampling and 2!°Pb dating of the cores are detailed in Jupin et al. (2023). Briefly, sampling sites
were selected by analyzing mangrove distribution in the study areas using aerial photographs
and satellite images (CONABIO, 2021, 2013) to identify unchanged mangrove areas over the
past 50 years. Two sediment cores were to be retrieved at each study site to guarantee duplicate
samples and high-quality data. However, the presence of fine roots at one sampling site within
the CP system prompted the collection of an additional core from a third sample site to ensure
accurate 2!°Pb dating of the cores. Ultimately, a total of seven sediment push cores (PVC tubes
of 10 cm internal diameter, 1 m length) were collected in 2021 in undisturbed flat areas within
fringe mangrove communities with similar topographic features and species composition for
site comparison (Table 2). All cores yielded positive results upon processing, enabling the
valuable reconstruction of local variations in Corg burial rates and stocks, especially in regions

where data is notably scarce and absent from the global database. The cores were extruded and
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Table 2. Sampling data of mangrove sediment cores from Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance
of the Gulf of California).

AR

Coordinates Dominant ) M
Age (dated period) (2 cm? yr)

System  Core collection date Core name Length (cm) (Latitude N longitude W) mangrove species

Términos Lagoon

PDE 2001-02-11 LTMPAO1 69 18°20.3319; 91°47.7541 Rm 102 (1918-2020)  0.25+£0.03
LTMPAO2 47 18°29.0131; 91°47.7362 Rm; Ag; Lr 120 (1900-2020)  0.27 £0.01
LTMCAO1 66 18°37.1903; 91°16.0722 Rm; Ag; Lr 118 (1902-2020)  0.24+£0.01

CP 2021-02-12 LTMCAOQ02 64 18°38.4186; 91°16.3408 Rm; Lr 117 (1903-2020)  0.14£0.01
LTMCAO03 76 18°37.6450; 91°16.7640  Rm; Lr 112 (1908-2020)  0.20 £0.07

El Verde Camacho Lagoon

EV 2021-07-06 EVCO01 65 23°42.384; 106°55.820 Rm; Lr 90 (1931-2021) 0.43 £ 0.20%*
EVC02 69 23°43.893; 106°57.387 Rm 118 (1903-2021) 0.43 £0.08*

PDE: Palizada-del-Este; CP: Candelaria-Panlau; EV: El Verde Camacho.
Rm: Rhyzophora mangle; Lr: Laguncularia racemose; Ag: Avicennia germinans.
* Mass accumulation rates (MAR) were calculated excluding maxima attributed to meteorological events. See the text for an explanation.
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sectioned at 1 cm intervals, and the samples were lyophilized and ground to powder with
porcelain mortar and pestle (except those for grain size analysis). Analytical results are
expressed on a dry weight basis.

For core dating, 2!°Pb, 2*Ra, and '3’Cs activities were determined by low background
gamma-spectrometry as described in Diaz-Asencio et al. (2020). The Constant Flux (CF)
model, which assumed a constant flux of atmospheric 2!°Pb to the sediment surface, was used
to obtain the age models and the mass accumulation rates (MAR; g cm™ yr'!) of the cores
(Sanchez-Cabeza and Ruiz-Fernandez, 2012). Dating uncertainties were estimated using Monte
Carlo simulation with 30,000 iterations (Sanchez-Cabeza et al., 2014). To strengthen
confidence in the 2!°Pb chronologies, ages derived from CF model were cross-compared to
those generated by Bayesian 2!°Pb age-depth using the package rPlum (Blaauw et al., 2021).
The maximum of '3’C activities and the identification of meteorological events were used to

corroborate the 2!°Pb chronologies in the sediment cores.

Element and isotopic composition
Concentrations of organic carbon (Cor) and total nitrogen (N) and isotopic composition of C
(8"3Corg) and N (8'°N) were measured with an Elemental Analyzer Flash 2000 HT coupled to
an Isotope Ratio Mass Spectrometer Delta V Advantage (EA-IRMS) from Thermo Fisher
Scientific. For Corg and 8'3Corg determination, carbonates were removed from bulk sediment
using HCI (10 %) before analyses. N and 8'°N were determined on bulk sediments. Isotope
ratios were reported in the conventional delta (6 in %o) notation relative to Pee Dee Belemnite
(PDB) carbonate standard and atmospheric N (air), respectively.

Element composition (Al, Ca, Ti, Na) was determined using an Inductively Coupled Plasma
— Mass Spectrometer (ICP-MS) Agilent 7500 cx, for which aliquots of ~25 mg of sediments

were previously acid-digested (2 ml HF 40% Normapure, 1 ml HCIO4 70-72% Merck, 2 ml
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HNO3 65% Normapure) on a hot-plate (150°C for six days) (Carter et al., 2015). The annual
fluxes of Al and Ca were calculated by multiplying their respective element concentrations by
210pb-derived MAR. They served as indicators of terrestrial inputs originating from river basins
with terrigenous (PDE and EV) and carbonate (CP) settings (Table 1). The Al/Ti ratios were
used to discern variations in mineralogical composition or input sources within the sediment

cores and the Na/Al ratios were used as a proxy for assessing marine influence and paleosalinity

(Croudace and Rothwell, 2015).

Quality control and quality assurance

Analysis of certified reference materials provided results within the reported range of the
recommended values, including IAEA-384 for gamma-ray spectrometry, MESS-3 for trace
elemental analysis, and HOS for EA-IRMS. The analytical precision was determined through
the coefficient of variation (CV (%) = standard deviation/mean value x 100) from replicate
analysis of a single sample (n = 6); CVs were <5% for 2!°Pb, !*’Cs, and elemental determination,

and <0.35% for §!3Core and 3'°N.

3.2. Data treatment

Mixing model setup for organic carbon sources

The fractions of different sources contributing to sedimentary Corg in the cores were estimated
using the Bayesian isotope mixing model MixSIAR (Stock and Semmens, 2016a; Stock et al.,
2018). The mixture data were the 8'*Core and 8 1°N values (n=327) from the seven study cores
(Fig. 2). Reference 8'3Corg and 8 °N values for the main sources were obtained from previous
studies (Table S1, in Supplementary Material) in the study sites or their vicinity. The reference
source values were averaged, and the means, along with their standard deviations (mean + SD),

were utilized in the mixing model (Stock and Semmens, 2016b). Primary sources included: 1)
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mangrove detritus, mainly composed of mangrove leaves, and considered the primary in situ
Corg source; ii) particulate organic matter of terrestrial origin transported by rivers; and iii)
phytoplankton, as an indicator of marine-derived Corz for EV and Corg originating from the TL
for PDE and CP.

Assumptions of the model included that all sources were known and quantified, mixture data
were conserved through the mixing process and mixture and source values were fixed (Stock
and Semmens, 2016b; Stock et al., 2018). The MixSiar parameters can include a discrimination
factor to address variation between values found in the mixture and those from the sources. In
this study, this factor was considered as negligible and defined as ‘0’ in the models, on the
assumptions that diagenesis had a limited impact on the stable isotope composition of carbon
and nitrogen (Cifuentes et al., 1996; Kusumaningtyas et al., 2019; Meyers, 1997) and mixing
values found in sediments cores, representing different ages, were comparable to contemporary
published source values (Douglas et al., 2022; Menges et al., 2020). Those assumptions were
supported by the minimal differences observed in 8'*Cors and 8'°N values between preserved
mangrove leaves and detritus from published values (Gonneea et al., 2004; Medina-Contreras
et al., 2023; Sepulveda-Lozada et al., 2017, 2015). The model setup included as categorical
factors the core name per site and decadal periods (e.g., 0-10 years). Sections older than 100
years were categorized as "> 100 years”. The prior was defined as an “uninformative” prior
with o= c(1,1,1) to indicate equal weighting for each source without any prior information
influencing the model. MixSIAR models were executed using Markov Chain Monte Carlo
(MCMC). Results were summarized as boxplots of the posterior density distributions, i.e.,
mean, standard deviation, and Bayesian 5-95% credible intervals of each categorical factor.

Corg sources in mangrove sediments may vary spatially and temporally (Adame and Fry,
2016; Gonneea et al., 2004). A comprehensive literature review was conducted to identify

studies providing source values that best represented the study sites and addressed minor
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uncertainty. The utilization of local or regional reference values from published data, while
occasionally limited for certain sites, proved effective in minimizing uncertainty and enhancing
consistency in mixing models compared to global means. To guarantee accurate estimation of
the posterior distributions, a MCMC run (selected as "long" within the software) consisting of
300,000 iterations was executed. The model convergence was assessed through the Gelman-
Rubin and Geweke tests (for more detail, see Stock and Semmens, 2016b). Changes in Corg
sources were further associated with temporal variability of additional indicators, such as the
C:N ratio, elemental composition, and environmental data (e.g., precipitation, river discharge,

and land-use change).

Organic carbon burial rates and stocks

Corg burial rates (g m? yr'!) were calculated as the product of Cory concentrations and 2!°Pb-
derived MAR at each core section (Ruiz-Fernandez et al., 2018b). MAR maxima in EV cores
were attributed to meteorological events (Jupin et al., 2023) and excluded from the calculations.
Corg stocks (Mg ha'!), which represent the current amount of Core stored within the sediment
that might be released as CO> emissions if mangrove sediments were disturbed, were calculated
as the sum, from the core surface to the bottom, of the product of the concentration of Corg, the
dry bulk density, and the thickness of each section (Howard et al., 2014). For comparison
purposes, Corg stocks in all cores were calculated up to 50 cm depth (Corg stock-soem). For
sediment cores displaying constant Co concentrations in their bottom sections (i.e.,
LTMPAO2, LTMCAO03, EVCO1, Fig. 3), suggesting negligible Cor, degradation over time, Corg
stocks were extrapolated to 1 m depth (Corg stock.im) by extending the known average Core stock
from the bottom sections up to the depth of 1 meter, assuming uniformity of Core stock in the
intervening layers (Ruiz-Fernandez et al., 2018a). The resulting Core stock.im were compared

with the global database (Atwood et al., 2017), exclusively considering information from
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Figure 3. Elemental concentration and isotopic composition of C and N, and C:N ratios in
mangrove sediment cores from Términos Lagoon (southern Gulf of Mexico) and El Verde
Camacho Lagoon (entrance of the Gulf of California).
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countries with available field data (i.e., excluding country estimations derived from calculations
based on the global mean Corg stock-1m). The temporal variation of Corg stocks was calculated
per decade (stocks.ioyr), century (Corg stock-10oyr), as well as for the periods 1900-1950 (Corg
stock.1900-1950) and 1950 to sampling date (Corg Stock-1950-2021).

The CO; equivalent (COxeq, in Mg ha'!) emissions, in case of significant Corg stock loss, were
calculated by multiplying the Corg stocks (at 50 cm or 1 m) by the conversion factor 3.67 (i.e.,
the ratio of C to CO> molecular weights) (Howard et al., 2014). Potential annual COzeq
emissions from mangrove losses were estimated by multiplying the mean COxeq per site by the
mean yearly mangrove habitat loss calculated for 1970-2020 (CONABIO; 2013a, 2021). The
uncertainties of Core stocks, burial rates, and COeq emissions were estimated by quadratic
uncertainty propagation (Cuellar-Martinez et al., 2019). The uncertainties of Corz stocks by
depth (1-6%) were low owing to the precision of the Co; measurements, whereas the larger
uncertainties in 10 years-Corg stocks (7-32%) were primarily caused by the MAR uncertainties,

associated with the dating computation.

Statistical analysis

The Shapiro-Wilk test confirmed that the variables in the dataset were not normally distributed.
The distribution of variable ranks among cores was compared using the non-parametric
Kruskal-Wallis one-way analysis of variance (ANOVA) and the post-hoc Dunn test.
Associations between variables were assessed through a Spearman correlation analysis

followed by a Student's t-test. All tests were performed at a 95% confidence level.

4. Results

4.1. Organic carbon and total nitrogen concentration and trends
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The Cog and N concentrations were highest (p<0.05) in core LTMCAO02 and lowest in
LTMPAO02, but comparable among the rest of the TL cores (LTMCAO02 > LTMCAO01 =
LTMCAO3 = LTMPAO1 > LTMPAO2; Table 3). In EV, EVC02 Co concentrations were
higher (p<0.05) than in EVCOI1. Significant correlations (p < 0.05) between Co and N
concentrations (r>0.90 in PDE; r>0.86 in CP; r>0.90 in EV) were observed in the sediment
cores, indicating that N content in the sediment was predominantly originated from organic

sources. Corg and N concentrations gradually increased from the oldest sections to the present

(Fig. 3).

4.2. Organic carbon sources

C:N ratios and Corg and N isotope composition

In TL, C:N ratios and 8'*Core and 8'°N values were highest (p<0.05) in LTMCAO02 and lowest
in LTMPAO2, but comparable in the other cores LTMCAO1, LTMPAO1, and LTMCAO3 (Table
3). In EV, the cores EVC02 and EVCO01 had comparable C:N ratios but different 8'*Cory and
8N (EVCO01 > EVC02). The C:N ratios in all cores generally decreased from the older sections
to the last few decades, followed by an increase observed in the period 2000-2021 (Fig. 3). In
the TL cores, 8'3Corg values generally decreased toward the most recent sections, whereas 6'°N
profiles showed high variability. In EV cores, 8'3Cors and 8'°N values increased from older

sections to the early 2000s and then decreased to the present time.

Mixing model

The relative contribution of the primary sources of Co to the sediments varied both
geographically and temporally, with the predominance of autochthonous mangrove detritus in
LTMPAO1 and LTMCAO02, and the predominance of allochthonous fluvial Corg in LTMPAO2,

LTMCAO1, and LTMCAO3 (Table 4). In EV cores, allochthonous fluvial Corg predominated in
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Table 3. Elemental concentration and isotopic composition of C and N, C:N ratio, and burial rates in mangrove sediment cores from Términos

Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of California).

