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C Despite mangrove cover loss in the lagoons, mangroves continued 1900 1920 1940 1960 1980 2000 2020
to ively function as Corg producers and sinks Year
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Editor: Jan Vymazal Despite their ability to mitigate climate change by efficiently absorbing atmospheric carbon dioxide (CO2) 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
Keywords: recent Bayesian tracer mixing models MixSIAR, this study aimed to quantify source contributions, burial rates,
Blue carbon 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 Cog burial
rates and stocks in these blue carbon ecosystems primarily depended on the influence of local rivers, which
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controlled Corg sources and fluxes within the mangrove areas. The Corg burial rates in the cores ranged from 66 +
16 to 400 + 40 gm 2 yr L. The Corg stocks ranged from 84.9 + 0.7 to 255 + 2 Mg ha~! at 50 cm depth and from

137 £ 2to 241 + 4 Mg halatlm depth. The highest Cog 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 Cog burial
rates and stocks in the study sites were primarily driven by enhanced inputs of fluvial-derived Corg and, in some
cores, mangrove-derived Corg. 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.

1. Introduction

Despite the multiple benefits provided by mangroves (Blankespoor
et al., 2017; Primavera et al., 2019b), the world’s mangrove cover has
declined due to land-use changes, particularly the conversion of man-
groves 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 (Primavera et al., 2019a). In
addition, the loss rates do not provide information about the conserva-
tion status of the remaining forests nor the magnitude of potential loss in
ecosystem services and carbon storage.

@ Palizada-del-Este system
@ Candelaria-Panlau system
@ El Verde Camacho system

- Mangrove

23°25.5°'N

106°34.5°W
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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 frac-
tion of sedimentary organic carbon (Corg) stocks in degraded mangrove
ecosystems may be oxidized to carbon dioxide (CO3) and released into
the atmosphere, contributing to global warming (Hamilton and Friess,
2018; Kauffman et al., 2014). Therefore, the conservation and restora-
tion 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 2 °C by
2050 (UN, 2015).

The study of Co¢ burial rates and stocks is essential for conducting
comprehensive assessments of actual and past Coy Storage in man-
groves. The wide ranges of Coq stocks (72-936 Mg ha_l; Atwood et al.,
2017) and Corg burial rates (2.3-1750 g m~2 yr1; Breithaupt and
Steinmuller, 2022) in mangrove ecosystems worldwide result from the
strong spatial and temporal heterogeneity of processes (e.g., climate,

