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Abstract

Mangrove forests are among the most productive ecosystems in the world. These tropical and subtropical coastal forests
provide a wide array of ecosystem services, including the ability to sequester and store large amounts of ‘blue carbon’. Given
rising concerns over anthropogenic carbon dioxide (CO2) emissions, mangrove forests have been increasingly recognized for
their potential in climate change mitigation programs. However, their productivity differs considerably across environments,
making it difficult to estimate carbon sequestration potentials at regional scales. Additionally, most research has focused in
humid and tropical latitudes, with limited studies in arid and semi-arid regions. A semi-arid mangrove forest in Magdalena
Bay, Baja California Sur, Mexico was studied to quantify the average net ecosystem exchange (NEE), determine the annual
carbon (C) budget and the environmental controls driving those fluxes. Measurements were taken during 2012-2013 using the
eddy covariance technique, with a daily mean NEE of -2.25 0.4 g C m-2 d-1 and annual carbon uptake of 894 g C m-2 y-1.
Daily variations in NEE were primarily regulated by light, but air temperature and vapor pressure deficit were strong seasonal
drivers. Our research demonstrates that despite the harsh and arid climate, the mangroves of Magdalena Bay were nearly as
productive as mangroves found in tropical and subtropical climates. These results broaden understanding of the ecosystem
services of one of the largest mangrove ecosystems in the Baja California peninsula, and highlight the potential role of arid

mangrove ecosystems for C accounting, management and mitigation plans for the region.
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This supporting information section provides additional information on our data set validation and statistical
results. The first figure details information regarding the energy balance closure (H4+LE vs Rn-G) within the
area of eddy-covariance tower footprint. The following two figures provide insight into the creation of our
neural network model, where we compare the data collected at our site with those provided by CONAGUA to
input into our model, and consequently the full of our neural network model and validations. Furthermore,
this section provides our statistical analysis on our half hourly data and the residual analysis performed
on our daily averaged dataset. Lastly, we include a table with a summary description of other mangrove
research studies and their yearly NEE productivity in comparison with our study.
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Figure S1. Energy balance for the 2012-2013 period. The above analysis shows the relationship between
H (sensible heat) + LE (latent heat) measured by the eddy covariance system and R, (net radiation) — G



(ground heat flux) by the meteorological sensors with an 12 = 0.87.

Figure S2. Data comparison between eddy covariance tower near Puerto Lopez Mateos and the ESIME
meteorological tower in San Juanico, BCS. (CONAGUA). (a) Air temperature (Tair) comparison between
both sites (r? = 0.83) (b) Relative humidity (Rh) comparison between both sites (r? = 0.39). (c) Net
Radiation (Rn) comparison between both sites (r> = 0.88). (d) Photosynthetically Active Radiation (PAR)
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Figure S3. Yearly Measurements of observed measurements of NEE and Neural Network output (a) Half-
hourly NEE output data represented in red by our direct observations, data in blue were direct observations
removed to validate neural network model, data in gray depict neural network modeled NEE yearly data. (b)
Removed Dataset Validation (R?=0.78) in model performance. (c¢) Whole dataset performance validation

(R% = 0.81).
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Figure S4. Residual Analysis Regressions of daily means with the influence of light removed (residual of
PAR). (a)Air Temperature (b) Vapor Pressure Deficit (VPD) (c¢) Humidity (RH) (d) Tidal Height (e) Soil
temperature.
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Figure S5. Yearly mean NEE from mangrove sites around the world wide and our field site in Magdalena
Bay.



Time Period Total Regression Step Reg Bivariate Regressi: regression
Parameters R-square Coefficient P-value Coefficient R-square Coefficient R-square

PPFD -0.009 0.000 -0.008 0.649 -0.008 0.649

Air Temperature -0.071 0.000 -0.453 0.124 -0.001 0.007

All Data Tide 0.682 -0.638 0.000 -1.856 0.022 -0.012 0.015
Humidity -0.113 0.000 0173 0.091 -0.001 0.097

Soil Temperature 0.037 0.035 -0.330 0.060 -0.001 0.003

PPFD -0.01 0.000 -0.01 0.711 -0.01 0.711

Air Temperature 0.827 0.000 -0.742 0.062 0.005 0.068

Summer Humidity 0.742 0.08 0.000 062 0.356 0.001 0.008
Tide -1.372 0.000 3174 0.044 -0.018 0.023

Soil Temperature -0.365 0.000 0.056 0 0.004 0.04

PPFD -0.004 0.000 -0.004 0.585 -0.004 0.585

Air Temperature -0.058 0.000 -0.273 0.196 0.002 0.032

Winter Humidity 0.859 -0.029 0.000 0.072 0.148 -0.002 0.356
Tide 0.819 0.000 1.305 0.068 0.009 0.015

Soil Temperature -0.071 0.000 -0.291 0.228 0.002 0.04

Table S1 . Multiple regression and residual models of all half hourly analyzed data for the 2012-2013
measurement period.
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Key Points:

e Large annual carbon sequestration of almost 900 g C m2in a semi-arid coastal mangrove.

e Air temperature is an important seasonal factor driving net ecosystem exchange (NEE) of
CO2 in semi-arid mangroves.

e The blue carbon storage potential of arid and semi-arid mangroves is an important

resource for meeting localized climate mitigation goals.
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Abstract