Corg burial rate

Core Statistics Corg (%) N (%) 813Corg (%o0) 815N (%o) C:N ratio (g m? yr)
Términos Lagoon
Min 1.69 +0.02 0.112 +0.002 -29.94 +0.06 3.7+0.1 14.6 +£0.3 25+ 13
LTMPAO1 Max 10.8 £ 0.1 0.54 +0.01 -26.98 + 0.06 5.1+0.1 29.4+0.9 430+ 170
Mean 3.90 +0.05 0.222 +0.004 -28.09 +0.06 43+0.1 19.3+04 140 + 65
Min 0.97+0.03 0.078 £ 0.002 -28.4+0.1 43+0.1 125+04 4+£2
LTMPAO02 Max 4.66 £ 0.04 0.275 +0.003 -26.4+0.1 6.3+0.2 22.9+0.5 210+ 30
Mean 1.91 +0.03 0.154 + 0.002 -27.0+0.1 52+0.2 15.7+0.5 66+ 16
Min 1.50 +0.03 0.109 +0.001 -27.9+0.1 42+0.3 13.6+0.4 11+5
LTMCAO1 Max 14.3+0.1 0.531 £ 0.007 -259+0.1 6.5+0.3 35.8+£0.8 490 + 50
Mean 3.13+0.04 0.211 +0.004 -26.7+£0.1 52+0.3 20.0+0.5 110 + 23
Min 12.20+£0.2 0.386 + 0.006 -29.6 £0.1 1.6+0.3 18.9+0.6 81 +16
LTMCAO02 Max 32.0+0.5 1.57+£0.02 -26.1 £0.1 2.7+0.3 69 +2 800 + 84
Mean 24.6 +0.4 1.09 +0.02 -28.5+0.1 2.2+0.3 26.5+0.8 400 + 40
Min 2.53 +0.04 0.163 +0.005 -27.7+0.1 4.03 +0.05 89+0.3 24+ 13
LTMCAO03 Max 11.7+0.7 0.69 +0.02 -25.90 + 0.06 6.44 £ 0.05 26+ 1 290 + 30
Mean 44+0.3 0.315 +0.009 -26.72 +0.08 50+0.3 14+ 1 120 £ 24
El Verde Camacho Lagoon
Min 0.65 +0.04 0.032 +0.001 -26.51 £0.03 6.21 £0.01 10.9+0.3 12+13
EVCO1 Max 4.56 +0.05 0.244 + 0.005 -23.94 £ 0.03 9.3+0.2 25+2 270 £+ 160*
Mean 1.53 £0.04 0.010 + 0.002 -249+0.1 8.0+0.1 17.5+0.9 86 £ 95*
Min 1.63 +0.07 0.100 + 0.004 -27.59+0.03 29+0.3 14.8+0.6 33+£22
EVCO02 Max 8.90 +0.07 0.396 + 0.007 248 +£0.2 7.5+£0.3 26+ 1 800 + 240*
Mean 3.17+£0.05 0.190 + 0.005 -25.8+0.1 6.0+£0.3 19.4+0.8 190 + 30*

Corg: organic carbon; N: total nitrogen; Min: minimum; Max: maximum.
* Corg burial rates were calculated excluding maxima of mass accumulation rates attributed to meteorological events. See the text for an explanation.
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Table 4. Storage and source contributions of organic carbon in mangrove sediment cores from Términos Lagoon (southern Gulf of Mexico) and

El Verde Camacho Lagoon (entrance of the Gulf of California).

Stocks (Mg ha!) Mean contribution of Corg sources (%)
Over the Over the Over  the
Core 1900-1950 19502021  past 100 10 S0 cmExtrapolated Mangrove gy i) Phytoplankton
s : depth to 1 m depth (detritus
period period years

Términos Lagoon

LTMPAO1 Corg 19+3 92+3 105+ 1 131£0.8 na 55 39 13
CO2¢q 72+9 337+ 11 385+4 478 +3 na

LTMPAO2 Corg 6.4+0.3 432 +0.6 478+0.5 849+0.7 137+2 19 64 17
CO2¢q 24+ 1 158 +2 176 +2 311 +2 501 +6

LTMCAO! Corg 8.0+0.5 69 £ 1 742+£09 106+0.7 na 14 71 15
CO2¢q 29£2 251+4 272 +3 387+3 na

LTMCAO02 Corg 50+1 254+ 1 276.1+0.9 255+2 na Q4 3 13
CO2¢q 182+3 899+ 4 1013+£3  935+6 na

LTMCAO3 Corg 152+0.4 86 +0.6 954+£0.6 137+2 241 +4 b4 65 1
CO2¢q 56+1 316 +2 350+2 502+6 883+ 13

El Verde = Camacho Lagoon

EVCO1 Corg 162 70 +3 79 +3 97.6+£0.7 1821 b1 73 1
CO2¢q 5846 258 + 12 291+£10 35843 666 + 4

EVC02 Corg 36 +1 113+2 139+3 114.4+0.7 na 43 41 16
CO2¢q 133+4 414 +7 512+10  429+3 na

Corg: organic carbon; COxeq: carbon dioxide equivalent emissions in case of sediment disturbances in the sampling sites.
na = not available. See the text for an explanation.
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EVCO01, while EVCO02 sediments exhibited a combination of mangrove detritus and fluvial Corg.
Only a minor contribution of phytoplankton-derived Corg was observed in the cores (Table 4).
In the sediment cores, both fluvial and mangrove Corg sources generally increased by 5-41%
and by 5-32%, respectively, from before the 1900s to the 2000s (Fig. 4), except in LTMCAO02
where fluvial Corg remained minimal (1.2—4.4%). After the 2000s, contributions of mangrove
detritus increased by 18-20% in PDE cores, 5-6% in CP cores, and 19-27% in EV cores.
Simultaneously, contributions of phytoplankton-derived Core decreased by 12-32% in all cores,
except for EVCO1, where contributions remained consistently low (0.5-3.6%). The Bayesian
5-95% credible intervals for Core sources in the CP cores during the period 1961-1981 were
notably wider compared to other time intervals. In LTMCAO1 and LTMCAO3, this period
revealed an increase of 11-14% in the contribution of lagoon phytoplankton-derived Corg, along
with a simultaneous reduction of 21% in the contribution of fluvial Cor, relative to the
preceding decade. The core LTMCAO2 recorded a 6% increase in lagoon phytoplankton-

derived Corg, with no concurrent increase in fluvial Corg.

Indicators of terrestrial and marine inputs
In the post-1950s segment, the Al and Ca concentrations and the Al/Ti ratios generally
increased in all cores, whereas the Na/Al ratios decreased, particularly in cores LTMPAOI,

LTMCAO1, LTMCAO3, and EVCO1 (Fig. 5).

4.3. Organic carbon burial rates and stocks
The order of Coy burial rates in TL cores was LTMCAQ02 > LTMCAO1 = LTMCAO3 =
LTMPAO1 > LTMPAO2, whereas in EV cores, they were higher (p<0.05) in EVCO02 than in

EVCO1 (Table 3). Both Corg stocks.oyr and burial rates increased steadily from the early 1900s
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Figure 4. Temporal variation of organic carbon (Cory) stocks and source contribution in
mangrove sediment cores from Términos Lagoon (southern Gulf of Mexico) and El Verde
Camacho Lagoon (entrance of the Gulf of California).
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to the present in all cores, although the pace accelerated from the ~1950s onward (Figs 4 and
5).

Corg stocks.soem were higher in CP than other systems, whereas Corg stocks.im (where
available) varied considerably (LTMCAO03 > LTMPAO1 > EVCO1) (Table 4). The lowest Corg
burial rates were observed in the cores LTMPAO2 and EVCO2 that were collected in mangrove
areas closer to river mouths. In contrast, the highest Cor burial rates were found in cores
LTMCAO02 and LTMPAOL1 collected farther from the direct river influence (Fig. 1). Corg stocks.
1950-2021 were ~12-329% higher than Corg stocks-1900-1950 (Table 4), contributing to 80-92% of the
total stocks accumulated between 1900 and 2021 in each core. The Corg stocks.ioy: in core
LTMCAO2 were the highest, ranging from ~2 to 6-fold higher than in the other cores (Fig. 4).
The potential CO2eq emissions in case of sediment disturbances reached 311-935 Mg ha! at 50
cm depth and 501-883 Mg ha'! at 1-meter depth (where available) (Table 4). Potential annual
COs¢q emissions from mangrove losses per site were 30.1 = 0.4 Tg yr'! in PDE, 14.1 + 0.2 Tg

yr'lin CP, and 0.67 +0.01 Tg yr'! in EV.

5. Discussion
5.1. Major sources of organic carbon

The dominant fluvial Corg contribution (64—78%; Table 4) in cores LTMPAO02, LTMCAOI,
LTMCAO3, and EVCO1 is a common feature in river-influenced mangrove ecosystems, where
the allochthonous Corg usually represents most of the total contribution (Kusumaningtyas et al.,
2019; Sasmito et al., 2020). The relatively minor contribution of phytoplankton-derived Corg
(1-17%; Table 4) or seagrass material in all cores suggested a limited influence of the tidal
regime onto the Corg supply to the sediments, in comparison to the fluvial sources. Seagrass is
often considered in the investigation of organic matter sources in mangroves (Gonneea et al.,

2004; Sepulveda-Lozada et al., 2017, 2015) and was initially integrated as a primary source in
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the mixing models. However, during the preliminary analysis of 8'*Corg and 8'°N values within
the mixing polygon defined by basal sources (Fig. 2; Brett, 2014), the integration of seagrass
as a source resulted in mixing data falling outside the polygon, indicating an incorrect or
missing source (Stock and Semmens, 2016b), and led to convergence issues in the models.
While seagrass may be present in the study sites, it was determined as a minor contributor
(<2%) and therefore was excluded in this study.

The relatively high accumulation of mangrove-derived detritus Corg in cores LTMPAOI and
LTMCAO2 (55 and 84%, respectively; Table 4) is typical for mangrove ecosystems without
significant river or tidal influence, where Corg primarily originates from autochthonous sources,
such as mangrove leaves and roots (Alongi, 2014). The high contribution of mangrove detritus
in the mixing models was aligned with the highest C:N values (29—69; Table 3), corresponding
to values generally found in mangroves detritus (20-30 in mangrove leaves and 50-60 in
mangrove wood; Lallier-Verges et al., 1998; Marchand et al., 2005). The uppermost sections
of other cores (LTMPAO02, EVCO01, and EVCO02) also showed high C:N values coinciding with
lower 8'3Corg and 8'°N values (Fig. 3) that indicated a higher contribution of mangrove detritus
in the most recent period (2021-2011).

The core EVCO02 displayed a mixture of fluvial Corg and mangrove detritus sources (41 and
43%, respectively; Table 4), attributed to changes in hydrodynamic conditions influenced by
river discharge and storms (Jupin et al., 2023). The impact of storms on Corz accumulation can
vary considerably, influencing river and tidal currents and sediment dynamics in two ways: 1)
increasing Corg accumulation, facilitated by the trapping of material (e.g., fallen vegetation)
derived from storms by mangrove root systems, ultimately resulting in higher sediment
accretion and Corg accumulation; or ii) causing erosion, Corg e€xportation to the ocean, or
mangrove degradation leading to a reduction in productivity (Pérez et al., 2018; Smoak et al.,

2013). EVCO02 registered a greater influx of Co during these particular events (Fig. 5),
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suggesting that its location, farther from the influence of the Quelite River, was prone to Corg

accumulation during storms, in contrast to EVCOI.

5.2. Accumulation of organic carbon in contrasting environmental settings

The mean Corg burial rates in PDE (103 £47 gm2 yr'') and EV (138 £ 70 g m2 yr!) fell within
the global mean for mangroves of 138.6 (120.3-158.8) g m? yr! (Fig. 6; Breithaupt and
Steinmuller, 2022), whereas those in the CP system (210 =30 g m yr'!) were above the global
mean. According to observations from global databases (Breithaupt and Steinmuller, 2022;
Woodroffe et al., 2016), mangroves in estuaries or terrigenous settings, which usually receive
high contributions of allochthonous Cor, tend to exhibit higher Core burial rates compared to
mangroves in lagoon or carbonate settings. Conversely, in this study, the highest Corg burial
rates were found in mangrove areas where the input of autochthonous Co prevailed
(LTMCAO2 and LTMPAO1; Fig. 4) and in mangroves in carbonate settings (CP) compared to
those in terrigenous settings (PDE and EV). The comparable Co burial rates among cores from
the three subsystems (LTMPAO1, LTMCAO1, LTMCAO03, and EVCO02; Table 3) and the
significant (p<0.05) differences in Cor, burial rates among cores from the same study site (e.g.,
LTMPAO1 > LTMPAO2 in PDE; LTMCAO02 > LTMCAO1 and LTMCAO02 > LTMCAO3 in
CP; and EVC02 > EVCO1 in EV; Table 3) suggested that, irrespective of the sedimentary
settings or geomorphic classes, the spatial distribution of Corg burial rates in the study sites was
somewhat influenced by local conditions, specific to each core surroundings. The disparity
between local and global observations can be attributed to the high local-scale variability
commonly observed in mangroves (Jennerjahn, 2020; Pérez et al., 2018), which increases data
uncertainties and database biases (e.g., interpolation errors, different timescales, and
insufficient data; Sidik and Friess, 2021). The complexity of the processes that affect Corg

accumulation in mangroves, often overlooked in global-scale analyses, is shown by the wide
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range of reported Corg burial rates in mangrove ecosystems worldwide, which tend to broaden
as more data are reported (20-1020 g m? yr!, Breithaupt et al., 2012; 2.33-1749 g m? yr!,
Breithaupt and Steinmuller, 2022).

The lowest observed Cor, burial rates in cores LTMPAO02 and EVCO1 were attributed to their
proximity to the river discharge (Fig. 1, Table 3). EVCOI showed a significantly (p<0.05)
coarser sediment composition than EVCO02, suggesting higher hydrodynamic conditions near
the Quelite River mouth (Jupin et al., 2023). Increased hydrodynamic can diminish Corg
accumulation and storage by regulating the sediments, oxygen, and nutrients supply, thus
preventing long-term Corg deposition through resuspension processes and promoting aerobic
decomposition of sedimentary Cor (Allais et al., 2024; Kusumaningtyas et al., 2019). In
particular, EVCO1 was likely influenced by the seasonal export of in situ Corg to the ocean by
the Quelite River, occurring during the rainy season (Flores-Verdugo et al., 1995), which would
explain its lower proportion of mangrove detritus compared to EVCO02 (Table 4). Although the
TL cores exhibited comparable grain size distributions (Jupin et al., 2023), runoff in the
surroundings of LTMPAO02 may have promoted the flushing of suspended sedimentary matter
out of the lagoon, promoting export rather than accumulation of autochthonous Cor (Bouillon

et al., 2003).