92°45°W

N.S'LEST

91°18°'W 91°16.5°W 91°15°W 91°13.5°W

Fig. 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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hydrology, sedimentary and geomorphic settings) that influence Corg %
accumulation and degradation, and therefore complicate the under- 5 2 g
standing of Corg dynamics and their implications at regional and global = S =
scales (Breithaupt and Steinmuller, 2022; Rosentreter et al., 2018). ; = _;’
Uncertainty persists regarding mangrove responses to climate-induced g g %‘)
factors (e.g., droughts, floods, hurricanes) and anthropogenic in- Q e £
terventions (e.g., land-use changes, deforestation), with impacts S % 2
spatially nonuniform worldwide (Macreadie et al., 2019). g s °é’
The stable isotopic composition of carbon (5'3C) and nitrogen (5'°N) g g o
and the C:N ratio are valuable indicators for discerning the origin of Cog ) S %
stored in mangrove sediments (e.g., Bouillon et al., 2003, 2008; Kusu- S & £
maningtyas et al., 2019), which enable the interpretation of the vari- - 8 ‘i
ability of Corg accumulation and the effectiveness of Cyg storage. Unlike 3? 5 %
linear mixing models, which use a fixed isotopic composition for each gz 2
source, Bayesian tracer mixing models account for the potential vari- © 5 %
ability within isotopic composition data (i.e., mixtures and sources) and % & g
effectively propagates the associated uncertainties, resulting in more _g S E’o
realistic predictions within the estimated likelihood (Stock and Sem- g E £
mens, 2016a). The Bayesian mixing model MixSIAR is the most recent e g ]
advancement among mixing models. It builds upon years of investiga- § 2 < £
tion on mixing models, incorporating features from previous models, é § % _§
such as MixSIR (Moore and Semmens, 2008) and SIAR (Parnell et al., & \; < §
2013, 2010), and introducing novel user-specified parameters (e.g., a é j B g
priori information, categorical and continuous covariates) to improve E D; j% = g
accuracy and reliability in estimating source-to-mixture proportions - § = § 3
(Stock et al., 2018). It has been successfully employed to investigate 5 @ A ) z
food webs and trophic structures (e.g., Soria-Barreto et al., 2021) and f @ g 8 8 id
carbon sourcing in river catchments (e.g., Menges et al., 2020). In gl 5 2 = 2 2
mangrove sediments, carbon sources may exhibit notable spatial and 5 ; : g P = 2
temporal variations (e.g., Gonneea et al., 2004), however the flexibility E’ 5 &8 f: S g
and repeatability of MixSIAR enables the exploration of most realistic £
predictions by creating a framework of different Bayesian mixing . K ;
models and incorporating customizable options. £ § 8
In a previous study, Jupin et al. (2023) assessed the temporal trends ;2: 8 E
of sediment accumulation rates over the past century in seven lead-210 Sle % &
(31°pb) dated sediment cores collected in mangrove areas in two con- s|€ E =
trasting coastal lagoons of Términos Lagoon (TL) in the southern Gulf of L; g g ; § .
Mexico and El Verde Camacho Lagoon (EV) in the entrance of the Gulf of % 8 % - § © § 5
California. The study lagoons exhibited contrasting characteristics, as f ;“E %’J §° 2o é - & c?l
TL experienced higher rainfall rates, river discharges, and economic ; F|eI2CR &%0s &N E; g
development than EV. Consistent exponential trends in mass accumu- § o )
lation rates (MAR) toward the present were observed across all cores, ‘g g 3 g %
with an acceleration noted since the 1950s. These trends were attributed 2. S § ? <
to continental soil erosion induced by land-use change and sea-level 5| = 'g g = 9
rise. 8 5 g 2 + ° E g
The present study, based on the 21°Pb-derived chronology previously .g g £ 50 E ?; 2 B EJ S
established for the seven sediment cores from TL and EV mangroves, = % g TE_ S :: 3 % 5 8
provides new insights on changes in source contributions, burial rates, S8 5 Z § E T o882 ge.ld 2
and stocks of sedimentary Cog Over the past century, by using Bayesian E é“ 'é
tracer mixing model MixSIAR and standardized methods. The main = £ @ S
questions addressed in this study were: i) how do the ranges of Corg £ § 5 g E gl
burial rates and stocks in the study areas compare to each other and with § g 2% § g 9
other mangrove ecosystems worldwide? ii) have changes in sediment EIE: E %‘ = = ° g 2
and Cog sources influenced the temporal trends (~100 years) of Corg E S %O i g ~8 S ~ = § £
burial rates and stocks in the study sites? Over the past century, an 8 £lem=5€"% Redd F3W 2 B
overall decline in Cyy concentration, burial rates, and stocks was hy- i % E
pothesized as a result of increasing land-use changes, mangrove cover E g % = ; £
loss, and sediment inputs, which would favor the accumulation of o g ¢ o = g g
allochthonous Corg. f 5 g c &l ©
ol |» 2 £ £ §  85|E &
2. Study sites é 3 %ﬁ 2 % 'g :é'?% 2 g % ? é
2.1. Términos Lagoon AR IER N % é % 5 E EBE é 2y 2
-S| 8 &S g o 23 L] Elg @ g
Términos Lagoon (TL), in the sothern Gulf ‘of- Mexico, is Mexico’s % 5 ,:5‘ é § GE § “;’g é E é “&g E § m% gf
most extensive coastal lagoon (Yanez-Arancibia and Day, 1982; = = a,
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Contreras-Ruiz-Esparza et al., 2014). It is characterized by a permanent
water exchange with the Gulf of Mexico via the inlets on opposite 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 con-
version 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 Cg accumulation in TL mangrove sediments
include Corg burial rates in channels at southeastern Carmen Island (53
and 65 g m? yr‘l, Gonneea et al., 2004) and Cog stocks in the southeast
of Carmen Island (12-222 Mg ha’l, Ceron-Breton et al., 2011) and in the
Pom-Atasta System northwest of TL (80-236 Mg ha™!, Guerra-Santos
etal., 2014). However, Cog stocks were obtained from undated sediment
cores (30 or 60 cm long), so they were likely not formed during com-
parable periods. Presently, studies examining Corg sources, burial rates,
and stocks in mangrove areas of TL and its subsystems are scarce,
especially using 2'°Pb-dated sediment cores.