Mangrove forests are among the most productive ecosystems in the world. These tropical and
subtropical coastal forests provide a wide array of ecosystem services, including the ability to
sequester and store large amounts of ‘blue carbon’. Given rising concerns over anthropogenic
carbon dioxide (CO.) emissions, mangrove forests have been increasingly recognized for their
potential in climate change mitigation programs. However, their productivity differs
considerably across environments, making it difficult to estimate carbon sequestration potentials
at regional scales. Additionally, most research has focused in humid and tropical latitudes, with
limited studies in arid and semi-arid regions. A semi-arid mangrove forest in Magdalena Bay,
Baja California Sur, Mexico was studied to quantify the average net ecosystem exchange (NEE),
determine the annual carbon (C) budget and the environmental controls driving those fluxes.
Measurements were taken during 2012-2013 using the eddy covariance technique, with a daily
mean NEE of -2.25 +0.4 g C m* d"*and annual carbon uptake of 894 g C m2 y*. Daily
variations in NEE were primarily regulated by light, but air temperature and vapor pressure
deficit were strong seasonal drivers. Our research demonstrates that despite the harsh and arid
climate, the mangroves of Magdalena Bay were nearly as productive as mangroves found in
tropical and subtropical climates. These results broaden understanding of the ecosystem services
of one of the largest mangrove ecosystems in the Baja California peninsula, and highlight the
potential role of arid mangrove ecosystems for C accounting, management and mitigation plans
for the region.

Plain Language Summary

Mangroves have been recognized as important ecosystems that can help in climate change
mitigation programs. Several studies discuss the carbon dynamics and storage potential of
mangroves, however, most research has focused on tropical mangroves, with few studies
focusing in arid and semi-arid regions. In this study, we established an eddy covariance (EC)
system and meteorological sensors, to measure carbon dioxide (CO2) exchange between the
atmosphere and a semi-arid mangrove forest in Magdalena Bay, Baja California Sur (BCS). Our
analyses indicate that this mangrove was an atmospheric carbon sink during the measured period.

In addition, we determined that light was the driving factor in mangrove carbon uptake on a daily
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basis, while temperature and vapor pressure deficit showed important seasonal controls on
mangrove productivity. The above environmental conditions allowed these mangroves to be
productive year-round, but with some reduction during periods of rain and high temperatures.
Our findings suggest that mangroves have an optimal temperature for maximum productivity
while extreme high temperatures limit and decrease net carbon uptake. The data presented here
indicate that these semi-arid mangroves can be as productive as those found in wet tropical

habitats and their management can be important in climate change mitigation efforts.

1 Introduction

Mangrove forests grow along many of the world’s tropical and subtropical coastlines,
occupying an area of almost 14 million ha (Alongi, 2009; Sanderman, 2018). Although the
global area of mangroves is relatively limited, they provide a wide array of important ecological
and socioeconomic services (Alongi, 2002; Laffoley, 2009). Mangroves are considered among
the most productive coastal ecosystems in the world and can rival terrestrial and tropical forests
in carbon production and storage per unit area (Cui, 2018; Donato, 2011; Taillardat, 2018), with
global mangrove primary productivity estimated at 218 +72 Tg C yr* (Bouillon et al., 2008).
With increasing concerns over global greenhouse gas (GHG) emissions and climate change,
mangrove’ carbon storage potential or ‘blue carbon’, may have an increasingly important role in
climate change mitigation (Alongi, 2014; Laffoley, 2009).

Mangroves have ecophysiological and morphological characteristics that allow them to
thrive and be productive in the dynamic interface between land and sea. These characteristics
include aerial roots, tidal dispersal of propagules, rapid rates of canopy production, highly
efficient nutrient retention capabilities, and high water use efficiency with mechanisms for salt
exclusion (Adame, 2021; Alongi, 2002). Mangroves are geographically restricted to tropical and
subtropical coastlines where they have access to yearlong light and warm temperatures. In
addition, access to water from the marine environment and nutrient input from land, high
biodiversity, and adjacent lagoon and estuarine systems contribute to high rates of mangrove
productivity. Most mangroves also fix carbon well in excess of ecosystem respiration, supporting
high rates of nutrient and carbon sequestration. Carbon sequestration occurs in plant biomass and
organic matter burial in sediment, resulting in potentially large carbon sinks (Alongi, 2009;
2014).



87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

108
109
110
111
112
113
114
115
116
117

manuscript submitted to Journal of Geophysical Research — Biogeosciences

While considering mangroves for their potential in climate change mitigation to
assimilate carbon dioxide (CO2), and sequester carbon (C), it is important to understand both the
current uptake rates as well as the environmental controls on carbon flux in these ecosystems.
Presently there are over 900 participating eddy covariance (EC) sites studying CO fluxes on a
long-term and continuous basis in the North American, European and Asian FLUXNET
networks (Baldiocchi, 2001; 2020). Despite the popularity and utility of the EC technique, some
regions and biomes have been studied more than others (Villareal & Vargas, 2021). In recent
years, several studies have sought to measure the uptake potential of mangrove ecosystems. Barr
et al. (2010) reported that mangroves in the Florida everglades were a sink for atmospheric CO3,
with an annual net ecosystem productivity (NEP) of 1170 + 127 g C m~ 2and was strongly
influenced by available light, water salinity and tidal inundation. Chen (2014) reported the
influence of large-scale environmental disturbances on a subtropical mangrove ecosystem in
southern China with an NEP of 540-751 g C m™ 2, while Leopold (2016) reported a smaller NEP
of 73.8 g C m™ 2 for a semi-arid dwarf mangrove system in New Caledonia, where light
temperature and vapor pressure deficit (VPD) were controlling factors of NEP. Although these
studies show compelling results, the potential of mangroves as carbon sinks is understudied,
especially in arid and semi-arid climates. Differences in forest size, stand age, topography,
access to water, climate and geographic location can lead to differing productivity rates and
carbon sequestration potential (Alongi, 2018). Here we explore the rates, patterns, and controls
on net carbon sequestration in a sub-tropical, arid zone mangrove ecosystem associated with

Magdalena Bay, Mexico.