5.3. Storage of organic carbon in contrasting environmental settings

At a comparable core depth, the Corg stocks.soem for each mangrove area (PDE: 108 +£ 1 Mg ha
I, CP: 166 + 2 Mg hal; EV: 106 + 1 Mg ha'!; Table 4) were similar to the range found in
anthropized mangrove ecosystems of South Australia (87-120 Mg ha’!; Lavery et al., 2019)
and pristine mangrove ecosystems in Indonesia (62 = 10 to 180 + 82 Mg ha’!; Sasmito et al.,
2020), but might be lower than values estimated for Mexican mangrove ecosystems from the

southern Mexican Pacific (180 Mg ha™!), the Gulf of Mexico (210 Mg ha'!) and Yucatan (360
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Mg ha'!) (Herrera-Silveira et al., 2016), although this comparison is limited because the
uncertainties of such values are unavailable. Among cores with available Corg stock.im (Table
4), only that of LTMCAO03 (241 + 4 Mg ha'!) was comparable to the global mean estimate of
251 (200-302) Mg ha™! and the mean estimate for Mexico of 370 + 176 (Fig. 7; Atwood et al.,
2017). The higher Cor, stocks (Table 4) were found in cores with higher Corg burial rates (Table
3) and sourced from mangrove detritus (Fig. 4), suggesting an efficient preservation of the
accumulated autochthonous Corg. The Corg stocks at 50 cm and 1 m depth were highest in CP
and were comparable between EV (North Pacific) and PDE (Gulf of Mexico). This contrasted
with the regional pattern previously observed in Mexico (Herrera-Silveira et al., 2020), which
showed a lower mean Corg stock.im in the North Pacific (270 + 52 Mg ha™!) compared to the
Gulf of Mexico (438 + 76 Mg ha™!), attributed to regional climates (lower Corg stock-im arid and
humid regions) and coastal geomorphology (limited habitat available for mangroves in the
North Pacific).

The high variability in Corg stock-1m around the world is reflected in the wide range of values
among countries (72-936 Mg ha'!; Fig. 7; Atwood et al., 2017) and regions in Mexico (10—
1952 Mg ha'!; Herrera-Silveira et al., 2020), adds complexity to the general understanding of
factors driving Corg accumulation and preservation in mangroves. The inclusion of data from
diverse periods in databases (1985-2017, Atwood et al., 2017; 19962016, Herrera-Silveira et
al., 2020) may introduce a potential limitation for stock comparison since this study (Fig. 4)
and other publications employing dated sediment cores (e.g., Cuellar-Martinez et al., 2020;
Loépez-Mendoza et al., 2020) have demonstrated that Core stocks vary over time. The present
study proposes the establishment of Corg stock databases over comparable timeframes, such as
100 years (e.g., 1900-2000 or 1920-2020), employing reliable dating methods (e.g., 21°Pb). It

also emphasizes the significance of standardizing measurement techniques and adopting best
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practices in sediment sampling and measurement to ensure consistency and comparability
across assessments of Corg burial rates and stocks.

The CO; emission rates per ha resulting from sediment disturbance were higher in
LTMCAO3 than in other cores (Table 4). However, when accounting for the annual rate of
mangrove loss, the PDE system has been releasing a larger volume of yearly CO, emissions
(30.1 £ 0.4 Tg yr!") due to ongoing deforestation (Table 1). Although the overall range of
potential CO> emissions in the study sites (501-883 Mg ha!) was lower than mean values
estimated for mangroves worldwide (1415 Mg ha!; Howard et al., 2014), the conversion or
degradation of these ecosystems could result in a higher amount of CO2 emissions, considering
potential disturbances extending beyond 1 meter (Kauffman et al., 2020; Lovelock et al., 2017)
and the exclusion of other possible greenhouse gas emissions such as CHs and N>O (Macreadie
etal., 2019). Mangrove protection and restoration efforts are crucial to mitigate these emissions

and capitalize on this natural climate solution.

5.4. Temporal evolution of sources and its impact on burial rates and stocks

In all sediment cores, the increase by 5—41% of the fluvial Cor, contribution over the last century
(Fig. 4) is associated with a rising flux of terrestrial elements (Al, Ca) and a shift in detrital
sources shown by increasing values of the Al/Ti ratio (Fig. 5), indicating an increasing influence
of river inputs across all the studied mangroves. This was consistent with the river discharge
data (Fig. 5; data not available for the Quelite River) and previous studies that reported
increasing discharges in the Usumacinta and Candelaria rivers since the 1950s, attributed to
deforestation and land-use changes (Benitez et al., 2005; Fichez et al., 2017; Soto-Galera et al.,
2010). Decreasing values of C:N ratios (except for 2021-2011 in specific cores; see section
5.1.) and variations in 8'*Cors and 8'°N values (Fig. 3) suggested progressive alterations in Corg

inputs or composition.

107



The rising trends in fluvial inputs and Cor burial rates coincided with the consistently
increasing MAR trend and its acceleration after the 1950s (Fig. 8; Jupin et al., 2023). The
determination coefficients of the regression between Corg burial rates and MAR indicated that
MAR explained between 72 and 99% of the increasing Cor, burial rates in the study sites. The
rise of MAR was attributed to a progressive change in sediment sources in the mangrove
ecosystems. It was interpreted as an outcome of global factors (i.e., continental erosion and sea-
level rise) influencing the temporal variability of sediment accumulation in the study sites
(Jupin et al., 2023). Over the last century, the increase in continental erosion was driven by
population growth and the consequential land-use changes within the river basins (Fig. 8).
Within the study sites, it resulted in a progressive increase in Corg concentrations, burial rates,
and stocks.ioyr (Figs 3, 4, and 5) over the past century, with a majority of Corg stock-100yr (80-
92%) accumulated in the post-1950 period (Table 4), contradicting the research hypothesis.
This phenomenon, documented in coastal areas worldwide (e.g., Ruiz-Fernandez et al., 2009),
has been previously associated with a consistent increase in Corg burial rates and stocks in some
mangrove (e.g., Cuellar-Martinez et al., 2020) and seagrass meadow ecosystems (e.g., Lopez-
Mendoza et al., 2020; Ruiz-Fernandez et al., 2020).

In the CP cores, the wider Bayesian credible intervals (5-95%) during 1961-1981 than other
time intervals were associated with a higher contribution of lagoon-derived Co and a
diminished contribution of fluvial Co (Fig. 4). This was attributed to the occurrence of low
precipitation conditions and reduced river discharge magnitudes (Fig. 5), potentially favoring
marine intrusion during this period. In the subsequent decades (1980-2000) characterized by
high river discharges and precipitation, there was a concurrent increase in the accumulation of
Al and Ca and values of Al/Ti ratios observed in the cores LTMCAO1 and LTMCAO3 (Fig. 5),
suggesting a substantial influx of terrigenous and carbonate sediment inputs, with a distinct

mineralogical composition. The lowest Na/Al ratios were found during the same period,
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confirming a minor marine influence. In core EVCO02, the observed increase in MAR and Corg
burial rate (Fig. 8) from 1995 to 2005 coincided with the highest contributions of fluvial Corg
in this core (Fig. 4), likely due to an intensified influence of the Quelite River.

Mangrove areas accumulated sediments in equilibrium with local sea-level rise in the TL
and EV systems (Jupin et al., 2023). However, the decline in the contribution of marine or
lagoon phytoplankton-derived Corg in the cores over the past century (Fig. 4), along with
reducing trends of the Na/Ti ratio (Fig. 5), suggested that the increasing dominance of fluvial
Corg contribution has been outpacing the potential rise in Corg contributions associated with sea-
level rise in the study sites. The decreasing contribution of phytoplankton-derived Corg was also
evident in LTMCAO02, characterized by a minor river influence, and was attributed to a
progressive increase in the contribution of mangrove detritus during the study period (Fig. 4).

Besides LTMCAOQ2, a growing mangrove contribution over the last century was also
observed in several cores (LTMPAO1, LTMCAO1, and LTMCAO03) and attributed to a
combination of factors that could include i) a potential increase in mangrove aboveground
productivity over time driven by rising nutrient inputs from the river (Morris et al., 2016); ii) a
rise in surface elevation through biotic processes (root generation, microbial mat formation,
and detritus accumulation) to compensate sea-level rise (McKee, 2011; Mckee et al., 2007);
and 1iii) enhanced preservation of autochthonous Cor, facilitated by heightened sediment
deposition and water flooding, effectively relocating Corg away from the surface and aerobic
conditions (Burdige, 2007). These observations indicated that, although the mangrove cover
was reduced in the study sites (Fig. 8), primarily resulting from deforestation for the
development of intensive agriculture and urban settlements (Monjardin-Armenta et al., 2017;
Soto-Galera et al., 2010), the remaining mangroves continue to play a crucial role as significant
producers and sinks of in situ Corg in these sites, by adapting to the changing environmental

conditions.
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Conclusions

This research quantified source contributions and accumulation and storage capacity of
sedimentary organic carbon over ~100 years by using geochemical data from seven 2!°Pb-dated
sediment cores collected in mangrove areas in the Términos Lagoon and El Verde Camacho
Lagoon (Mexico). The distinction between cores with dominant fluvial contributions and those
with dominant autochthonous contributions (mangrove detritus) was determined using the
mixing model MixSIAR and attributed to the influence of local rivers on the origin, importation,
and exportation of organic carbon within the sites. The highest burial rates and stocks were
observed in mangrove areas with limited river influence and dominated by autochthonous
inputs of organic carbon. The carbonate system Candelaria-Panlau, in Términos Lagoon,
showed the highest accumulation and storage of sedimentary organic carbon, constituting the
most effective sinks among sites. While general patterns based on coastal morphology and
regional climate regimes have been identified globally, these patterns did not accurately apply
to the local-scale variability observed in study sites. Burial rates and stocks generally increased
over the past century, contradicting the initial hypothesis. This upward trend was mainly
associated with the rising prevalence of organic material supplied by river systems, driven by
continental erosion, and enhanced production and preservation of mangrove detritus. Despite
the reported reduction in their cover within river basins, this study highlighted i) that mangroves
continue to serve as influential producers and sinks of organic carbon and ii) the need for
sustained efforts to improve databases, aiming to bolster their protection and facilitate

restoration initiatives.
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Abstract

Mangroves are one of the most Blue Carbon-rich ecosystems worldwide, as they are highly
efficient at storing and sequestering a large amount of organic carbon (Corg). The degradation
of Cor inventories in mangrove sediments could cause CO: emissions, contributing to
atmospheric warming. In this study, we used Rock-Eval pyrolysis and palynofacies
identification to explore the composition and sources of organic matter (OM) and the quantity
and liability of Corg in four 2!°Pb-dated sediment cores from contrasting Mexican mangrove
areas. The composition of terrestrial and refractory OM was similar in all cores, with variations
attributed to the influence of the local river discharges on OM inputs and preservation. A
progressive decrease in Corg quantity and lability from 2021 to 1990 in some cores was
attributed to early diagenesis. Past precipitation and river discharge events appeared to have
influenced carbon accumulation and preservation: increased influx and preservation of labile
Corg in the sediments occurred during low river discharge and precipitation, whereas larger
inputs and oxidation of refractory Corg occurred during high river discharge and precipitation.
Sedimentary Corz stocks, assessed for 1921-2021, were primarily composed of refractory
organic components, with degradation of allochthonous and autochthonous Cy mainly
occurring before sediment burial. Sediments acted as efficient and long-term sinks for the Corg
supplied to these mangroves, particularly in the context of increasing Core inputs caused by an

acceleration since the 1950s in continental erosion.

Keywords: Blue carbon; Organic carbon; Organic matter; Climate change; Mangroves; Rock-

Eval; Palynofacies; Coastal lagoon; Ramsar.
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1. Introduction
Mangroves are considered high-priority ecosystems for large-scale international conservation
efforts due to their high efficiency in storing Blue Carbon (i.e., carbon stored in coastal
vegetated ecosystems), particularly in the context of climate change (Alongi, 2020; Friess et
al., 2020). Those shrub-and-tree-dominated, intertidal, and salt-tolerant communities are
important in the carbon cycle at local and global scales, owing to their (i) high rates of primary
production enhanced by their ability to trap and recycle nutrients (Holguin et al., 2001); (ii)
high rates of organic carbon (Corg) accumulation favored by autochthonous inputs (in situ litter
and root production) and allochthonous inputs from adjacent habitats (Donato et al., 2011), and
(ii1) low rates of Corg decomposition due to suboxic to anoxic conditions (Alongi, 2005;
Davidson and Janssens, 2006). The accumulation and preservation of Core in mangrove
ecosystems can exhibit high spatial and temporal variability, influenced by environmental
settings (e.g., tidal, riverine, or wave-dominated), mangrove community structure, source, and
flux of allochthonous and autochthonous Cor inputs, efficiency of Corg degradation during
diagenesis, and rates of sediment accumulation (Twilley et al., 1992; Woodroffe et al., 2005;
Rovai et al., 2018).

While the majority of studies provide evidence that many mangrove forests effectively act
as long-term sinks of atmospheric CO2 and mitigate climate change (e.g., Bouillon et al., 2008;
Kristensen et al., 2008), they may also be a source of greenhouse gases to the atmosphere
(Purvaja and Ramesh, 2001; Borges et al., 2003; Rosentreter et al., 2018), in particular CO»
and methane (CH4) emissions coming from the surrounding waters (Bouillon et al., 2003; Koné
and Borges, 2008). This apparent discrepancy can be attributed to the complex and dynamic
nature of Corg accumulation and degradation processes (Rosentreter ef al., 2018). This must be

clarified since the role of mangroves as either sinks or sources of atmospheric CO; is
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fundamental in formulating effective strategies for mitigating climate change (Pendleton et al.,
2012; Murdiyarso et al., 2015).