2.2. El Verde Camacho Lagoon

El Verde Camacho Lagoon (EV) is a 47 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 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 munici-
pality (Briseno-Duenas, 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 Cyg 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; Gonzalez-Farias and Mee,
1988). To our knowledge, there are no previous investigations on
sedimentary Corg burial rates and stocks in EV mangroves.

Science of the Total Environment 940 (2024) 173440

3. Methods
3.1. Sampling, dating, and analysis

3.1.1. Core sampling and sediment dating

Sampling and 21°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. How-
ever, 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 21°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 are notably
scarce and absent from the global database. The cores were extruded and
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, 210pp, 22°Ra, and '%7Cs 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 ™2 yr 1) 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 210pp,
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’Cs activities and the identi-
fication of meteorological events were used to corroborate the 21°Pb
chronologies in the sediment cores.

3.1.2. Element and isotopic composition

Concentrations of organic carbon (Corg) and total nitrogen (N) and
isotopic composition of C (8'3C) and N (5'°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 Sci-
entific. For Corg and 513¢ determination, carbonates were removed from
bulk sediment using HCl (10 %) before analyses. N and 5!1°N were
determined on bulk sediments. Isotope ratios were reported in the
conventional delta (8 in %o) notation relative to Pee Dee Belemnite (PDB)
carbonate standard and atmospheric N> (air), respectively.

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).
System Core collection Core name  Length Coordinates (latitude N; longitude Dominant mangrove Age (dated period) ~ MAR (g cm 2
date (cm) w) species yr'h
Términos  Lagoon
PDE 2021-02-11 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
CP 2021-02-12 LTMCAO1 66 18°37.1903; 91°16.0722 Rm; Ag; Lr 118 (1902-2020) 0.24 £ 0.01
LTMCAO02 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"
EVCO02 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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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 HNOj3 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 multi-
plying their respective element concentrations by 2°Pb-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 mineral-
ogical 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).

3.1.3. 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 co-
efficient of variation (CV (%) = standard deviation/mean value x 100)
from replicate analysis of a single sample (n = 6); CVs were <5 % for
210pp, 137¢g, and elemental determination, and <0.35 % for 8'3C and
8'5N.

3.2. Data treatment

3.2.1. Mixing model setup for organic carbon sources

The fractions of different sources contributing to sedimentary Cog 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'°C and 5'°N values (n = 327) from the seven study cores
(Fig. 2). Reference 513C and 8N values for the main sources were ob-
tained from previous studies (Table S1, in Supplementary Material) in
the study sites or their vicinity. The reference source values were aver-
aged, and the means, along with their standard deviations (mean + SD),
were utilized in the mixing model (Stock and Semmens, 2016b). Primary
sources included: i) 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 Corg 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, rep-
resenting different ages, were comparable to contemporary published
source values (Douglas et al., 2022; Menges et al., 2020). Those as-
sumptions were supported by the minimal differences observed in §'3C
and &'°N values between preserved mangrove leaves and detritus from
published values (Gonneea et al., 2004; Medina-Contreras et al., 2023;
Septlveda-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 a = ¢
(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 de-
viation, and Bayesian 5-95 % credible intervals of each categorical
factor.