Magdalena Bay is located along the Pacific coast of Baja California Sur (BCS), Mexico
and is characterized by isolated and undisturbed mangroves forests and estuarine lagoons within
the semi-arid and desert ecosystems of the Baja California peninsula (Lagunas-Vazquez, 2011).
This mangrove lagoon system is a rich nursery and feeding ground for various species of fish,
crustaceans, mollusks, birds, sea turtles, and marine mammals (Felix-Pico, 2011; Hastings,
2001). These mangroves also as an attraction for tourism, recreation, and the foundation for
commercial fishing industries in the region (Aburto-Oropeza, 2008; Felix-Pico, 2011).

The Magdalena Bay mangroves are important not only for the economy, but also for the
carbon reduction planning for the state of BCS and for Mexico. Our objectives were to: (1)

quantify the net ecosystem CO2 exchange (NEE) for this ecosystem, (2) determine seasonal
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patterns and environmental controls on NEE, and (3) evaluate the potential of mangrove
management to meet CO> reduction targets in the state of BCS and Mexico. Measurements and
productivity estimates from these mangrove forests have been previously studied using a suite of
aircraft-based EC measurements and satellite remote sensing (Zulueta et al., 2013). However,
ground level ecosystem fluxes have not been conducted in this system for extended periods of
time. Consequently, the present study aimed to investigate the nature and magnitude of the
atmosphere-biosphere CO: fluxes above the forest canopy and to investigate the relationship
between the micrometeorological variables and CO2 exchange.

2 Materials and Methods

2.1 Site Description

The study site is located along the northern extent of Magdalena Bay (Bahia Magdalena),
which is about 10 km north of the fishing town of Puerto Adolfo Lopez Mateos, BCS, Mexico
(25°15'44"N, 112° 4'48"W) (Fig. 1). The area is a contiguous series of productive and
biologically diverse embayments, intertidal mud flats, and mangrove-lined canals bounded by
islands and sand bars that extend for 175 km along the Pacific coast of BCS (Aburto-Oropereza,
2008; Hastings, 2001; Lopez-Medellin, 2011). The site is located within the largest of these bays
in the northwest region of Magdalena Bay in an area bordered by the sandy barrier island of Isla
Magdalena, which forms a protected inner shelf lagoon that connects the inner lagoons and
canals to the Pacific Ocean via the “Boca de Soledad”. The interior canals and channels that
constitute much of this region are narrow (0.2 - 2km) and shallow (mean depth 3.5m) (Chavez,
2006; Gonzalez-Zamorano, 2013). The tidal range is considerable and varies throughout the
region, measuring between 1.46m and 1.7m on average. The tidal regime (24.8 hrs.) in the bay is
mixed semidiurnal, with periods of higher water followed by those of lower water, a condition
that produces greater current velocities during receding tides, however within the canals and
smaller embayments current water velocities are nearly quiescent (Bizzarro, 2008; Lopez-
Medellin, 2012).
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145  Figure 1. Location of the eddy covariance (EC) portable tower field site (black star) adjacent to
146 a mangrove stand (25°15'44"N, 112° 4'48"W) in Magdalena Bay, BCS, Mexico.
147
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Magdalena Bay lies within a transitional zone between temperate and tropical regions and
is part of the Sonoran Desert, where the climate varies from temperate to hot and dry. Mean
average air temperature is ~ 22 °C and ranges from a daily average of 12 °C during winter to ~30
°C in the late summer months. Precipitation is rare and is mostly restricted to summer and early
fall where, tropical storms originating along the Pacific coast of southern Mexico may reach the
bay (Bizzarro, 2008; Lopez-Medellin, 2012). The natural desert conditions in the area produce
low annual average rainfall (90 mm), high rates of evaporation, and minimal freshwater inputs
contributing to a negative estuary effect where the bay’s salinity concentrations generally exceed
those found in the open ocean, reaching concentrations between 35 and 39 parts per thousand

(ppt) in the connecting channels of the bay (Chavez, 2006; Zulueta, 2013).

Magdalena Bay is characterized by a high floral and faunal diversity, where the arid
desert region transitions into a coastal area (Fig. 2). Seasonal upwelling in the sub-tropical
California Current allows high rates of productivity in the bay, which is dominated by surf grass,
eel grass, intertidal mud flats, salt marshes, and mangrove lined coastlines (Bizzarro, 2008;
Gonzalez-Zamorano, 2013). The dominant mangroves species found in this area are red
(Rhizophora mangle), white (Laguncularia racemosa) and black (Avicennia germinans)
mangrove trees (Chavez, 2006; Felix-Pico, 2011). The total coverage of mangrove forests in
Magdalena Bay has been estimated at 178.64 km? (+14.15) with an average canopy height of
3.5 m and an average tree stem diameter of 4.09 cm (Chavez, 2006) (Fig 2).
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Figure 2. (a) Portable eddy covariance (EC) tower setup adjacent to mangrove forest. (b) land
side view of adjacent desert ecosystem and its transition to the mangrove lined lagoon. (c)
Lagoon side view of flooded red mangrove forest (Rhizophora mangle) along the coastlines of
Magdalena Bay.