Rock-Eval® pyrolysis is a rapid and cost-effective method for determining the organic
matter (OM) content of samples, including both organic and inorganic carbon fractions; the
temperature-programmed pyrolyzer identifies OM sources, and maturation types and stages in
diverse environments, such as soil (e.g., Sebag et al., 2016; Le Meur et al., 2021), recent lake
sediments (e.g., Meyers and Lallier-Verges, 1999; Boussafir et al., 2012), marine sediments
(e.g., Baudin et al., 2015 and references therein), and mangrove sediments (e.g., Marchand et
al., 2008; Sakho et al., 2015). Rock-Eval pyrolysis segregates OM by thermal resistance rather
than its specific biomolecular composition. The stability of OM is revealed through its
resistance to thermal cracking during the Rock-Eval pyrolysis (Disnar ef al., 2003), with higher
temperature resistance indicating greater stability of the organic material and its ‘refractory’,
‘recalcitrant’ or ‘resistant’ character. Conversely, thermally labile OM is generally composed
of readily decomposable organic compounds that can be rapidly removed during the earliest
stages of diagenesis. Rock-Eval can serve as a simulation of the natural OM decomposition
during early diagenesis in sediments (Disnar, 1994; Williams and Rosenheim, 2015) and
facilitates the determination of variations in OM stability over depth, time, or across different
sites.

The complex interplay of factors, such as the variability of biological sources and soil
environments, can challenge the interpretation of the Rock-Eval results (Disnar et al., 2003;
Baudin et al., 2015). To address this, palynofacies analysis has commonly been used to
complement Rock-Eval analyses of soil and sediment samples from continental, marine, and
coastal environments (e.g., Sebag et al., 2006 and references therein; Boussafir et al., 2012).

This analysis, which includes the total assemblage of particulate OM in the sample, identifies
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and quantifies OM particles according to their source (terrestrial or aquatic), characteristics
(biogenic, anthropogenic, or fossil), and formation process (biodegradation, oxidation, or
combustion) (Combaz, 1964; Tyson, 1995).

Rock-Eval parameters and palynofacies analysis were used in this study to determine the
Corg quantity and stability and the OM origin and composition in mangrove sediments from
Términos Lagoon (TL) in the southern Gulf of Mexico and the El Verde Camacho Lagoon (EV)
in the entrance of the Gulf of California. The Ramsar Convention recognizes TL and EV as
wetlands of international importance (RSIS, 2020), as they exhibit rich biodiversity and serve
as critical breeding grounds for numerous coastal species (Brisefio-Duefias, 2003; Venegas-
Pérez, 2003). These sites exhibit substantial differences in sedimentary settings, climate,
riparian influence, and land-use change. Despite higher precipitation, freshwater discharge, and
land-use changes observed in TL compared to EV, a previous study on seven lead-210 (*!°Pb)
dated cores collected from mangrove sediments in both regions revealed a consistent century-
long increase in sediment accumulation rates across all cores (Jupin et al., 2023).

In this study, four cores were re-examined with the hypothesis that site-specific
characteristics would reflect differences in Corg origin, storage, and preservation within the
mangrove ecosystems. We posited that increasing sediment accumulation in the study sites may
have induced a shift from autochthonous- to allochthonous-dominated Cor storage, thereby
potentially reducing the lability of Corg stocks over time in the mangrove sediments. This shift
in Corg provenance could ultimately result in reduced CO; emissions from the decomposition
of the allochthonous labile fraction of Core. The main questions addressed here were: (1) are the
Corg quantity and stability and the OM origin and composition different among sites?; (2) what
is the evolution of quantity and stability of the sedimentary Cor over the past century?; and (3)

are these mangrove sediments a sink or a source of atmospheric CO,?
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2. Study sites

Términos Lagoon (TL), in the southern Gulf of Mexico, is Mexico’s largest coastal lagoon
(Fig.1A). It is directly connected to the ocean via inlets on either side of Carmen Island,
allowing a continuous influx of marine water into the lagoon. Most of the water that enters TL
is fresh water from the Palizada River (9.08 x 10° m? yr'!) and the Candelaria River discharge
(1.6 x 10° m® yr'!") (Fichez et al., 2017). The Palizada-del-Este (PDE) system, in the western
TL zone, is the eastern part of the Grijalva-Usumacinta fluvial system, the largest river basin in
Mexico; it has well-mixed conditions, low-salinity waters, and fine sediments. The climate is
warm humid with an average annual temperature of 27°C and abundant summer rains,
averaging 1800 mm yr! (Bach et al., 2005; Yafiez-Arancibia and Day, 2005). In the eastern TL
zone, the Candelaria-Panlau (CP) system has shallow lagoons and calcareous sediments, typical
of the Yucatan calcareous peninsula. The climate of this eastern zone is warm sub-humid, with
an average annual temperature of 27°C and precipitation of 1400 mm yr!.

El Verde Camacho Lagoon (EV) is a 47-hectare internal coastal barrier lagoon (Fig. 1B),
closed for most of the year but receiving marine water during the rainy season (June to October)
when the sandbar is broken by the combined effects of the Quelite River water flow (0.11 x 10°
m? yr!), high tides, and occasional tropical storms and hurricanes (Flores-Verdugo et al., 1995).
The climate in the area is sub-humid tropical (Garcia, 1973), with an average temperature of
25°C and contrasting seasons. Depending on the sandbar status (open or closed) and the
quantity of precipitation, averaging 750 mm yr! and falling mainly during the rainy season, the

average salinity varies from 10 to 30 (CONAGUA, 2015).

3. Materials and methods

133



18°45°N

NS'STET

18°30°N

NvTotT

10

T - T
92°45°W 91°15°W 106°34.5°W 106°33.0°'W 106°31.5°W

Figure 1. Location of the sediment cores (%) from (A) Términos Lagoon (southern Gulf of Mexico) and (B) El Verde Camacho Lagoon (entrance
of the Gulf of California). Green shading indicate the presence of mangrove areas.

134



3.1. Sampling and dating

The four sediment cores were previously used for the evaluation of temporal variations in
sediment accumulation in TL and EV, exploring how site characteristics (e.g., climate and
anthropic activity) have influenced these trends over the past century; procedures for sampling
and 2!°Pb dating of the cores are detailed in Jupin et al. (2023). Briefly, four sediment push
cores were collected by inserting PVC tubes (10 cm internal diameter, 1 m length) into the
sediments of fringe mangrove communities (Fig. 1). The cores were extruded and sectioned
every 1 cm, and samples were freeze-dried and ground to a powder. Age models and mass
accumulation rates (MAR) were determined through the 2!°Pb dating method, using the
Constant Flux model (Robbins, 1978; Sanchez-Cabeza and Ruiz-Fernandez, 2012) and the
radionuclide data (?!°Pb, 2?°Ra, and '*’Cs) obtained by gamma-ray spectrometry, as described
in Diaz-Asencio et al., (2020). Sediment records spanned from 90 to 120 years, and MAR

values varied from 0.03 + 0.01 to 0.7 + 0.6 g cm™ yr'! (Jupin et al., 2023).

3.2. Rock-Eval analysis

3.2.1. Concept and parameters

The composition and origin of OM and the Corz concentration in the sediment samples were
determined using a Rock-Eval 6® analyzer (Vinci Technologies™). About 60 mg of
homogenized bulk sediment samples were analyzed by a pyrolysis program adapted for recent
sediments, including two successive stages performed with heating rates of 30°C min™! (Baudin
et al., 2015). It started with a sample pyrolysis (200-650°C) under inert gas (helium), followed
by an oxidation of the residual carbon (400-650°C) under purified air. During the sequential
program, the release of hydrocarbons (HC), carbon monoxide (CO), and CO; is continuously

measured and reported in pyrograms; in particular, the S2 pyrogram corresponds with the
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quantity of hydrocarbon (HC) compounds produced during the pyrolysis. The method's
precision was determined by analyzing 20 sample duplicates; the coefficients of variation were
<4% across the parameters and sediment cores.

Standard Rock-Eval parameters (Espitalié e al., 1977, 1985a, 1985b; Lafargue et al., 1998)
were calculated to assess the Corg concentration and stability. The pyrolyzed carbon (PC, in %)
corresponds to the carbon species released (HC, CO, and CO») during the pyrolysis stage,
whereas the residual carbon (RC, in %) is the most refractory fraction released as CO and CO>
during the oxidation phase. The total organic carbon (TOC, %) content is the sum of the PC
and RC fractions. The hydrogen index (HI, in mg HC g! TOC) is the quantity of HC produced
during pyrolysis, and the oxygen index (OI, in mg CO, g'! TOC) is the amount of oxygen
released as CO and CO; during the pyrolyzed and oxidation phases.

The parameter R400 (i.e., the fraction of the S2 pyrogram integrated before 400°C) was used
to qualitatively interpret the diagenetic evolution of labile vs. refractory Corg (Disnar ef al.,
2003). This is based on the concept that pyrolysis for readily labile biological compounds is
generally finished at 400°C, and it is typically expressed as a percentage of the total integrated
S2 curve. A novel parameter, R400pc (mg HC g!), was defined in this study to facilitate the
quantitative interpretation of R400. It was calculated as percentage of R400 was multiplied by
the quantity of PC content (mg HC g!) in the S2 curve.

Three core sections (top, intermediate, and bottom) were defined to investigate distinct
depositional conditions and diagenetic processes influencing the Corg quantity and stability
along the cores based on the variation in Rock-Eval parameters. The non-parametric Kruskal-
Wallis one-way analysis of variance (ANOVA) and post-hoc Dunn tests were used to evaluate

the differences in the rank distribution of Rock-Eval parameter values among cores.
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Additionally, associations between variables were assessed using Spearman correlation

analysis and Student's t-test. All analyses were conducted with a confidence level of 95%.

3.2.2. Analysis of organic matter source and stability

A pseudo van Krevelen diagram (HI vs. OI) was used to identify OM sources, stability, and
diagenetic processes (Baudin ef al., 2015) and to distinguish among lacustrine (Type I), marine
(Type II), and terrestrial (Type III) contributions to the OM composition. The S2 pyrogram
often does not follow a Gaussian distribution when analyzing immature samples such as
mangrove sediments. Instead, it has multiple peaks or shoulders, indicating that the samples
consist of a mixture of different fractions or clusters of organic components undergoing thermal
degradation at various specific temperatures (e.g., Disnar and Trichet, 1984; Disnar et al., 2003;
Sebag et al., 2016). To identify these distinct clusters from the multilobed S2 signal,
mathematical deconvolution was used to isolate five elemental Gaussian distributions with
peaks at well-defined temperatures of 300°C, 360°C, 415°C, 470°C, and 560°C (+15°C) (Table
S1; Figs S1 to S4 in Supplementary Material). A semi-quantitative calculation was used to
determine the relative contributions (%) of each pool of organic components as a percentage of
the S2 signal (Disnar et al., 2003; Le Meur et al., 2021). This contribution was then multiplied
by the quantity of PC content (mg HC g!) at the S2 curve to be expressed as a ratio to sediment

mass (mg HC g).

3.3. Palynofacies analysis
Five to six samples (~1 g) of each sediment core were selected in sections with apparent
changes, peaks, or transitions observed in the Rock-Eval parameters TOC, HI, and OI. These

changes served as indicators of potential shifts in the Corg quantity and stability within the
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sediment. Carbonates and silicates were eliminated using hydrochloric (50 mL) and
hydrofluoric (50 mL) acids (Graz et al., 2010). Remnants were examined with a transmitted
light microscope or under UV excitation (ZEISS Axioscope 5 Polarisation coupled to a camera
ZEISS Axiocam 305 color) using a 50x magnification objective (Fig. 2).

Morphological and textural criteria allowed us to identify four main categories of
components: (1) amorphous organic matter (AOM), lacking any discernible biological
structures; (2) algal organic matter (algOM) derived from phytoplankton production, identified
under UV light owing to the fluorescence of hydrocarbon-rich fractions (Boussafir ez al., 2012);
(3) lignocellulosic (LC) particles originating from higher plants characterized by an elongated
shape; and (4) other particles with distinct and easily recognizable morphology (e.g., pollen,
membrane) (Table 1). According to their characteristics, the particles were categorized as (a)
preserved, including preserved or slightly degraded LC, cuticular and mycelial fragments,
membranes, spores, pollen grains, and algOM; or (b) degraded, including floccular and gelified
AOM, gelified and opaque LCs, and opaque detritus.

The determination of the mass concentration of the particles was based on incorporating a
known mass of pollen standard (10 mg mL ') into the samples (Battarbee and Kneen, 1982; de
Vernal et al., 1987). Cupressus sp. was chosen as the standard because its strong reaction under
UV excitation precludes confusion. Study particles and standards were counted per area unit
delimited by the microscope's field of view. To ensure that variations in relative abundances
remained below 5%, a minimum threshold of 500 area units per sediment sample were counted
(Di-Giovanni et al., 1998; Sebag et al., 2006; Graz et al., 2010). The mass concentration of
particles (mg g!) was estimated using the ratio between the areas (%) of studied particles and
standards, multiplied by the standard mass concentration (mg mL") in the sample (Graz et al.,

2010).
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Table 1. Characteristics of the organic particles in mangrove sediment cores form Términos Lagoon (southern Gulf of Mexico) and El Verde

Camacho Lagoon (entrance of the Gulf of California)

Group of
Class Abbreviation Category Characteristics preservation
state
Amorphous fAOM Floccular amorphous  Diffuse edges. Gray to yellow in transmitted light, and opaque or slightly orange in Degraded
particles organic matter reflected light. Size 10-100 pm.
gAOM Gelified amorphous  Entirely gelified, without internal structure. Orange to red in transmitted light and Degraded
organic matter dark orange in reflected light. Size can exceed 100 pum.
OD Opaque debris Sharp contours, high reflectance, and appears dark in transmitted light. Size ~10 um. Degraded
Phytoplankton  algOM Algal OM Transparent in reflected light. Brilliant yellow particles under fluorescent light. Preserved
particles
Lignocellulosic PLC Preserved or slightly  Elongated particles with visible internal structures, yellow in transmitted light. Size Preserved
particles degraded 10-100 pm.
lignocellulosic
GLC Gelified Elongated particles with visible internal structures, yellow to orange in transmitted Degraded
lignocellulosic light. Size from 10 pm, and up to 100 um with increased gelification.
OCL Opaque No visible internal structure. Elongated. High reflectance. Size 10-100 pm. Degraded
lignocellulosic
Other organic Mycelium fragments elongate, brown. Preserved
particles . Cuticular fragments brown and with edges and botanic structures. Size variable and Preserved
. Preserved diverse
Div organic particle can exceed several hur}dred pm. . .
Spores and pollen grains from terrestrial and aquatic flora. Translucent or yellow Preserved
when fresh, brown-orange when preserved.
Pyr Pyrite Opaque with geometrical forms under transmitted light Degraded
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3.4. Labile and refractory organic carbon stocks

The Rock-Eval-derived Cor stocks (i.e., the quantity of Core stored per unit area, Mg ha™') were
calculated per decade (Corg stocks.ioyr) and for the period from 1921 to 2021 (Corg Stocks-1921-
2021) as the product of dry bulk density, section thickness, and Corg concentration (Howard et
al., 2014). The labile Corg stocks included the most labile fraction of the PC (i.e., R400), and
the refractory Corg stocks were defined as the sum of the carbon pyrolyzed after 400°C and the
RC. The CO; equivalent (CO2¢q) emissions in case of significant loss of labile Cog fraction were
calculated as the product of the labile Corg stocks, and the conversion factor of 3.67 (i.e., the
ratio of C to CO> molecular weights) and were expressed as COzeq per hectare (Mg ha'!) at

decadal scale and over the 1921-2021 period (Howard et al., 2014).