Science of the Total Environment 940 (2024) 173440

Corg sources in mangrove sediments may vary spatially and tempo-
rally (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 un-
certainty. 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 mix-
ing 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 environ-
mental data (e.g., precipitation, river discharge, and land-use change).

3.2.2. Organic carbon burial rates and stocks

Corg burial rates (g m 2 yr’l) were calculated as the product of Cog
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 cal-
culations. Cog stocks (Mg ha™1), which represent the current amount of
Corg stored within the sediment that might be released as CO2 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.5ocm). For sediment cores dis-
playing constant Coyg concentrations in their bottom sections (i.e.,
LTMPAO2, LTMCAO3, EVCO1, Fig. 3), suggesting negligible Cog degra-
dation over time, Corq stocks were extrapolated to 1 m depth (Cog stock.
1m) by extending the known average Cyrg stock from the bottom sections
up to the depth of 1 m, assuming uniformity of Corg stocks in the
intervening layers (Ruiz-Fernandez et al., 2018a). The resulting values
of Corg Stock 1, were compared with the global database (Atwood et al.,
2017), exclusively considering information from countries with avail-
able field data (i.e., excluding country estimations derived from calcu-
lations based on the global mean Cog stock.1r). The temporal variation
of Corg stocks was calculated per decade (stock.1oyr), century (Corg stock.
100yr), as well as for the periods 1900-1950 (Corg stock.1900-1950) and
1950 to sampling date (Corg Stock.1950.2021)-

The CO; equivalent (COz¢q, in Mg ha™1) emissions, in case of sig-
nificant Cy,g stock loss, were calculated by multiplying the Cog stocks (at
50 cm or 1 m) by the conversion factor 3.67 (i.e., the ratio of C to CO4
molecular weights) (Howard et al., 2014). Potential annual COgzeq
emissions from mangrove losses were estimated by multiplying the
mean COyeq per site by the mean yearly mangrove habitat loss calculated
for 1970-2020 (CONABIO, 2013, 2021). The uncertainties of Corg
stocks, burial rates, and CO2eq emissions were estimated by quadratic
uncertainty propagation (Cuellar-Martinez et al., 2019). The un-
certainties of Corg stocks by depth (1-6 %) were low owing to the pre-
cision of the C,;; measurements, whereas the larger uncertainties in 10
years-Corg stocks (7-32 %) were primarily caused by the MAR un-
certainties, associated with the dating computation.

3.3. 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. Associa-
tions 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.
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Table 3
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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).