2.2 Eddy Covariance and Meteorological data.

Ecosystem flux measurements were done using the EC technique (Baldocchi et al. 1988;
2003). A portable flux tower was placed adjacent to a large mangrove stand (Fig. 1; 25° 15'45"
N, 112° 04'46" W) as determined by a suitability analysis. The site suitability model was created
using Geographic Information Systems (GIS) software (ArcGIS® and Model Builder) to identify
a suitable location that included requirements of the area for the EC method and safety of the
equipment (Burba, 2010). Data was collected for 22 days between January 8 and 30, 2012; for 69
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days during summer between June 20 and August 28th, 2012; and for 19 days between January 5
and 24 in 2013. January 2012, and January 2013 were grouped together as winter and the months
of June through August were grouped as Summer for seasonal period analysis.

The EC system included a fast response (10Hz) three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Inc., Logan, UT, USA) used to measure wind velocity and sonic
temperature fluctuations. Atmospheric CO. and water vapor concentrations were measured by a
fast response (10Hz) open-path infrared gas analyzer (IRGA) (L1-7500, LI-COR Inc., Lincoln,
NE, USA) at 5 m above the ground (Fig. 2). Power for the system was provided by 3
rechargeable deep cycle batteries connected to 2 solar panels (135W each). The portable tower
measurement height was 5 m above ground level, and approximately 1.5 m above the mangroves
canopy with an average tree height 3.5 m. A prevalent onshore windflow from west to east and
northwest to southeast was recorded during the majority of the study period (Chavez, 2006;
Zulueta, 2013). A footprint analysis (Schuepp et al., 1990) indicated that 90% of the flux

measurements originated within 100 m of the tower.

Meteorological variables were averaged over 30-minute intervals from measurements
taken every 10 seconds and stored using a datalogger (CR3000, Campbell Scientific Inc.) with a
removable 2 GB compact flash memory card: Air temperature (Tair), and relative humidity (RH),
(HMP45c, Vaisala, Helsinki, Finland) were measured at 4.5 m in a radiation shield. Vapor
pressure deficit (VPD) was calculated from air temperature and relative humidity. Incoming
photosynthetic active radiation (PAR) was measured by a quantum sensor (L1-190 SB, LI-COR,
Lincoln, NE, USA) at 4m above the ground. Net radiation (Rn) (Q-7.1, REBS Inc., Seattle, WA,
USA) was measured within the upwind sampling area at 4 m above the ground. Ground heat
flux, G, (HFT3, REBS Inc., Seattle, WA, USA) was measured at a depth of 5cm below the
ground surface, and copper-constantan thermocouples were placed at depths of 2, 5, and 10cm

below the surface to measure soil temperature.

2.3 Data Analysis

Fluxes were calculated as half hourly means of CO2 and H20 fluxes as the covariance

between the vertical wind speed and the appropriate mixing ratio (Vourlitis and Oechel, 1997)
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via the post processing software EDIRE (version 1.5.0.9, University of Edinburgh;
http://www.geos.ed.ac.uk/abs/research/micromet-/EdiRe/). The percentage of reliable EC data
collected during the measurement periods varied from 60% to 80% among each measurement
period. Data gaps were primarily caused by power, computer, or sensor failures, instrument
calibration, and data rejection following quality assessment during data processing. The
processed data yielded half-hourly values that were filtered and rejected based on the following
conditions: (1) evidence of condensation or precipitation on the IRGA or sonic anemometer, (2)
wind vectors with a standard deviation (SD) >6, (3) IRGA and sonic anemometer error flags, (4)
sensible heat (H) (>600 or <-50 W m) or latent heat (LE) (>700 or <-50 W m) values, and (5)
critical friction velocity (u” <0.18 m s%) (Bell, 2012; Falge et al., 2001a) determined as the point
where increases in u” had little apparent effect on nighttime CO- flux and we can avoid the
underestimation of carbon source strength under calm wind conditions (Zulueta, 2013). Low u”
values were invariably associated with night-time measurements and low wind speed (low
turbulence) (Schedlbauer, 2010). Monthly means of half-hour flux data over the diurnal cycle
were used to calculate monthly and seasonal sums of carbon exchange (Hastings and Oechel,
2005). Data gap periods of less than 30 minutes to 3 hours were filled by linear regression (Falge
et al., 2001b). Gap-filling of periods greater than 3 hours, flux-partitioning, and the uncertainty

estimates were all done by using the online EC tool available at https://www.bgc-

jena.mpg.de/~MDIwork/eddyproc/ for observed data, which incorporates the techniques

described in Falge et al. (2001b) and enhanced algorithms that consider the temporal
autocorrelation of fluxes and the co-variation with meteorological variables as described in
Reichstein et al. 2005.

2.4 Neural Network

Due to logistical reasons, including site security, we were not able to collect continuous
local climatic data, so to complete an annual data set we obtained meteorological data from the
Mexican national weather service, Coordinacion General del Servicio Meteorologico Nacional
(CGSMN) and the department of water, Comision Nacional del Agua (CONAGUA) who
provided climatic data for our study period (January 2012- January 2013) from 2 of their

meteorological stations within 200km of our site.


https://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
https://www.bgc-jena.mpg.de/~MDIwork/eddyproc/
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We used these data to predict our local site’s meteorological conditions throughout the study
period. We performed simple linear regressions of our site data to each remote site and selected
the datasets with the best 1:1 relationship, and with the highest r? as the source data for our
artificial neural network (ANN) (See Sl). The datasets used included environmental data for air
temperature, humidity, solar radiation, air pressure, precipitation, and wind direction. The
resultant estimated site environmental data was then used in the ANN to gap fill the annual NEE
record for the site and to estimate the annual carbon balance of the ecosystem using the
“neuralnet” package (Giinther & Fritsch, 2010) in R v.4.0.4 (R Core Team, 2021). This method
has been shown to be robust for modeling and gap filling carbon exchange in natural ecosystems
(Moffat et al., 2007) as ANNs are well suited for finding patterns in non-linear relationships (Wu
et al., 2009). Models were validated on 25% of removed data not used to train the model, the
validation data included one week of the flux data in January 2012 and three weeks in the

summer period 2012 (See SI).