4. Results

4.1. Basic Rock-Eval parameters

TOC in the sediment cores ranged from 0.38% to 8.81%, with a median value of 2.17% (Table
2). RC constituted the major fraction of the TOC (71-80%), with PC at 20-29%. HI values
ranged from 93 to 354 mg HC g! TOC, and OI values ranged from 115 to 332 mg CO» g’
TOC, indicating the prevalence of terrestrial type (III) OM in the Van Krevelen pseudo-diagram
(Fig. 3). Values for TOC, PC and HI were significantly higher in LTMCAUO3 than in the other
cores (LTMCAO3 > LTMPAO1 > LTMPAO02 > EVCO1). The OI was significantly higher in
LTMPAO02 (>250 mg CO> g''TOC) than in the other cores (LTMPAO02 > EVC01 > LTMPAO1
> LTMCAO3). The parameter R400 accounted for 29% to 40% of the S2 peak, and R400pc

ranged from 1.84 to 7.81 mg HC g™
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Table 2. Rock-Eval parameters and clusters of organic components (C1 to C5) in mangrove
sediment cores from Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho
Lagoon (entrance of the Gulf of California)

Variable Statistics LTMPAO1 LTMPAO2 LTMCAO3 EVCO01
Min 1.66 0.97 2.19 038

T(f;)c Max 8.14 3.25 8.81 3.91
Mean 3.02 1.63 3.96 127

oC Min 0.32 0.23 0.54 0.10

P Max 2.18 0.95 3.17 0.87
Mean 0.68 0.42 1.14 0.25

R Min 134 0.74 1.65 0.28

Py Max 5.96 2.30 5.64 3.04
Mean 2.34 1.20 2.81 1.01

" G TR

1 Max 5 5

(mg HC g7 TOC) Mean 162 179 255 130
or Min 137 191 115 179

) Max 208 332 198 237

(mg CO, g! TOC) Mean 182 255 154 211
Min 0.36 0.30 0.27 0.23

1%21/?)0 Max 0.45 0.4 0.35 0.4
Mean 0.40 0.36 0.29 0.34

. Min 3.54 2.4 2.96 1.84

@ %430?586 a) Max 7.81 4.04 5.25 3.75
gL g sed Mean 4.4 3.12 3.78 2.67
or Min 1.22 1.30 0.09 0.72

(mg HC g sod) Max 3.41 4.43 1.23 3.03
g g sed Mean 2.14 2.80 0.66 1.79
o Min 0.64 1.68 3.38 2.04

(g HO ¢ s0d) Max 3.78 6.55 6.82 5.94
g g sed Mean 238 2.93 4.87 3.92
o3 Min 3.53 0.36 121 2.23

(g HC £ s0d) Max 8.75 4.61 3.58 551
' Mean 5.09 3.41 272 3.33

o Min 522 6.23 7.18 6.16
(mg HC g7 sed) Max 8.59 8.69 9.88 10.87
' Mean 7.08 747 8.84 7.95

cs* Min 0.22 0.60 0.19 0

(mg HC g sod) Max 1.36 1.28 0.80 0.96
gl g sed Mean 0.89 0.98 0.49 0.58

TOC, total organic carbon; PC, pyrolyzed carbon; RC, residual carbon; HI, hydrogen index;
OI, oxygen index; R400 and R400pc, hydrocarbons produced during pyrolysis before 400°C
with respect to the PC; C1-CS5, clusters of organic components.

*Calculated as a ratio to sediment mass (see Methods).
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Figure 3. Van Krevelen pseudo-diagram (Hydrogen Index vs Oxygen Index) for mangrove
sediment cores from Términos Lagoon (southern Gulf of Mexico: LTM cores) and El Verde
Camacho Lagoon (entrance of the Gulf of California: EVC core). TOC, total organic carbon;
HC, hydrocarbons. Type of organic carbon: I, lacustrine; II, marine; I11, terrestrial.
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The parameters TOC, PC, and RC exhibited strong correlations across all cores (0.92< r
<0.99; p<0.05). Generally, as depth increased, values of TOC, PC, and RC exhibited decreasing
trends in the top sections, low variability in the intermediate sections, and an increase by 1.12—
1.24% in LTMPAOI and LTMCAO3 or the absence of variation in LTMPAO02 and EVCO1 in
the bottom sections (Fig. 4). However, at 28-36 cm in LTMPAO02 and 49-67 cm in LTMCAO3,
TOC, PC, and RC tended to increase with depth. In each core, TOC, R400, and R400pc
increased from the 1950s to the 1960s, followed by a rapid acceleration towards the end of the
century (Fig. 5).

The parameters HI and OI had a negative significant correlation throughout the depth profile
of LTMPAO2 (r =-0.75, p < 0.05), whereas no significant correlation was observed in the other
cores. In the top sections of cores LTMPA0O2 and LTMCAO3, trends of decreasing HI and
increasing OI with depth were observed (Fig. 4). Contrasting changes in HI and OI were noted
in the bottom sections of all cores. During the dating period, cores LTMPAO1, LTMPAO02, and
LTMCAO3 had a significant correlation between TOC and HI (0.75< r <0.98; p<0.05), with
both parameters showing increasing trends over time (Fig. 5). TOC and OI were negatively
correlated in LTMPAO2 (r=-0.75, p <0.05) and positively correlated in LTMPAO1 and EVCO1

(0.70< r <0.84; p<0.05).

4.2. Clusters of organic components

The dominant cluster was C4 (470 + 15°C), constituting 42—-51% of the total S2 peak, with
concentrations ranging from 5.22 to 10.87 mg HC g'! sed. (Table 1). On average, the second
dominant clusters were C2 (360 + 15°C) in LTMCAO03 (29%) and EVCO01 (25%), and C3 (415
+ 15°C) in the cores from the PDE system (LTMPAO1: 27%; LTMPAO02: 19%). C1 at 300 +

15°C (4-14%) and C5 at 560 + 15°C (3—5%) were minor clusters.
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Figure 4. Rock-Eval parameters (TOC, HI, OI, R400, and R400pc) and clusters of organic
components (C1 to C5) in mangrove sediment cores from Términos Lagoon (southern Gulf of
Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of California). Core sections:
blue, bottom; green, intermediate; and yellow, bottom.
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Generally, there was a trend of increasing C1 and decreasing C2 over depth (Figs 4 and 5).
A significant negative correlation between C1 and C2 was observed throughout all core depths
of LTMCAQO3 (r=-0.90, p <0.05). When considering only the dating period from 1918 to 2021,
a significant negative correlation between C1 and C2 was also observed in LTMPAO2 (r = -
0.79, p < 0.05). C1 and C2 were not significantly correlated in cores LTMPAO02 and EVCO1.
Clusters C3 and C4 showed little variations in the top and intermediate sections and were
inversely related to each other in the bottom sections of the cores. No notable change was
observed for cluster CS5.

In sections 31-32 cm of core LTMPAO2, the S2 peak was unusual, showing two dominant
peaks (Fig. S2 in Supplementary Material). As a consequence, these peaks, designated C2’ and
C3’, were pyrolyzed at higher temperatures than the other depth sections, i.e., C2’ at 380°C

instead of the usual 360°C for C2; C3’ at 430°C instead of the usual 415°C for C3.

4.3. Palynofacies identification

AOM was predominant among the palynofacies groups, comprising 70% to 94% of the total
organic components in the cores (Fig. 6). Within this category, floccular AOM accounted for
49-92%, whereas gelified AOM accounted for 1-38%. LC particles accounted for only 5.6%
of the organic components among the cores, mostly in a gelified form (2.4%). Preserved
terrestrial organic particles (cuticular and mycelial fragments, membranes, spores, and pollen
grains) constituted less than 1% of all particles. The algOM accounted for 0.25% in LTMPAO1
and 1.02% in the PDE cores but reached 3.80% and 3.73% in the top sections of cores
LTMCAO3 and EVCO1. Degraded particles were dominant, constituting on average 92% of the

total particles in the samples from all cores (Fig. 6). Preserved particles were mainly
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Figure 6. Concentration of palynofacies in mangrove sediment cores from Términos Lagoon
(southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of California).
For palynofacies abbreviations see Table 1.
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concentrated in the top sections, with specific exceptions such as 30-31 cm in LTMPAOI1, 31—

32 cm in LTMPAO2, and 47-48 cm in EVCOL.

4.4. Organic carbon stocks

In the sediment cores, Corg stocks.ioyr varied from 1.06-3.02 Mg ha'! for 1921-1931 and 14.68—
30.66 Mg ha'! for 2011-2021. Corg stocks-1oyr were highest (2.02-30.66 Mg ha'!) in LTMPAO1
and lowest (1.06-14.67 Mg ha!) in LTMPAO2. The Corg stocks.1921-2021 reached 42-89 Mg ha-
I'among cores. Across all cores, Corg Stocks.ioyr increased from the early 1900s to 2021, with a
noticeable acceleration after the 1950s (Fig. 7).

Throughout the period studied, the labile fraction represented only 6—11% of the total Corg
stocks.1oyr, Whereas refractory Corg stocks reached up to 89-94% (Fig. 7). These proportions
remained relatively constant over the last century, with a maximum difference of 0.3-2.1%
across all cores. The COzq emissions that could be expected from the decomposition of the
labile Corg stocks.ioyr ranged from 0.35 to 12.10 Mg ha! across all cores, whereas those from

the decomposition of the labile Corg stocks-1921-2021 ranged from 13.8 to 31.2 Mg ha'!.

5. Discussion

5.1. Sources and composition of organic matter

In all sediment cores, the restriction of OM to Type III on the Van Krevelen pseudo-diagram
indicated that it was poor in hydrogenated compounds (hydrocarbons-rich OM) and rich in
oxygenated ones (lignocellulosic-rich OM). The values of HI (93-354 mg HC g*! TOC) and OI
(115-332 mg CO» g! TOC) indicated a high proportion of terrestrial detritus compared to other
sources (e.g., mangrove- or marine-derived OM); land-derived debris is usually lignocellulosic

with low HI values (<250 mg HC g™! TOC) associated with high OI values (>100 mg CO, g!
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TOC) (Meyers and Lallier-Verges, 1999). Results suggested minor contribution of fresh
mangrove detritus (420-556 mg HC g! TOC in mangrove leaf; 323-480 mg HC g! TOC in
mangrove wood; Marchand et al., 2008), and marine-derived OM (HI >400 mg HC g! TOC;
OI <100 mg CO; g'! TOC; Meyers and Lallier-Vergés, 1999) that typically comprise hydrogen-
rich compounds. However, low HI and high OI values may also indicate that mangrove- or
marine-derived OM underwent extensive and rapid degradation before burial, leading to a
decrease in HI, a slight increase in OI, and a modification of their overall stability (Meyers,
1997).

Although the Van Krevelen pseudo-diagram interpretation can provide insights into both the
OM origin and liability, it may not directly pinpoint the specific contributions of each process
(i.e., source and diagenetic state). However, the predominance of the palynofacies group AOM
and the cluster C4 throughout the cores confirmed that most OM was in a refractory state when
deposited in the mangrove sediments. The AOM group indicated the presence of a mixture of
plant, bacterial, algal, and planktonic fragments that have already undergone degradation
(Batten and Stead, 2006; Sebag et al., 2006). The thermal breakdown of this mixture, observed
at 470 + 15 °C (C4), indicated high thermal stability and suggested resistance to microbial-
driven decomposition. The low proportions of the gelified forms of AOM and LC suggested
the presence of anoxic conditions during the sequestration of these organic components
(Boussafir et al., 2012). Unlike gelified AOM, which lacks internal structure, thereby
complicating the determination of its exact origin, gelified LC typically originates from
vascular plant tissues, likely mangrove leaves or wood, during the early stage of diagenesis
under anoxic conditions (Lallier-Verges et al., 1998).

Generally, the median Corg value of 2.17% observed in these study sites aligned with global

median Core values of 2.2% for mangrove ecosystems (Kristensen et al., 2008a). The same
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clusters of organic components and palynofacies were observed across the four cores, indicating
similarities in OM composition and sources across the mangrove sites. However, variations in
the spatial distribution of Cor concentrations within the cores are attributable to the diverse
contexts of geomorphology, sedimentary, and local hydrological conditions specific to each site
or core surroundings, which have influenced OM influx and preservation.

In core LTMCAQO03, the significantly higher values for TOC, PC, and HI, and the lower values
of OI suggested that the CP system received a higher influx of hydrogen-rich and labile or
better-preserved OM than the other sites. Mangrove ecosystems in carbonate settings (e.g., CP
system, where LTMCAO3 was collected) generally receive a more significant contribution of
autochthonous OM than do mangroves in terrigenous settings (e.g., PDE and EV), which
receive larger allochthonous inputs of sediment and carbon (Twilley et al., 2018; Jennerjahn,
2020). The greater contribution of autochthonous OM in LTMCAO03 was supported by the
highest concentrations of C2, the cluster usually associated with LC compounds (Disnar ef al.,
2003) such as mangrove tree wood and roots (Marchand et al., 2008). The greater contribution
of gelified particles in LTMCAO3 compared to other cores, suggesting anoxic conditions, was
attributed to its finer-grained sediments (Jupin et al., 2023). Previous studies have reported a
positive correlation between clay content and the Cor content or its labile proportion (e.g.,
Burdige, 2007; Howard et al., 2021). The large surface area of fine-grained sediments
associated with low hydrodynamics generally favors anoxic conditions and reduces microbial
decomposition, thereby promoting the preservation of labile Core (Meyers, 1994; Ranjan et al.,
2011).