Core Statistics Corg (%) N (%) 5'3C (%) 815N (%0) C:N ratio Corg burial rate (g m2 yr’l)
Términos Lagoon
LTMPAO1 Min 1.69 + 0.02 0.112 + 0.002 —29.94 + 0.06 3.7+0.1 14.6 + 0.3 25+ 13
Max 10.8 + 0.1 0.540 + 0.010 —26.98 + 0.06 51+ 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 £ 0.4 140 + 65
LTMPAO2 Min 0.97 + 0.03 0.078 + 0.002 —28.4+0.1 43+0.1 12.5 + 0.4 4+2
Max 4.66 + 0.04 0.275 + 0.003 —26.4 + 0.1 6.3 +0.2 229 £ 0.5 210 + 30
Mean 1.91 £ 0.03 0.154 + 0.002 —27.0+0.1 5.2+0.2 15.7 £ 0.5 66 + 16
LTMCAO1 Min 1.50 + 0.03 0.109 + 0.001 -27.9+0.1 42+0.3 13.6 + 0.4 11+5
Max 14.3 +0.1 0.531 + 0.007 —25.9+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
LTMCAO02 Min 12.20 +£ 0.2 0.386 + 0.006 —29.6 + 0.1 1.6 £0.3 18.9 + 0.6 81 +16
Max 32.0 + 0.5 1.570 + 0.020 —26.1 + 0.1 2.7 +0.3 69.0 + 2.0 800 + 84
Mean 24.6 + 0.4 1.090 + 0.020 —28.5+ 0.1 2.2+0.3 26.5 £ 0.8 400 + 40
LTMCAO3 Min 2.53 £ 0.04 0.163 + 0.005 —-27.7 £ 0.1 4.03 £ 0.05 89+0.3 24 +£13
Max 11.7 £ 0.7 0.690 + 0.020 —25.90 + 0.06 6.44 + 0.05 26.0 +£ 1.0 290 + 30
Mean 4.4+0.3 0.315 + 0.009 —26.72 + 0.08 5.0+ 0.3 14.0 + 1.0 120 + 24
El Verde Camacho Lagoon
EVC01 Min 0.65 + 0.04 0.032 + 0.001 —26.51 + 0.03 6.2+ 0.1 109+ 0.3 12 £13
Max 4.56 + 0.05 0.244 + 0.005 —23.94 + 0.03 9.3+0.2 25.0 +£ 2.0 270 + 160"
Mean 1.53 + 0.04 0.010 + 0.002 —24.9+0.1 8.0+ 0.1 17.5 + 0.9 86 + 95"
EVC02 Min 1.63 + 0.07 0.100 + 0.004 —27.59 £+ 0.03 29+0.3 14.8 + 0.6 33+ 22
Max 8.90 + 0.07 0.396 + 0.007 —24.8 +0.2 7.5+ 0.3 26.0 +£ 1.0 800 =+ 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.

4. Results
4.1. Organic carbon and total nitrogen concentration and trends

The Cog and N concentrations were highest (p < 0.05) in core
LTMCAO2 and lowest in LTMPAO2, but comparable among the rest of
the TL cores (LTMCAO2 > LTMCAOl1 = LTMCAO03 = LTMPAO1 >
LTMPAO2; Table 3). In EV, EVCO02 C,,¢ concentrations were higher (p <
0.05) than in EVCO1. Significant correlations (p < 0.05) between Corg
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).

Table 4

4.2. Organic carbon sources

4.2.1. C:N ratios and Corg and N isotope composition

In TL, C:N ratios and 5'3C and 5'°N values were highest (p < 0.05) in
LTMCAO2 and lowest in LTMPAOQ2, but comparable in the other cores
LTMCAO1, LTMPAO1, and LTMCAO3 (Table 3). In EV, the cores EVC02
and EVCO1 had comparable C:N ratios but different 5'%C and 5'5N
(EVCO1 > 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, 513C values
generally decreased toward the most recent sections, whereas 8'°N
profiles showed high variability. In EV cores, 8'3C and 8'°N values
increased from older sections to the early 2000s and then decreased to
the present time.

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).

Core Stock (Mg ha™1) Mean contribution of Cog sources (%)
Over the 1900-1950  Over the 1950-2021  Over the past To 50 cm Extrapolated to 1 m Mangrove Fluvial ~ Phytoplankton
period period 100 years depth depth detritus
Términos Lagoon
LTMPAOL  Copg 19+ 3 92 +3 105 +1 131 +1 na 55 32 13
CO2¢q 72+ 9 337 £11 385 + 4 478 + 3 na

LTMPAO2  Corg 6.4 + 0.3 43+1 47.8 £ 0.5 85+1 137 £2 19 64 17
CO2¢q 24+1 158 + 2 176 + 2 311 +2 501 + 6

LTMCAO1  Corg 8.0 +£ 0.5 69 +1 74.2 + 0.9 106 + 1 na 14 71 15
CO2¢q 29+ 2 251 + 4 272+ 3 387 +£3 na

LTMCAO2  Gorg 50 +1 254 + 1 276.1 + 0.9 255 + 2 na 84 3 13
CO2¢q 182 +3 899 + 4 1013 +£3 935 + 6 na