2.5 Statistical Analysis

All statistical analyses were performed with the statistical software SYSTAT (Version
12, Cranes Software Inc., Chicago, IL, USA) and R (v.4.0.4 R Core Team, 2021). In order to
assess for multicollinearity in our measured variables we calculated the variance inflation factor
(VIF), variables with a VIF of 5 or greater were removed from the analysis models (Kasambara,
2018). We then continued carbon flux pattern analysis with a backward stepwise multiple linear
regressions to determine significant meteorological variables to half-hour averaged NEE each
month and season. All statistical models were defined as significant at p <0.05. Once the
significant variables were identified, the correlation coefficient between each variable and to
carbon flux was found by individual linear regression. The variables with the largest r? values
were selected as the most important meteorological variables to carbon uptake and efflux for

each measured period (Bell, 2012).

Additionally, nonlinear regression (rectangular hyperbola Michaelis—Menten model,
described in Ruimy et al. 1995, was used to estimate the light response of the half-hourly
averaged NEE and to derive the residual. We then performed a residual analysis on the NEE
light response curve to estimate the significance of temperature (air and soil), tide, humidity and

VPD, on the half-hourly averaged data overall and seasonal periods. All models were tested for
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normal distribution and equal variance of the residuals, and tested for collinearity using the VIF.
Once the residuals were modeled, a linear model was then used to test the significance and the
explanatory power of VPD, tide and humidity and an exponential model to test the explanatory
power of air temperature (Zona, 2013).

3 Results

3.1 EC System Performance

EC system performance was assessed by examining the degree of closure of the surface
energy balance (Wilson, 2002; Bell, 2012). The sum of half-hourly values of latent (LE) and
sensible (H) heat flux were compared against the sum of half-hourly net radiation (Rny minus
ground heat flux (G) over the whole for the measurement periods in 2012 and 2013 (See SI).
Least square regression curves were fitted to the graphs and a goodness of fit was quantified with
an r? of 0.87, the slope of regression was 0.76 and the intercept was 41.8. These values represent

typical good system performance as reported for other FLUXNET sites (Baldocchi et al., 2001).

3.2 Environmental Conditions

Over the study period between Jan 8" 2012 and Jan 24" 2013, annual data provided by
CONAGUA and used for our artificial neural network showed that Tair, RH, PAR, and tidal
height, averaged 21 +0.04 °C, 70 +0.11 %, 476 +4.55 umol m2 s, and 0.86 +0.02 meters
respectively. Although meteorological conditions remained relatively constant on a day-by-day
basis, the environmental variables showed strong seasonal differences at the study site. (Table 1).
The winter season had lower average solar radiation (Rn 97 W m2and PAR 365 pmol m?2 s™)
than the summer season (Rn 192 W m2and PAR 566 pumol m s™). Both air and soil temperature
at the surface were highest during summer (23.2 and 30.9 °C, respectively), with lower values
during the winter (14.9 and 23.6 °C, respectively). RH showed only a slight difference between
winter and summer (74% and 79%). Tidal height varied between winter and summer, with higher
mean tidal height during summer than in winter (1.03, 0.86 meters, respectively). Precipitation
was very scarce in the arid desert regions adjacent to Magdalena Bay. During winter there were
no major rain events recorded, while in summer between August 14 and August 17 a large rain

event precipitated by tropical storm Hector brought approximately 32mm of rain into the site.
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Additional information provided by CONAGUA showed a large number of precipitation events
occurring in later days beyond our study period between the months of August and October with
total of 149mm of rain (Fig. 3), which is above the yearly annual mean of 90mm for Magdalena
Bay.

Table 1. Meteorological variables during summer and winter measurement periods 2012 - 2013.

Tidal
Tair RH PAR R Tsoil Height VPD Precipitation
Study
Period (°C) (%)  (umolm?2s?) (Wm? (°C) (m) (kPa)  (mm/day) (mm sum)
« 2323005 794014 566+1261 192508 30.9+0.05 1.03+0.01 0.61+0.01 0.49=+0.19 333
Summer
Winter? 149011 7352038 365+129 97+4.98 23.6+0.11 0.86+0.01 0.49+0.01 0.08 +0.01 33

*Summer season measurements were made from June 20" to August 271, 2012.

fWinter season measurements were made between January 8" — 30", 2012 and January 5" - 24", 2013.
Air temperature (Tair); relative humidity (RH); photosynthetic active radiation (PAR); net radiation (Rp);
soil temperature (Tsoil,); vapor pressure deficit (VPD).
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3.3 Net Ecosystem Exchange of Carbon