The high OI values in core LTMPAO02, particularly in some sections, indicated a high degree
of oxidation or degradation of the OM during specific periods. Most LC particles in these

sections bore traces of amorphization and gelification; this aligned with the high concentrations
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of C5 and opaque LC particles observed in LTMPAO2, indicated prolonged oxidation phases
(Boussafir et al., 2012). Specific sections associated with land-derived debris inputs and
degradation processes may coincide with variations in the dynamics of the Palizada River,
which influences the surroundings of LTMPAO2 in the river mouth. River discharge can
promote sedimentary OM's resuspension, export, and aerobic decomposition (Kusumaningtyas
etal.,2019; Allais et al., 2024). In contrast, Rock-Eval parameters (TOC, PC, and HI) indicated
that LTMPAOI, collected from an upstream mangrove creek within the PDE system without
direct influence of the Palizada River, experienced greater inputs of autochthonous and higher
lability of OM than LTMPAO2.

The algal OM is significantly more susceptible to decomposition than the OM derived from
higher plants and mangrove debris (Patience, 1996; Marchand et al., 2003; Ranjan et al., 2011);
this may explain the relatively infrequent presence of preserved algOM in the sediment cores.
The varying contribution of algOM is influenced by proximity to the ocean and rivers, which
would have influenced the presence of this type of particle in the sediments. AlgOM production
was higher in cores from the smaller river systems EV and CP (LTMCAO3). In contrast, in the
PDE system, where the Palizada River dominates freshwater inputs to the Términos Lagoon
(Contreras-Ruiz-Esparza et al., 2014), the presence of algOM in cores LTMPAO2 and

LTMPAO1 was less obvious.

5.2. Temporal variability in quantity and liability of sedimentary organic carbon

The contrasting changes in the HI and OI values within the top sections of the cores LTMPA02
(2000-2021) and LTMCAO03 (1990-2021) could suggest an oxidation profile. The decrease in
HI indicates the dehydrogenation of organic compounds and the loss of hydrogen bonds,

whereas the OI has increased due to mineralization and carbon loss (Meyers, 1997). This
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progressive shift was associated with a decline in the proportion of TOC and R400pc, indicating
a reduction in Core quantity and lability with increasing depth. Additionally, a predominantly
decreasing trend in C2 values and an increase in C1 values with depth can be attributed to the
progressive degradation of organic components within C2 into smaller compounds included in
C1 (Disnar et al., 2003). A gradual decrease in the proportion of well-preserved particles,
particularly LC, in the top sections coincided with the decline in C2 values that characterize LC
compounds originating from mangrove detritus.

In the top section of core EVCO01, the decreasing values of HI with depth and the absence of
OI variation could indicate an initial stage of decomposition of higher plant debris, mainly
affecting the easily degradable hydrogen bounds (Marchand ef al., 2003); however, the isolated
peak in R400pc and C3 in 2014 + 3 suggested a recent Cor supply. In the top section of
LTMPAOI, increasing values of HI, OI, and labile clusters (C1 and C2) towards the surface,
associated with increasing values of TOC, PC, RC, and R400pc, indicated a recent increase in
labile Corg inputs to the sediments in that part of the PDE system. The increasing quantity and
lability of Corg in recent times in cores EVCO1 and LTMPAO1 may also be attributed to
enhanced Corg preservation owing to increased rates of sediment accumulation (Jupin ef al.,
2023). The rate of sediment accumulation exerts a control on Core preservation processes, as
higher sediment deposition rapidly moves the Corg away from the surface and aerobic conditions
(Burdige, 2007; Morris et al., 2016; Cuellar-Martinez et al., 2020).

Influenced by precipitation, the rivers that discharge into TL and EV regulate the transport
of sediment, Corg, and nutrients within their respective basins. Increased river discharge can
promote resuspension and Core aerobic decomposition, preventing long-term Core accumulation
(Kusumaningtyas et al., 2019). In these mangrove sediment cores, decreasing values of TOC,

R400pc, HI, and C2, accompanied by increasing values of OI and C4, were associated with high
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river discharge and precipitation, such as in 1964 + 4 in LTMPAO2 and 1980-2000 in
LTMCAO3 (CP system); this likely indicated an increase in fluvial refractory Corg inputs to
mangrove sediments. On the contrary, rising values of TOC, HI, R400pc, and high contributions
of C2 and well-preserved particles, along with reduced values of OI and C3, indicated an
enhanced Corg quantity and lability in LTMPAO1 at 31-32 cm (1947 + 7), in LTMPAO2 at 34
cm (2015.0 + 0.6), at 13—14 cm (1984 + 3) and 31-32 cm (>100 yr), in LTMCAO3 at 18-25
cm (1961-1981), and in EVCO1 at 19-21 cm (1977-1983). When data on river discharge and
precipitation were available for comparison with the palynofacies data, such as in 1947 + 7 for
LTMPAO1 and in 1976 + 3 for LTMCAO3, the increasing Corg quantity and lability was
associated with a substantial proportion of preserved LC and other preserved organic particles
(mycelial and cuticular fragments, spores, and pollen grains), and low river discharge and
precipitation. This indicated that reduced riparian influence allowed a more significant
contribution of autochthonous and well-preserved mangrove detritus to the total Corg
accumulated.

The presence of two dominant peaks in the S2 spectrum in the 31-32 cm section of LMPA02
indicated the existence of two OM types with distinct preservation states during comparable
periods. Palynofacies identification revealed a prevailing presence of degraded particles
(floccular AOM, gelified AOM, opaque debris, and gelified LC) in that core, alongside high
proportions of well-preserved LC and cuticular fragments derived from vascular plants
compared to the proportions in the bottom sections of other cores. Based on previous
observation in cores LTMPAO1 and LTMCAO3, showing increased concentrations in preserved
organic components during low river discharge and precipitation, the 31-32 c¢cm section of
LMPAO2 probably recorded a decrease in the influence of the Palizada River more than 100

years ago, although no river discharge data are available to confirm it.
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In EVCO1, the two notable MAR peaks in 1985 + 9 and 2014 + 3, indicating isolated and
intense events of sediment accumulation, were previously attributed to the impacts of
hurricanes recorded in the region (Jupin et al., 2023). In the present study, MAR peaks were
associated with increased values of TOC, R400pc, HI, and C3, likely resulting from high-energy
events that facilitate the trapping of material by mangrove roots and result in higher Corg
deposition (Smoak et al., 2013). This was supported by the palynofacies identification, which
indicated an increase in preserved LC and algOM in 1985 + 9, suggesting rapid accumulation
and preservation of mangrove- and marine-derived Core. This could reflect the intense El Nifio
event in 1982—-1983 and the exceptional hurricane Tico on 11-24 October 1983 (Gunther and
Cross, 1984); the Gulf of California experienced higher rainfall and major hurricanes during El
Nifio conditions (Farfan et al., 2013). The MAR peak in 2014 + 3, which had similar variations

in Rock-Eval parameters, could be attributable to the intense El Nifio event in 2014-2016.

5.3. Are the studied mangroves a sink or source of atmospheric CO»?
For Corg stocks to play a significant role in climate mitigation and blue carbon management, it
is important to determine whether Corg stocks are prone to remineralization or stable over time
(Howard et al., 2021). The relative proportions of labile and refractory material would be
expected to change during the early stages of diagenesis because the degradation of OM by
microbial activity is generally selective, with labile organic materials typically degrading more
easily than refractory ones (Benner et al., 1990; Meyers, 1997; Southward et al., 2005). The
most labile part of the pyrolyzed carbon (pyrolyzed at <400°C) is particularly susceptible to
decomposition in the sediment column (Disnar et al., 2003), potentially leading to CO:
emissions during the early diagenesis in mangrove sediments. The refractory Corg stocks include

recalcitrant organic components, such as woody material or highly resistant organic compounds
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highly resistant to pyrolysis, as they require temperatures exceeding 400°C for breakdown
(Disnar et al., 2003). Although evidence of decomposition of recalcitrant organic components
has been found in mangrove sediments, which depend on the stage of evolution of the mangrove
forest and the redox conditions, those components were reported to be relatively stable with
very low decomposition rates under anoxic conditions (Marchand et al., 2003, 2005, 2008;
Lallier-Verges et al., 2008).

The low proportion (6—11%) of highly labile Co stocks and the minimal change in the
proportions between highly labile and refractory Cor stocks along the cores, including the top
sections, confirmed that the degradation of Co mainly occurred before its burial into the
sediment column. It indicated a limited capacity for COz¢q emissions from the decomposition
of labile Co. The predominant fraction of refractory Corg stocks coincided with the
palynofacies identification, which showed the predominance of degraded particles (95%) and
indicated the potential of these mangrove ecosystems as long-term Corg sinks.

The upward trends in Core concentrations and Corg stocks.ioyr are partly attributable to the
increase in river discharge observed since the 1950s in the TL (Benitez et al., 2005; Soto-Galera
et al., 2010; Fichez et al., 2017; no available data for EV), and the consequent increase in
sediment transported from rivers to these mangrove areas (Fig. 5; Jupin et al., 2023). Previous
studies have shown that the increasing discharge from Usumacinta and Candelaria rivers was
unrelated to precipitation (Benitez et al., 2005; Fichez et al., 2017); indeed, precipitation tended
to decrease from 1959 to 2018 in the Usumacinta River Basin (Jupin ef al., 2024).

The increasing sediment discharge by rivers has been attributed to exacerbated continental
erosion caused by population growth and changes in land use and land cover (Benitez et al.,
2005; Fichez et al., 2017; Jupin et al., 2023). The observation of Cor, decomposition, as inferred

by the relative proportions of highly labile and refractory Cor stocks.ioyr, is probably
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underestimated since inputs of reworked refractory Corg increased to these mangrove sediments.
Under the anoxic conditions in saturated sediments, decomposition in mangrove sediments is
generally very slow (Lallier-Verges et al., 2008) compared to the recent and rapid accumulation
of refractory Core. Moreover, the variation in Rock-Eval parameters showed sporadic changes
in the OM lability and nature that were associated with the variation in its provenance that
potentially complexifies the oxidation profiles; therefore, accurately establishing the
degradation rates of Corg becomes challenging.

Although the Cor originates mainly from external sources and exists in a refractory form,
rather than being derived from in situ capture of atmospheric CO> and newly formed Corg, these
mangroves have contributed significantly to the accumulation of allochthonous Cor in their
sediments. Over time, these mangroves have adapted to new sediment and Corg deposition
patterns, resulting in the accumulation of greater Corg stocks. In general, the majority of Corg in
mangrove ecosystems is stored in sediments, often constituting up to 90% of total Corg stocks
in some ecosystems (e.g., Phang et al., 2015; Ezcurra et al., 2016; Cooray et al., 2021). This
may indicate that, overall, the Corg stocks in the mangrove ecosystems studied here can be
considered stable and efficient Corg sinks over time; hence, the conservation of these ecosystems

contributes significantly to mitigating climate change.

Conclusions

Rock-Eval pyrolysis and palynofacies analyses of mangrove sediment cores from two Mexican
Ramsar sites showed similar provenance and composition of organic matter (OM) across the
sampling sites, with specific differences among cores attributed to the influence of local
sedimentary and hydrological conditions. A trend towards decreasing organic carbon (Corg)

concentration from 1990 to 2021 in some cores was attributed to early oxidative diagenesis of
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Corg, in agreement with decreasing hydrogen-rich and preserved compounds with depth. Cores
lacking this trend had experienced a progressive increase in labile Corg inputs during this period.
Other fluctuations in OM composition and Corg concentration and preservation states along core
depth were associated with precipitation or river discharge; when data were available, low
precipitation and river discharge were associated with a more significant influx and
preservation of fresh Core, whereas higher precipitation and discharge events were associated
with heightened inputs of refractory Corg and the occurrence of oxidation processes.

Although mangroves often sequester CO; from the atmosphere and produce locally Corg,
most of the observed sedimentary Corg in this study was refractory and proceeds from terrestrial
detritus. The high proportions of refractory Core stocks and degraded organic particles in the
cores indicated that the Cor degradation processes mainly occurred before its burial in the
sediment column. The increase in Corg concentrations and Corg stocks over 1921-2021 was
therefore attributed to the increasing supply of refractory and riverine Corg, resulting from a
century of deforestation and land-use change in the regions surrounding these mangroves, rather
than the mangrove ecosystems themselves. However, they serve and are efficient long-term
sinks for the external supply of refractory Core. The Ramsar status of the studied ecosystems is
appropriate in the face of the deleterious effects of climate change, but we suggest that
protection should be granted to mangroves worldwide to better manage these carbon reservoirs

as nature-based climate change mitigation strategies.
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GENERAL DISCUSSION

1. Spatial and temporal variability of precipitation in the study sites

In the URB, the analysis of homogenized and imputed series revealed a distribution pattern of
precipitation influenced by altitude as a result of the orographic effect, which occurs because of the
combination of cooling and drying of moist air with altitude (Houghton, 1979; Daly et al., 1994;
Fernandez et al., 1996). The belt of maximum precipitation at intermediate altitudes observed in
URB is a common phenomenon in mountainous regions of the tropics and subtropics (Hastenrath,
1967), such as in India (Puvaneswaran and Smithson, 1991), Costa Rica (Chacén and Fernandez,

1985; Fernandez et al., 1996), and Morocco (Abahous et al., 2018).

Extreme precipitation events in the URB showed a significant negative correlation with the El
Nino 3.4 index (Jupin et al., 2024), owing to the influence of El Nifio and La Nifia events on the
moisture transport in Central America (Duran-Quesada et al., 2017). During El Nifio events, drier
conditions were observed in the URB and in Campeche, whereas southern Sinaloa experienced
increased precipitation (Magafa et al., 2003; Salas-Flores et al., 2014; Salas-Flores and Jones,
2014). With Climate change, the frequency and intensity of extreme El Nifio events may increase
(Wang et al., 2019; Cai et al., 2022), potentially amplifying extreme precipitation or drought

occurrences in Mexico, thereby leading to socioeconomic repercussions in the river basins.