LTMCAO03  Corg 15.2 + 0.4 86+ 1 95.4 + 0.6 137 +£2 241 + 4 24 65 11
CO2¢q 56 +1 316 + 2 350 + 2 502 + 6 883 +13

El Verde Camacho  Lagoon

EVC01 Corg 16 +2 70 £3 79 +3 98 +1 182 +£1 21 78 1
CO2¢q 58+6 258 + 12 291 +£ 10 358 + 3 666 + 4

EVC02 Corg 36+ 1 113+ 2 139+ 3 114 +1 na 43 41 16
CO2¢q 133+ 4 414 +7 512 + 10 429 + 3 na

Corg: organic carbon; COyq: 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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4.2.2. Mixing models

The relative contribution of the primary sources of Corg to the sedi-
ments varied both geographically and temporally, with the predomi-
nance 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 EVCO1, while EVCO02 sediments exhibited a com-
bination of mangrove detritus and fluvial Corg. Only a minor contribu-
tion of phytoplankton-derived Corg was observed in the cores (Table 4).

In the sediment cores, both fluvial and mangrove Cog sources
generally increased by 5-41 % and by 5-32 %, respectively, from before
the 1900s to the 2000s (Fig. 4), except in LTMCAO2 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 Corg 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 Corg 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 in-
crease of 11-14 % in the contribution of lagoon phytoplankton-derived
Corg, along with a simultaneous reduction of 21 % in the contribution of
fluvial Corg, relative to the preceding decade. The core LTMCA02
recorded a 6 % increase in lagoon phytoplankton-derived Corg, With no
concurrent increase in fluvial Corg.

4.2.3. 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 LTMPAO1, LTMCAO1, LTMCAO03, and
EVCO1.

4.3. Organic carbon burial rates and stocks

The order of Cyg burial rates in TL cores was LTMCA02 > LTMCAO1
= LTMCAO3 = LTMPAO1 > LTMPAO2, whereas in EV cores, they were
higher (p < 0.05) in EVC02 than in EVCO1 (Table 3). Both Cog stock.1gyr
and burial rates increased steadily from the early 1900s to the present in
all cores, although the pace accelerated from the ~1950s onward
(Figs. 4 and 5).

Corg stock socm values were higher in CP than other systems, whereas
those of Corg stock.1, (where available) varied considerably (LTMCAO3
> LTMPAO1 > EVCO1) (Table 4). The lowest Cog burial rates were
observed in the cores LTMPAQ2 and EVC02 that were collected in
mangrove areas closer to river mouths. In contrast, the highest Cog
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burial rates were found in cores LTMCAO2 and LTMPAO1 collected
farther from the direct river influence (Fig. 1). Corg stocks.1950.2021 were
~12-32 % higher than Cog stocks.j900-1950 (Table 4), contributing to
80-92 % of the total stocks accumulated between 1900 and 2021 in each
core. The Cyg stocks.jgy, in core LTMCAO2 were the highest, ranging
from ~2 to 6-fold higher than in the other cores (Fig. 4). The potential
CO2¢q 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 COyeq emissions from mangrove
losses per site were 30.1 + 0.4 Tg yr’1 in PDE, 14.1 + 0.2 Tg yr’1 in CP,
and 0.67 + 0.01 Tg yr ! in EV.

5. Discussion
5.1. Major sources of organic carbon

The dominant fluvial Cog contribution (64-78 %; Table 4) in cores
LTMPAO2, LTMCAO1, LTMCAO03, and EVCO1 is a common feature in
river-influenced mangrove ecosystems, where the allochthonous Cog
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; Septulveda-Lozada et al., 2017, 2015)
and was initially integrated as a primary source in the mixing models.
However, during the preliminary analysis of 5'3C 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 Sem-
mens, 2016b), and led to convergence issues in the models. While sea-
grass 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 LTMPAO1 and LTMCAO2 (55 and 84 %, respectively; Table 4) is
typical for mangrove ecosystems without significant river or tidal in-
fluence, 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 EVC02) also showed high
C:N values coinciding with lower 5'3C and 8'°N values (Fig. 3) that
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Fig. 2. Values of isotopic composition (8'3C and 8'°N) for mixture (sediment samples) and source data (mangrove: organic matter from mangrove detritus; fluvial:
particulate organic matter from river inputs; phytoplankton: lagoon or marine-derived phytoplankton) in sediment cores from Términos Lagoon (southern Gulf of