Controls over NEE were determined by examination of daily average patterns of
meteorological variables from observed data for each measured month and season at the half
hourly scale. PAR had the strongest correlation in all of the measured months (r? = .65, P
<0.001) however, air temperature was found to be the environmental factor driving the seasonal
variation of carbon uptake (r> = .12, P <0.001) (See SI). Using the environmental variables with
the strongest significant correlation to daily NEE allowed for comparison of seasonal NEE
magnitudes (Fig 4). During winter, ecosystem sink activity began at 0800 MST and lasted until
the evening at 1800 MST. Ecosystem activity would reach a midday peak of -253.8 +19.6 mg C
m h'! while nighttime ecosystem respiration of 44.78 +3.5 mg C m h™* was recorded from our
EC measured data. The average NEE of the winter season showed a daily sink of -0.97 = 0.06 g
C m?2d? or aseasonal estimated total of -87.3 g C m™ (Table 2). During summer, ecosystem sink
activity began at 0700 MST and lasted until the evening 1930 MST with a midday peak rate of -
682.2 £30.7 mg C m? h'* while a nighttime ecosystem respiration of 110.8 +8.8 mg C m? h!
was recorded. The average NEE for summer was of -4.32 + 0.13 g C m2d™* or an estimated
seasonal total of -388.8 C m season™’. The overall averaged NEE for the study period in 2012-
2013 was calculated to be a sink of -2.25 + 0.04 g C m2 d* (Table 2). In Zulueta et al. (2013),
aircraft-derived C flux measurements were taken alongside a portable tower during July 2004 in
the same site in Magdalena Bay. They recorded a mean C uptake of -350.6 mg C m? h™and -
531.8 mg C m2 h%, respectively which falls within the same range we measured. With this
information we are able to determine that during both the winter and summer seasons these

mangroves were a large sink of carbon.
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Table 2. Seasonal and annual mean estimates of Net Ecosystem Exchange
(NEE) in the measurement periods of 2012- 2013.

NEE NEE

Season (g C m2d?) Month (g C m2d?)
January 2012 -1.17 £ 0.09*

Winter -0.97 £ 0.06*
January 2013 -0.74 £ 0.08*
June 2012 -5.01 £0.32*
Summer -4.32 £0.13* July 2012 -5.74 £ 0.20*
August 2012 -2.40 £0.18*

Yearly Mean -

Estimate’ 225004

*Negative values denote carbon uptake from atmosphere.

TYearly mean estimate calculated from Aurtificial Neural Network (ANN) output.

3.4 Seasonal Factors Controlling NEE

As noted above, PAR showed the strongest environmental correlation on a daily basis
across all measured months. To determine the seasonal variation, we examined the NEE daily
totals against the daily mean of each environmental parameter, and from these regressions we
calculated the residuals to see their effect on NEE with the influence of light removed. Soil
temperature covaried with air temperature (VIF>5), so we excluded it from the model due to its
lower explanatory power. Our stepwise multiple regression model showed that PAR, air
temperature, VPD and tide were all significant in controlling daily total NEE (r?> = 0.43),
however we saw each variable influence on NEE differ at the seasonal scale. During summer,
PAR and air temperature primarily influenced NEE (r? = 0.45) while in winter, PAR, air
temperature and VPD had a combined impact on NEE of (r? = 0.33) (Table 3).
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363  Table 3. Stepwise multiple regression and residual analysis of daily mean averages of
364  photosynthetic active radiation (PAR), air temperature (Tair) , vapor pressure deficit (VPD) and
365  tide against daily total NEE, partitioned for all measured values and on a seasonal scale.

Time Period Stepwise Regression Residual Regression
Environmental P Coefficient ~ P-value Environmental P Coefficient ~ P-value
Parameters Parameters
PAR -0.707 0.000 --
Tair -1.694 0.002 Tair 0.300 -1.660 0.000
All Data VPD 0433 30.923 0.001 VPD 0.028 29.791 0.087
Tide 45.029 0.047 Tide 0.000 40.439 0.893
PAR 0.453 -0.470 0.000 --
Tair ' 3.520 0.000 Tair 0.312 3.413 0.000
Summer
VPD 0.131 34.796 0.003
Tide 0.177 90.934 0.000
PAR -0.225 0.002 --
Winter Tair 0.330 -1.120 0.002 Tair 0.156 -0.825 0.013
VPD 10.194 0.034 VPD 0.043 6.411 0.204
Tide 0.063 -19.136 0.122
366
367
368 Looking at the regression analysis of each variable between seasons (Fig. 5), air

369  temperature showed a positive relationship with net uptake with r? = 0.28 in winter, while in
370 summer, air temperature showed a negative relationship with net uptake r?>= 0.46. Tide showed
371 no impact on NEE during winter (r? = 0.003) with a stronger relationship in summer (r>= 0.11).
372 VPD showed no relationship with NEE in winter (r?= 0.01), while in summer, VPD showed a
373 positive relationship with NEE (r? = 0.25). We then removed the effect of light from the model
374 by aresidual analysis where overall air temperature explained 30% of the residuals and VPD
375  explained 3% of the residuals. At a seasonal scale, air temperature explained 16% of the

376  residuals, VPD an additional 4% and tide 6% of NEE during winter. In summer, air temperature
377 explained up to 31% of the residuals, VPD explained 13% and tide explained 18% of the

378  residuals (Table 3).
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Figure 5. Yearly and Seasonal regressions of daily means of carbon (C) flux (NEE) for each
environmental parameter: (a) photosynthetic active radiation (PAR), (b) air temperature (Tair),
(c) tidal height and (d) Vapor Pressure Deficit (VPD). NEE values less than zero indicate net C
uptake.