The observed trends toward increased drought in the URB between 1959 and 2018 (Jupin et al.,
2024), in the southern Yucatan Peninsula from 1980 to 2011 (De la Barreda et al., 2020), and in

southern Sinaloa from 1963 to 2014 (Llanes-Cardenas et al., 2022, 2016) aligned with warming
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trends reported in Mexico (Montero-Martinez et al., 2018) and Central America over interdecadal
scales (Hidalgo et al., 2013, 2017; Duran-Quesada et al., 2017; Hannah et al., 2017; Alfaro-
Cordoba et al., 2020; Maldonado et al., 2021). Increasing temperatures can alter the distribution
and intensity of precipitation, resulting in increased evaporation, evapotranspiration, and
atmospheric moisture retention, thereby leading to more intense rainfall events and prolonged
drought periods (Aguilar et al., 2005). However, the relationship between warming and
precipitation trends is complex. To gain a more comprehensive understanding of precipitation
trends and the underlying factors across time scales, it is necessary to consider the use of long-term
series, such as paleoprecipitation records or reanalysis data calibrated with local rain gauge

measurements (Hidalgo et al., 2017).

The increasing aridity observed in this study within the context of climate change poses a
significant threat to critical sectors such as health, agriculture, and water and disaster risk
management in the study regions. Since socio-economic development in the study sites relies
mainly on agricultural and livestock production, these regions are particularly vulnerable to
variations in water availability and extreme events such as droughts (De la Barreda et al., 2020;
March-Mifsut and Castro, 2010). Specifically in the URB, areas characterized by higher
precipitation levels and intermediate altitudes were identified as more susceptible to drought and
should receive priority attention in water planning efforts. This study holds great interest to
policymakers and stakeholders, providing them with valuable insights to identify vulnerable
regions for planning and implementing adaptive measures to mitigate the potential impacts of

droughts on populations, ecosystems, and economic activities within these regions.

175



2. Spatial and temporal variability in sedimentary accumulation in the study sites

The values of SAR and MAR estimated in the study sites were consistent with global range of
values for mangrove forests (Alongi, 2012) and previous studies conducted in the regions (e.g.,
Cuellar-Martinez et al., 2020; Ruiz-Fernandez et al., 2020). In the EV system, the maxima in MAR
were attributed to meteorological events that influenced sediment supply during the study period;
the identification of these events improved dating validation in the EV cores. Excluding these
maxima, MAR in the EV cores were higher than in other mangrove areas on the Mexican Pacific
coast but comparable to the MAR observed at other sites worldwide (e.g., Brunskill et al., 2002,

2004).

All sediment cores exhibited a comparable increase in MAR over the past century, contradicting
the research hypothesis, which assumed that different meteorological and hydrological
characteristics at the study sites would result in variable MAR. The exponential trends in MAR
observed in the cores, with an acceleration from the 1950s onwards, coincided with reported
population growth in the municipalities of Mazatlan, which includes the EV system, and El
Carmen, which includes the PDE and CP systems (INEGI, 2022). The population in these
municipalities doubled between 1900 and 1950 and increased by 7 times in the municipality of El
Carmen and 10 times in the municipality of Mazatlan between 1950 and 2020. The population
growth and associated economic development led to changes in land-use that generated a growing

trend of erosion in coastal areas and upper basins (e.g., Ruiz-Fernandez et al., 2009).

The SAR values, corrected for compaction effects along the sediment column, were comparable
to the reported sea-level rise in the study sites (Zavala-Hidalgo et al., 2010, 2015), suggesting that

mangroves accumulated sediments at a rate similar to local sea-level rise over the past century.
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These findings suggested that sedimentary and hydrological conditions in the TL and EV areas,
along with the state of the mangroves, have facilitated sediment accumulation in equilibrium with
changes in sea-level and the coastline. While mangroves have demonstrated adaptation to
anthropogenic disturbances over the past century, continuous monitoring of sediment accumulation
is crucial to anticipate how these ecosystems will respond to global change and ensure favorable

conditions for their long-term conservation.

3. Variability in origin, burial rates, and stocks of organic carbon in the study sites

The LTMPAO02, LTMCAOI, LTMCAO3, and EVCO1 cores predominantly showed contributions
of Cor originating from fluvial inputs, a characteristic commonly observed in mangrove
ecosystems influenced by rivers, where allochthonous Corg typically constitutes the majority of the
total contribution (Kusumaningtyas et al., 2019b; Sasmito et al., 2019; Sidik and Friess, 2021). The
LTMPAO1 and LTMCAO2 cores exhibited predominant contributions of autochthonous Corg, a
common feature in mangrove ecosystems with minimal influence from rivers or tides, where Corg
mainly originates from autochthonous sources such as mangrove leaf litter and roots (Alongi,
2014). The EVCO02 core displayed a mixture of Corg derived from both fluvial and autochthonous
sources, attributed to the combined effect of river discharge and storm events, which can lead to
variations in deposition and export of allochthonous and autochthonous Corg inputs (Smoak et al.,
2013; Pérez et al., 2018). The relatively minor contribution of Corg derived from phytoplankton or

seagrasses in all cores indicated limited influence of tides on Corg supply at the study sites.

Over the past century, there was a progressive increase in Corg burial rates and stocks, contrary

to the initial research hypothesis, which anticipated a decline due to increasing land-use changes
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and mangrove cover loss. However, the increase in Corg burial rates and stocks was primarily
attributed to the greater influx of Cor from fluvial systems, driven by continental erosion resulting
from land-use change (Jupin et al., 2023). Additionally, the contribution of autochthonous Cor,
increased in most sedimentary records, suggesting that, despite reported reductions in mangrove
cover within the basins, this ecosystem has continued to serve as an important producer and

efficient sink of autochthonous Corg.

Global patterns generally report lower Core burial rates and stocks in carbonate systems with
predominantly autochthonous Core inputs compared to terrigenous systems that receive high
allochthonous inputs (Atwood et al., 2017; Breithaupt and Steinmuller, 2022), However, in the
study sites, higher Corg burial rates and stocks were observed in mangrove areas with limited fluvial
influence and dominant autochthonous Corg inputs. The lack of compatibility between the obtained
results and global patterns was attributed to the strong local variability evidenced in this study, as
well as possible biases in the databases (e.g., scarce data, variations in sampling methods, potential
errors in observations; Sidik and Friess, 2021). Moreover, this study, along with other publications
using dated sediment cores (e.g., Cuellar-Martinez et al., 2020; Lopez-Mendoza et al., 2020), have
shown that Corg stocks vary over time. Using comparable time frames (e.g., centennial, such as
1900-2000 or 1920-2020), employing reliable dating methods (e.g., >'°Pb) and standardized
measurement techniques (e.g., Howard et al., 2014) could mitigate bias in assessments of Corg burial

rates and stocks.

4. Spatial and temporal variability in the composition and stability of organic carbon in the

study sites
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The OM found in the four sediment cores LTMPAO1, LTMPA(02, LTMCAO3 exhibited a low
content in hydrogenated compounds and a high content in oxygenated compounds, which was
indicative of an OM primarily derived from degraded terrestrial detritus during its transport to the
deposition zone (Meyers and Lallier-Verges, 1999). It is also possible that a portion of the OM
found in the cores was originated from local production (e.g., mangrove detritus) and marine or
lagoon phytoplankton but had undergone certain degradation before its deposition, which would
result in a decrease in the hydrogen index and a slight increase in the oxygen index (Meyers, 1997).
The refractory nature of the organic material of the cores was confirmed by the prevalent presence
of thermal groups of organic components highly resistant to pyrolysis, which degraded above
400°C, along with degraded and amorphous particles identified in the sediment cores. The similar
compositions in thermal groups of organic components and palynofacies in the four sediment cores
indicated general similarities in sources and deposition conditions among the sites, whereas the
spatial variation in the quantity and stability of Co, among the cores was attributed to local

hydrological and sedimentary conditions (Twilley et al., 2018; Jennerjahn, 2020).

In the LTMPAO2 and LTMCAUO3 cores, the decrease in the quantity and lability of Corg within
the first 10 centimeters was partly attributed to early diagenesis, as evidenced by the decrease in
the hydrogen index, indicating dehydrogenation of organic compounds and loss of hydrogen bonds,
and the increase in the oxygen index due to mineralization and carbon loss (Meyers, 1997).
Conversely, in the LTMPAO1 and EVCO1 cores, the increase in the quantity and lability of Corg
from 1990 to 2021 was attributed to increasing contributions of labile and autochthonous Corg
during this period, possibly coupled with better preservation of this material, as indicated by both
increasing HI and OI toward the present. With exception of the subsurface, in all cores, changes in

the quantity and lability of Cog Were associated to specific events of precipitation and river
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discharge (Kusumaningtyas et al., 2019b). The following pattern was observed: increased flow and
preservation of labile Cor in sediment cores coincided with low river discharge and precipitation,
whereas high contributions of refractory Corg and intensified oxidation processes were observed

during periods of high river discharge and precipitation.

The increasing trends in Corg concentrations and stocks were mainly attributed to the increasing
river discharges observed since the 1950s in the TL (Benitez et al., 2005; Soto-Galera et al., 2010;
Fichez et al., 2017; no data available for EV) and the consequent increase in sediment transport
from rivers to mangrove areas (Jupin et al., 2023). This observation confirmed the research
hypothesis that suggested a shift from autochthonous- to allochthonous-dominated Corg storage
toward recent decades, which would reduce the proportion of labile Core stocks in mangrove
sediments. The increase in river flow from the river basins was not related to precipitation, as the
latter rather decreased in these regions during comparable periods (Benitez et al., 2005; Fichez et
al., 2017; Jupin et al., 2024; Llanes-Cardenas et al., 2022). This study demonstrated that over time,
the studied mangroves have adapted to the increase in fluvial sediment and allochthonous Corg
inputs, resulting in higher Corg stocks in sediments. Although Corg mainly originated from external
sources and exists in a refractory form rather than being derived from in situ capture of atmospheric
CO; and newly formed Corg, sedimentary stocks in those mangrove ecosystems are stable and
efficient Corg sinks over time; therefore, their conservation can significantly contribute to climate

change mitigation.
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CONCLUSIONS

This doctoral work is the first reconstruction of the recent temporal variability (~100 years) of the
origin, composition, concentration, burial rates, stocks, and stability of organic carbon (Corg) in
mangrove sediment cores from two coastal Ramsar sites in Mexico (Terminos Lagoon, Campeche,
and El Verde Camacho Lagoon, Sinaloa) through the analysis of seven Lead-210-dated sediment
cores and the study of environmental variables (e.g., precipitation trends, sediment accumulation
rates, and sea-level rise). The study provided new insights into the role of mangroves as efficient

and long-term sinks of Corg under changing environmental conditions over the past century.
The main advancements of this work are as follows:

(1) A relationship was found between the spatial variability in precipitation in the Usumacinta
River basin and the basin topography. The occurrence of extreme precipitation events in the three
river basins flowing into TL and EV was influenced by the El Nifio-Southern Oscillation
phenomenon on an interannual scale. This connection underscores the intricate interplay between
large-scale climatic patterns and regional hydrological processes, shaping the frequency and
intensity of extreme weather events in the study areas. Since the 1960s, increased aridity was
observed in these river basins, attributed to climate change, posing significant challenges for water

resource management and ecosystem sustainability in these areas.

(i1) Overall, sediment cores collected at study sites with different climatic, hydrological, and
demographic characteristics recorded similar trends in sediment accumulation rates and the

composition and origin of Core. However, disparities were observed among cores from the same
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site, highlighting marked local variability primarily influenced by sedimentary and hydrological

conditions in the lagoons.

(v) In the study sites, trends in sediment and Corz accumulation do not appear to be directly
linked to precipitation trends in the region. Instead, increasing sediment and Cor; accumulation
were associated with the rising river discharge resulting from intensified continental erosion driven
by population growth and alterations in land use and land cover. However, the occurrence of
extreme precipitation events, which can lead to heightened river flows, resulted in increased inputs

of refractory Core and oxidation processes affecting Core deposited in mangrove sediments.

(ii1) Despite alterations in source and transport of sediment and Co due to anthropogenic
activities within the river basins, mangroves showed remarkable resilience in adapting to these
changes over the past century, as evidenced by their progressive adjustments in Corg accumulation
and production. The increase in sediment inputs from rivers also contributed to assisting mangroves

to adapt to rising sea-level.

(vi) This study illustrated that the study mangroves served as efficient and long-term sinks for
Corg, suggesting that their conservation could represent a natural and effective strategy to contribute

to climate change mitigation.

This study underscores the critical necessity of globally monitoring mangroves to better
understand their role in the carbon cycle and their response to both climate change and human
intervention over time. This approach will facilitate comparisons across different mangrove areas
and countries, enabling the identification of general patterns regulating the sources, accumulation,
and preservation of Corg in mangrove sediments, while also acknowledging the inherent local

variability within these complex ecosystems. The quantitative results obtained in this study can
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support mangrove conservation efforts in the study sites and provide valuable insights for future
research on mangroves globally. Given the diverse, complex, and dynamic nature of mangrove
ecosystems, forest management strategies should be approached from a multi-temporal (short to
long-term), multidimensional (local to global), and multidisciplinary (e.g., economic,

environmental, and social) perspective.
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Supplementary Material — Chapter 1

Table S1 Meteorological stations considered for the analysis of precipitation trends in the Usumacinta River Basin (1959-2018).