Mexico) and El Verde Camacho Lagoon (entrance of the Gulf of California).
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Fig. 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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Fig. 4. Temporal variation of organic carbon (Cog) 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).

indicated a higher contribution of mangrove detritus in the most recent
period (2021-2011).

The core EVC02 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 Corg accumulation

can vary considerably, influencing river and tidal currents and sediment
dynamics in two ways: i) increasing Cog accumulation, facilitated by the
trapping of material (e.g., fallen vegetation) derived from storms by
mangrove root systems, ultimately resulting in higher sediment accre-
tion and Cog accumulation; or ii) causing erosion, Co g €xportation to the
ocean, or mangrove degradation leading to a reduction in productivity



J.L.J. Jupin et al.

(Pérez et al., 2018; Smoak et al., 2013). EVCO2 registered a greater
influx of Cog during these particular events (Fig. 5), suggesting that its
location, farther from the influence of the Quelite River, was prone to
Corg accumulation during storms, in contrast to EVCO1.

5.2. Accumulation of organic carbon in contrasting environmental
settings

The mean Co, burial rates in PDE (103 + 47 g m—2 yr’l) and EV (138
+ 70 g m~2 yr1) fell within the global mean for mangroves of 139
(120-159) g m 2 yr ! (Fig. 6; Breithaupt and Steinmuller, 2022),
whereas those in the CP system (210 + 30 g m—2 yr’l) were above the
global mean. According to observations from global databases (Brei-
thaupt and Steinmuller, 2022; Woodroffe et al., 2016), mangroves in
estuaries or terrigenous settings, which usually receive high contribu-
tions of allochthonous Corg, tend to exhibit higher Corg 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 Coyg prevailed (LTMCAO2 and
LTMPAO1; Fig. 4) and in mangroves in carbonate settings (CP) compared
to those in terrigenous settings (PDE and EV). The comparable Corg
burial rates among cores from the three subsystems (LTMPAO1,
LTMCAO1, LTMCAO03, and EVC02; Table 3) and the significant (p <
0.05) differences in Corg burial rates among cores from the same study
site (e.g., LTMPAO1 > LTMPAO2 in PDE; LTMCAO2 > LTMCAO1 and
LTMCAO2 > 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 sur-
roundings. 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 Cyg accumulation in mangroves,
often overlooked in global-scale analyses, is shown by the wide range of
reported Corg burial rates in mangrove ecosystems worldwide, which
tend to broaden as more data are reported (20-1020 g m~2 yr™!, Brei-
thaupt et al., 2012; 2-1749 g m~2 yr~!, Breithaupt and Steinmuller,
2022).

The lowest observed Cyg burial rates in cores LTMPAO2 and EVCO1
were attributed to their proximity to the river discharge (Fig. 1, Table 3).
EVCO01 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 Cog accumulation and storage by regulating the sediments,
oxygen, and nutrients supply, thus preventing long-term C,¢ deposition
through resuspension processes and promoting aerobic decomposition
of sedimentary Corg (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 EVC02 (Table 4). Although the TL
cores exhibited comparable grain size distributions (Jupin et al., 2023),
runoff in the surroundings of LTMPAO2 may have promoted the flushing
of suspended sedimentary matter out of the lagoon, promoting export
rather than accumulation of autochthonous Cog (Bouillon et al., 2003).