4 Discussion

4.1 Annual and Seasonal Drivers of NEE

Mangrove photosynthetic rates vary widely among species and location and are strongly
regulated by the local environmental conditions (Alongi, 2009). For example, Barr et al. 2005
reported that mangrove leaves and foliage in the Florida everglades were nearly as active during
midday in the winter and summer, where the differences associated with the assimilation for
carbon were mostly based on the changes in daylight periods and daily light availability. In our
study, PAR was the main driver in NEE fluxes on an annual and seasonal scale (See Sl),
however, we do see a seasonal influence from additional meteorological variables including air
temperature and VPD. During the winter, mangrove productivity is strongly limited by
temperature, with low NEE uptake during periods of low temperature and NEE uptake increases
as temperatures rise abovel5 C° (Fig 4). During summer, mangrove productivity reaches its peak

uptake when temperatures range between 20-25 C° but once temperatures rise beyond that range,
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NEE uptake decreases and the mangroves become a carbon source. This can be an important
factor to consider in response to rising global temperatures, where we could see higher uptake of
carbon beginning to occur during colder months and warmer months decreasing their carbon
uptake efficiency and possibly becoming sources of carbon. VPD had a positive relationship with
NEE during both winter and summer, showing a greater influence during the summer period.
The models show that at lower VPD with a lower transpiration rate, the plants are more
productive with ahigher water use efficiency.

Based on our multiple regression model, overall mangrove ecosystem respiration
decreased with tidal inundation, though we were not able to detect the direct mechanisms of its
influence on NEE. Li et al. 2014, reported that mangrove forest respiration was reduced during
tidal inundation, and reported that during summer periods, tidal activity may become a more
important driving factor of respiration than temperature. It is possible that during tidal
inundations, respiration may be lower due to soil anoxic conditions or reduced soil diffusivity,
which would tend to reduce gas exchange from the soil to the atmosphere. More local monitoring
and experimental studies are needed to fully understand these ecosystem dynamics.

Based on our ANN, throughout the year this mangrove ecosystem acted primarily as an
atmospheric carbon sink, with increasing uptake beginning in late spring which corresponds with
an increase in available daylight, and rising in uptake with optimal temperature conditions,
reaching its peak uptake during the month of August. From August through November the area is
commonly impacted by the tropical storm season, becoming exposed to sudden and large
precipitation events. These rain events introduce a large quantity of fresh water into the system,
and coincide increased cloud cover and a general decrease in available sunlight. As a result, the
ecosystem shifts from an NEE sink to a source in association with these rain events in our model.
The decrease in light, increase in moisture and consistent high temperatures may lead to
depressed photosynthesis and higher ecosystem respiration, extending for several days after each
rain event. Though there are no major watershed drainages at the study site, we assumed storm
related C loading was minimal, however C loading from runoff by large rain events may also
contributed to C efflux. As conditions stabilize, our model indicates a return of the ecosystem to
a net carbon sink. Additional data coverage during this rainy season would be ideal to constrain
fluxes, however our estimates show a similar annual total to other mangrove ecosystems (Table
4),
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Although this mangrove’s carbon balance is primarily driven by many of the same factors
regulating terrestrial forests, as a coastal habitat, the carbon balance is also influenced by tidal
cycles, water availability, and episodic coastal disturbances. Improved understanding of these
factors will enable more precise determinations of the role of mangrove forests in global carbon
budgets. Based on our observed data and the ANN output (Fig. 3), we estimated an annual
carbon uptake of 894 g C m? y*. We reviewed an additional 21 studies on mangrove
productivity and ranked them by the amount of rainfall they received and NEE (Table 4).
Surprisingly, despite having the second lowest amount of rainfall in comparison to other regions,
this semi-arid mangrove ecosystem had an estimated annual carbon uptake within 1% of the

global mean for mangroves of 886.2 + 101 g C m? y! (Table 4).
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Table 4. Estimated carbon budget of mangrove forests. Units ing C m2 y2.

Mangrove Forest NEP Climate Rainfall per year (mm) Location Reference
Sonneratia-Avicennia forest 954 Tropic 5102 - 5332 East Thailand Poungparn et al., 2012
Rhizophora forest 1050 Tropic 5102 - 5332 East Thailand Poungparn et al., 2012
Xylocarpus and Bruguiera forest 775 Tropic 5102 - 5332 East Thailand Poungparn et al., 2012
Mature mangrove ecosystems 2142 Sub-Tropic 2000-3500 1 Hinchinbrook Channel, Australia Alongi etal., 2011

Matang M F t R ,
Disturbed mangrove forest 1524 Tropic 2000-3000 @ @ ang angrove Forest Reserve Alongi etal., 2011
Malaysia
Mature mangrove ecosystems 1219 Sub-Tropic ~2500 & Missionary Bay, Australia Alongi etal., 2011
Immature mangrove ecosystems 1351 Tropic >2000 1 Southern Thailand Alongi etal., 2011
Estuaries mangrove ecosystem 1116 Sub-Tropic ~1700 Darwin Harbour, N. Australia Burford et al., 2008
Kandelia-obovata mangrove 890 Sub-Tropic 1700 Mai Po, Hong Kong Liu etal., 2019
Kandelia-obovata mangrove 758 Sub-Tropic 1700 Mai Po, Hong Kong Liuetal., 2019
Avi ia- B iera - Rhizoph
vicennia- Bruguiera izophora 249 Tropic 1,650 Sundarban, India Roddaetal., 2016
mangroves
Everglades mangrove ecosystem 800 Sub-Tropic 1,600 Florida, USA Barr et al., 2006
Everglades mangrove ecosystem 1170 Sub-Tropic 1,600 Florida, USA Barr et al., 2010
Everglades mangrove ecosystem 1000 Sub-Tropic 1,600 Florida, USA Barretal., 2012
Kandelia-Avi ia & B iera- South Chi Yunxi Fuji
ar'7 em[ vicennia & Bruguiera 708 Sub-Tropic 1240 0%4 ern China (Yunxiao, Fujian, Chenetal,, 2014
Avicennia forests China)
Rhizophora and Conocarpus forest 709 Tropic 1222 ;",er,to Morelos, Quintana Roo, Alvarado-Barrientos et al., 2021
éxico
Avicennia- Rhizophora mangroves 74 Semi-Arid <800 Coeur de Voh, New Caledonia Leopold et al., 2016
Rhizophora-Avicennia forest 183 Tropic 653 Pichavaram, India Gnanamoorthy et al., 2020
Rhizophora-Avicennia forest 745 Arid 300 Navopatia, Sonora Mexico Granados-Martinez et al., 2021
Rhizophora-Avicennia forest 307 Arid 300 Navopatia, Sonora Mexico Granados-Martinez et al., 2021
Rhizophora-Avicennia forest 894 Semi-Arid 149 (~90) Magdalena Bay, BCS, Mexico This Study
Rhizophora-Avicennia forest 878 Arid 125 El Sargento, Sonora, Mexico Delgado Balbuena et al., 2019
Global Mean 886.2+ 101
442
443 Mangrove forest studies organized and ranked down from greatest to least amount of rainfall.
444 NEP — Net Ecosystem Production, units ing C m2y!
445  *Precipitation data obtained from the following sources: [1] Bureau of Meteorology, 2021; [2] Goessens et al. 2014;
446 [3] Alongi, 1997; [4] Gale, 2013