Station ID Station name Latitude (°) Longitude (°) Altitude (m asl) Period start  Period end Missing data (%)* Cluster
MEXICO

4024 Palizada 18.281 -92.169 4 01/11/1944  01/12/2018 8 2
4056 Molino Chumpan 17.989 -91.761 10 01/05/1978  01/12/2018 13 2
4086 El Zapote 18.364 -91.814 10 01/01/1996  01/12/2018 16 2
7001 Abasolo Chiapas' 16.833 -92.222 1280 01/10/1970  01/08/2012 7 2
7004 Agua azul 16.783 -90.917 640 01/01/1961  01/02/1987 18 2
7006 Altamirano 16.792 -92.078 1240 01/06/1942  01/09/2019 4 1
7017 Bonampak 16.733 -91.083 360 01/06/1965  01/02/1981 18 1
7022 Playas de Catazaja 17.833 -92.156 10 01/06/1956  01/12/2019 19 2
7028 Chacamax 17.533 -91.778 60 01/01/1969  01/09/2019 16 2
7029 Chajul 16.833 -90.933 223 01/07/1967  01/12/1988 19 1
7031 Chanal 16.747 -92.375 2100 01/01/1969  01/09/2019 18 3
7036 Chilil 16.778 -92.542 2266 01/09/1967  01/10/2016 8 3
7041 El caliente' 16.300 -91.467 687 01/01/1969  01/06/1980 8 1
7043 El cedro 16.417 -91.083 510 01/05/1965  01/02/1994 7 2
7044 El colorado' 16.150 -91.150 300 01/01/1970  01/07/1994 6 1
7046 El euseba' 16.217 -91.333 379 01/01/1967  01/12/1995 6 1
7047 El Jabali' 16.133 -91.367 360 01/01/1969  01/07/1994 5 1
7051 El Rosario' 16.850 -91.783 740 01/08/1965  01/11/1993 6 2
7052 El Zapotal' 16.167 -91.500 500 01/03/1970  01/07/1994 4 1
7055 Finca Chayabé 16.514 -91.806 1596 01/09/1955  01/09/2019 6 1
7062 Finca La soledad 16.431 -91.975 1469 01/02/1961  01/02/2019 14 3
7076 Huixtan' 16.839 -92.533 1990 01/11/1964  01/11/2005 8 3
7081 Ixcan 16.833 -91.067 200 01/06/1965  01/12/1988 18 1
7089 La catarata' 16.217 -91.317 327 01/07/1966  01/06/1996 4 2
7096 La pimienta' 16.317 -91.783 1120 01/03/1964  01/07/1994 6 1
7104 Las margaritas 16.406 -92.047 1512 01/07/1962  01/06/2019 3 3
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Station ID Station name Latitude (°) Longitude (°) Altitude (m asl) Period start  Period end Missing data (%)* Cluster
7107 Las tazas' 16.836 -91.747 600 01/04/1965  01/11/1993 3 2
7108 Livingston' 16.767 -92.050 1200 01/04/1965  01/06/1994 5 2
7114 Yaquintela 16.994 -91.853 650 01/11/1964  01/09/2019 14 2
7118 Miramar' 16.383 -91.583 950 01/01/1964  01/04/1976 12 2
7121 Nueva esperanza 16.450 -91.133 1000 01/05/1957  01/12/1993 5 2
7124 Ostional 16.417 -91.250 247 01/06/1969  01/12/1983 13 2
7125 Oxchuc 16.814 -92.428 1987 01/10/1969  01/09/2019 6 2
7127 Paso Del Soldado' 16.117 -91.783 1485 01/03/1963  01/12/1976 12 2
7152 Santa Cecilia' 16.367 -91.433 254 01/03/1964  01/10/1981 7 1
7154 Santa Elena' 16.117 -91.483 720 01/01/1969  01/10/1994 3 1
7179 Altamirano' 16.683 -92.000 1250 01/12/1964  01/12/1994 13 2
7190 La Trinitaria' 16.128 -92.067 1540 01/01/1970  01/09/2019 13 3
7192 Ocosingo' 16.900 -92.100 978 01/05/1964  01/02/1989 8 3
7205 Comitan® 16.261 -92.142 1630 01/01/1961  01/09/2019 4 3
7215 Altamirano® 16.733 -92.033 1240 01/07/1973  01/12/1988 10 2
7231 Tziscao® 16.083 -91.667 1475 01/08/1977  01/02/2003 20 1
7337 Lacantin® 16.708 -90.722 120 01/06/1980  01/12/2017 8 1
7374 La Esperanza 16.192 -91.881 1500 01/06/1987  01/09/2019 19 3
7391 Yasha 16.453 -92.150 1750 01/11/1983  01/09/2019 9 3
27001 Balancan de Dominguez* 17.900 -91.567 18 01/08/1943  01/01/1980 18 2
27004 Boca del Cerro 17.594 -91.581 14 01/08/1948  01/10/2019 3 2
27006 Buenavista 17.678 -91.347 50 01/08/1967  01/09/2019 4 2
27021 Mactun 17.817 -91.375 29 01/06/1969  01/09/2019 18 2
27040 San Pedro 17.867 -91.233 44 01/08/1948  01/09/2019 8 2
27046 Tenosique® 17.533 -91.517 19 01/07/1954  01/06/1985 7 2
27050 Tres Brazos 18.392 -92.600 2 01/11/1948  01/09/2019 5 2
27088 LaT 17.617 -91.550 67 01/07/1983  01/09/2019 15 2
27091 Playa larga 17.983 -91.900 5 01/07/1983  01/09/2019 16 2
GUATEMALA

INS-020604 San Jeronimo 15.061 -90.249 1000 04/04/1970  31/12/2018 2 3
INS-141502 Chixoy 15.358 -90.662 680 01/01/1971  31/12/2018 1 2
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Station ID Station name Latitude (°) Longitude (°) Altitude (m asl) Period start

Period end Missing data (%)* Cluster

INS-020201 Cubulco 15.109 -90.621 994 01/01/1980  31/12/2018 3 3
INS-141001 Sacapulas 15.290 -91.092 1180 01/01/1969  31/12/2018 2 3
INS-140801 Nebaj 15.399 -91.142 1906 01/01/1969  31/12/2018 6 2
INS-110104 Flores 16.916 -89.867 123 01/01/1973  31/12/2018 2 2

m asl=meters above sea level; Administrators of the meteorological stations in Mexico: 'CFE= Comisién Federal de Electricidad; “DGE= Direccion
General de Estudios; *SMN= Servicio Meterologico Nacional; * daily missing data calculated over the operating period of each station
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Table S2 Standard Precipitation Index (SPI) values and their associated conditions (WMO
2012).

SPI range Condition
>2.0 Extreme humidity
1.99-1.5 Severe humidity
1.49-1.0 Moderate humidity
0.99 —-0.99 Close to normal
-1.0--1.49 Moderate dry
-1.5--1.99 Severe dry
<-2.0 Extreme dry
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Figure S1 Mean distance to the closest station with available data in the Usumacinta River
Basin over the entire study period (1959-2018). Error bars represent the 95% confidence
interval.
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Supplementary Material — Chapter 3

Table S1 Stable isotope values of carbon sources in study systems from Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho
Lagoon (entrance of the Gulf of California).

System  Source n 33C (%o) 815N (%o) References
Mean SD Mean SD
PDE Mangrove leaves (Rm*) 3 -304 0.58 3.72  0.58 Sepulveda-Lozada et al. (2015)
Fluvial particulate organic 2  -26.2 0.2 598 0.20 Sepulveda-Lozada et al. (2015, 2017)
matter
Lagoon phytoplankton 2 =267 0.2 3.72 0.20 Sepulveda-Lozada et al. (2015, 2017)
CP Mangrove leaves (Rm, Lr, Ag*) 11 -284 1.0 2.62 0.75 Gonneea et al. (2004); Sepulveda-Lozada et al.
(2015)
Fluvial particulate  organic 2  -26.2 0.2 598 0.20 Sepulveda-Lozada et al. (2015, 2017)
matter
Lagoon phytoplankton 7 -25.51 1.38 435 0.73 Gonneea et al. (2004); Sepulveda-Lozada et al.
(2015)
EV Mangrove leaves (Rm*) 12 -29.2 0.8 42 0.9  Medina-Contreras et al. (2023)
Fluvial particulate organic 2  -22.4 0.8 94 0.8  Kwak and Zedler (1997)
matter
Marine phytoplankton 4  -20.1 20 43 1.9  Valladolid-Garnica et al. (2023)

PDE: Palizada-del-Este System; CP: Candelaria-Panlau System; EV: El Verde Camacho.
*Rm: Rhyzophora mangle; Lr: Laguncularia racemose; Ag: Avicennia germinans.
SD: standard deviation.
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Table S2: Variable characteristics in Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of

California).

Variable System Stations (Code) Location Period Reference

Mass PDE, CP, At the sediment core 1900-2021 Jupin et al. (2023)

accumulation EV location

rates

Precipitation PDE Palizada (4024) 18°10.97; -91°02.75 1959-2018 Jupin et al. (2024)
CP Candelaria (SMN: 4004; 18°11.07;-91°02.77 1944-2018 SMN-CONAGUA

CGE: 4039) (2022)
EV El Quelite CFE (25031) 23°33.43 ; -106°27.50 1961-2017
El Quemado (25076) 23°44.75 ; -106°28.00

River discharge PDE Boca Del Cerro (B30019)  17°26.00; -91°29.00 1949-2014 CONAGUA (2020)
CP Candelaria (B30181) 18°11.00; -91°04.00 1953-2014

Land-use PDE Palizada River basin 1968-86; 1990-99; INE - INEGI (1997);
Cp Candelaria River basin 2001-02; 2007-08; INEGI (2001, 2005,
EV Quelite River basin 2011;2014-15;2018 2009, 2013, 2016,

2021)
Population PDE, CP Carmen City 1900-2020 INEGI (2022)
Municipality

EV Mazatlan Municipality 1900-2020

Mangrove PDE Palizada River basin 1970; 2005, 2010, CONABIO (2013a,

cover CP Candelaria River basin 2015, 2020 2013b, 2013c, 2016,
EV Quelite River basin 2021).

PDE: Palizada-del-Este System; CP: Candelaria-Panlau System; EV: El Verde Camacho.

Based on CONABIO (1998) and Priego et al. (2007), river basins were delineated to assess land-use and mangrove cover estimations.
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Supplementary Material — Chapter 4

Table S1 Coefficient of determination R? of the fitted curve of S2 (quantity of hydrocarbon
compounds produced during the Rock-Eval pyrolysis) in mangrove sediment cores from
Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance of the
Gulf of California).

LTMPAO1 LTMPAO02 LTMCAO3 EVCO01
Section (cm) R? Section (cm) R? Section (cm) R? Section (cm) R?
34 0.9994 0-1 0.9994 0-1 0.9995 0-1 0.9989
6-7 0.9995 1-2 0.9995 3-4 0.9998 1-2 0.9995
9-10 0.9995 3-4 0.9993 6-7 0.9994 3-4 0.9996
12-13 0.9996 5-6 0.9997 12-13 0.9998 5-6 0.9987
15-16 0.9995 7-8 0.9996 15-16 0.9998 7-8 0.9992
18-19 0.9996 9-10 0.9996 18-19 0.9997 9-10 0.9998
21-22 0.9995 11-12 0.9995 21-22 0.9998 11-12 0.998
24-25 0.9997 13-14 0.999 24-25 0.9997 13-14 0.9984
27-28 0.9996 15-16 0.9996 27-28 0.9996 15-16 0.9968
30-31 0.9995 17-18 0.9997 30-31 0.9996 17-18 0.9958
33-34 0.9995 19-20 0.9997 33-34 0.9996 19-20 0.995
36-37 0.9993 21-22 0.9997 36-37 0.9997 21-22 0.9959
39-40 0.9993 23-24 0.9993 39-40 0.9997 23-24 0.9973
42-42 0.9993 25-26 0.9997 42-43 0.9997 25-26 0.9983
45-46 0.9994 27-28 0.9993 45-46 0.9998 27-28 0.9974
48-49 0.9991 29-30 0.9996 48-49 0.9998 29-30 0.996
51-52 0.9992 31-32 0.9985 51-52 0.9999 31-32 0.9982
54-55 0.9985 33-34 0.9994 54-55 0.9997 33-34 0.9976
57-58 0.9979 35-36 0.9996 57-58 0.9997 35-36 0.9965
60-61 0.9979 37-38 0.999 60-61 0.9993 39-40 0.9969
63-64 0.9974 39-40 0.9996 63-64 0.9999 43-44 0.9959
66-67 0.9960 41-42 0.9994 66-67 0.9998 47-48 0.9942
67-68 0.9987 43-44 0.9996 69-70 0.9991 51-52 0.996
45-46 0.9984 72-73 0.9996 55-56 0.9976
74-75 0.9998 59-60 0.9969
63-64 0.9943
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Table S2 Variable characteristics for sediment cores in Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho Lagoon (entrance of

the Gulf of California).
Variable System Station (Code) Location Time period Reference
Mass PDE, CP, EV Site of each sediment core  1900-2021 Jupin et al. (2023a)
accumulation
rate
Precipitation PDE Palizada (4024) 18°10.97; -91°02.75 1959-2018 Jupin et al. (2023b)
CP Candelaria  (SMN:4004; 18°11.07;-91°02.77 1944-2018 SMN-CONAGUA
CGE: 4039) (2022)
EV El Quelite CFE (25031) 23°33.43; -106°27.50 1961-2017
23°44.75; -106°28.00
El Quemado (25076)
River discharge PDE Boca del Cerro (B30019)  17°26.00; -91°29.00 1949-2014 CONAGUA (2020)
CP Candelaria (B30181) 18°11.00; -91°04.00 1953-2014

PDE, Palizada-del-Este system; CP, Candelaria-Panlau system; EV, El Verde Camacho.

207



3-4cm 6-7 cm 9-10 cm . 12-13 cm 15-16 cm
e T = st o] T trmar | — o e
o —a wow =1 v : o =%
J—"1 10000 —0
12000 o 12000 o 12008
 Fasem - — hsm
10060 16000 10000
= - = - P
E oo Euon L £ o
¢ 8 H 5 o
£ A \ B 8 Rl A
g g g g g
. \ o -
000 2000 2000 2000/ 2000/
N
o \. —a— | Al il ¢
% w r Y e - o s 0 - £ o o 3 o £ m 0 3 %
Temperature (*C) Tempersture () Temperatere (*C) Temperuture (*C)
18-19 cm 24-25 cm - 27-28 cm - 30-31cm
— s — rammor rases — e
- o —a n —a
bl —a —a —0
Ll 4 4 bd o
(=] o (3 o
o i o = - = ke
. . » . y
5 sow > > > 5 00
E E £ £ E
£ E £ £ £
S § 5 5 Lo
H H 3 H H
2 e ES £ g £
) -
-
-

wn ot
1500
o0
o0
\
~ ~ -
Z & 2500 z Z
E g g E
% oo gm. !,\ 5
H 2 H e
& £ 1500 = E
0 !
™
o
s

[
Temperature (°C)

m o0 w
Tempsrature (°C)

0

] o
Temperature (')

m

£

00 0
Temperutere (C)

0 0

™

o o
Teapenutuss ('C)

[ ™

Figure S1 Deconvolution of multilobed S2 signals (representing the quantity of hydrocarbon compounds measured by a flame ionisation

detector, FID, across temperature during the Rock-Eval pyrolysis) into individual cluster signals (C1 to C5) in mangrove sediment core
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Figure S4 Deconvolution of multilobed S2 signals (representing the quantity of hydrocarbon compounds measured by a flame ionisation
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