5.3. Storage of organic carbon in contrasting environmental settings

At a comparable core depth, the Corg stocksoem values for each
mangrove area (PDE: 108 + 1 Mg ha™'; CP: 166 + 2 Mg ha™!; EV: 106
+ 1 Mg ha™1; 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
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estimated for Mexican mangrove ecosystems from the southern Mexican
Pacific (180 Mg ha_l), the Gulf of Mexico (210 Mg ha_l) and Yucatan
(360 Mg ha~1) (Herrera-Silveira et al., 2016), although this comparison
is limited because the uncertainties of such values are unavailable.
Among cores with available Coyg stock.jp (Table 4), only that of
LTMCAO3 (241 + 4 Mg ha™') was comparable to the global mean esti-
mate of 251 (200—302) Mg ha~! and the mean estimate for Mexico of
370 +£ 176 Mg ha’! (Fig. 7; Atwood et al., 2017). The higher Cog stocks
(Table 4) were found in cores with higher Corg burial rates (Table 3) and
sourced from mangrove detritus (Fig. 4), suggesting an efficient pres-
ervation 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 Cog Stock 1, in the North Pacific
(270 + 52 Mg ha™!) compared to the Gulf of Mexico (438 + 76 Mg
ha™1), attributed to regional climates (lower Cor Stock.;y, arid and
humid regions) and coastal geomorphology (limited habitat available
for mangroves in the North Pacific).

The high variability in Corg stock.1y, 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’l; 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; 1996-2016, 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-Mar-
tinez et al., 2020; Lopez-Mendoza et al., 2020) have demonstrated that
Corg 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., 219pb). It also emphasizes the significance of standardizing mea-
surement techniques and adopting best practices in sediment sampling
and measurement to ensure consistency and comparability across as-
sessments of Corg burial rates and stocks.

The CO5 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~1) 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~Y; Howard et al., 2014), the conversion or degradation of these
ecosystems could result in a higher amount of CO5 emissions, consid-
ering potential disturbances extending beyond 1 m (Kauffman et al.,
2020; Lovelock et al., 2017) and the exclusion of other possible green-
house gas emissions such as CH4 and NyO (Macreadie et al., 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 Cog
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 53¢
and 8'°N values (Fig. 3) suggested progressive alterations in Corg inputs
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Fig. 8. Environmental factors affecting sediment and organic carbon (Corg) accumulation in Términos Lagoon (southern Gulf of Mexico) and El Verde Camacho
Lagoon (entrance of the Gulf of California). MAR: Mass accumulation rate. References can be found in Table S2 in Supplementary Material.

or composition.

The rising trends in fluvial inputs and Cy, 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 Cory burial rates and MAR indicated that MAR
explained between 72 and 99 % of the increasing Cog 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 conse-
quential 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 stock.1oy, (Figs. 3, 4, and 5) over the past century, with
a majority of Corg stock jgoyr (80-92 %) accumulated in the post-1950
period (Table 4), contradicting the research hypothesis. This phenom-
enon, documented in coastal areas worldwide (e.g., Ruiz-Fernandez
etal., 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
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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 Corg and a diminished contribu-
tion of fluvial Corg (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, confirming
a minor marine influence. In core EVC02, the observed increase in MAR
and Corg burial rate (Fig. 8) from 1995 to 2005 coincided with the
highest contributions of fluvial Cqg 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
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trends of the Na/Ti ratio (Fig. 5), suggested that the increasing domi-
nance of fluvial Cy¢ 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 Cog was also evident
in LTMCAOQ2, characterized by a minor river influence, and was attrib-
uted to a progressive increase in the contribution of mangrove detritus
during the study period (Fig. 4).

Besides LTMCAO2, a growing mangrove contribution over the last
century was also observed in several cores (LTMPAQO1, LTMCAO1, and
LTMCAO3) 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, mi-
crobial mat formation, and detritus accumulation) to compensate sea-
level rise (McKee, 2011; Mckee et al., 2007), and iii) enhanced preser-
vation of autochthonous Cor, facilitated by heightened sediment
deposition and water flooding, effectively relocating Cog 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.

6. 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 ba-
sins, 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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