447
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4.2 Global scale and importance.

Undegraded mangrove forests are generally strong carbon sinks (Barr, 2012; Jha, 2014;
Poungparn, 2012), however their productivity varies widely based on latitude and corresponding
regional and local climates (Osland, 2017). Most studies have focused on tropical and
subtropical mangrove ecosystems in humid climates, with limited research occurring in semi-arid
or arid climates (Leopold, 2016; Ochoa-Gomez, 2019). Mangroves in humid areas see large
amounts of rainfall and have been measured to grow over 20 meters tall, whereas those in arid
zones show smaller tree size caused by less rain and exposure to more extreme temperatures and
water stress conditions. Despite these differences, arid and semi-arid mangroves can be
important in blue carbon sequestration projects. This study showed that these undisturbed
mangroves can be as productive as mangroves in areas with higher rainfall and less extreme

temperatures (Table 4; See SI).

Baja California Sur is a region of the Sonoran Desert, where most of the terrain is
comprised of sand and rocky outcroppings, populated with sparce vegetation primarily composed
of desert shrubs, small trees and succulents. Hastings et al. 2005, evaluated the annual carbon
flux of a similar desert shrub ecosystem in BCS, near La Paz, and found a small sink of C
ranging from -39 g C m2y™ to -52 g C m2y* while Bell et al. 2012, reported a carbon source
with values ranging from 62 g C m2 y*to 258 g C m? y from the same site. While mangrove-
lined bays and canals in BCS occupy only 287 km? or less than 1% of the State’s area (Ruiz-
Luna, 2010), they are highly productive and efficient carbon sinks per unit area. Magdalena Bay
is one of the largest mangrove-lined lagoon systems in all of the Baja California peninsula with
an estimated mangrove area of 22,600 ha (Laguna-Vazquez, 2011; Watson, 2017). Assuming the
CO: flux values from our site and scaling to the mangrove cover of Magdalena Bay, we estimate
a total carbon uptake of 8.94 t C ha® y* or 0.20 Mt C y* for the mangrove areas of Magdalena
Bay. According to Muhlia-Melo et al. 2012, GHG emissions for Baja California Sur were
estimated to total 1.1 Mt C as CO; in 2010. The primary contributors to these emissions were the
transportation and energy (electricity and gas) sectors. If the rate of increased emissions at that
time (3.48% per year) have persisted to 2021, we estimate a total of 1.6 Mt C as CO2 emitted per
year. With the yearly area estimate of 0.20 Mt of C uptake per year, Magdalena Bay mangroves
are estimated to be offsetting emissions for BCS by approximately 12.5%. The limited spatial

extent of mangroves habitats reduces their potential for global scale carbon sequestration
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projects. However due to their efficiency as natural carbon sinks, they can significantly mitigate

fossil fuel emission for smaller countries and localized regions (Taillardat, 2018).

While mangrove forests are highly effective in carbon sequestration due to their relatively
high levels of primary production, their value as blue carbon sinks is due to their capacity to
steadily accumulate and bury that carbon in waterlogged sediment (Taillardat, 2018). Despite
their importance, it is estimated that up to 50% of the world’s mangrove forests have been lost
over the past half century, with a current rate of loss of 1-2 % per year (Alongi, 2009; Sharma,
2020). Rising sea-levels are placing these ecosystems in a ‘coastal squeeze’, as their ability to
adapt to anthropogenic changes is severely restricted by urban development and land use change
(Gilman, 2008; Giri, 2011), pollution, mining, aquaculture, and changes in the natural hydrology
of these systems, have led to substantial losses and degradation of mangrove habitats worldwide
(FAO, 2007; Sharma, 2020; Thomas, 2017). It is of increasing concern if these ecosystems are
removed or lost, as they can disproportionately contribute to GHG emissions.Additionally, when
mangroves are disturbed or removed, this destabilizes the underlying sediment and exposes it to
increased aeration, which can release up to four times as much organic carbon per unit area than
other terrestrial forested ecosystems (Hamilton & Friess, 2018). With the potential complete loss
of the world’s mangrove forests by the end of the century, it is estimated we could see a global
loss of 0.21 - 0.45 Gt C y* as CO to the atmosphere (Hamilton & Friess, 2018).

On a local scale, the loss of mangroves in Magdalena Bay has been minimal compared to
parts of Southeast Asia, such as Myanmar and Indonesia (Erickson-Davis, 2018). Mangroves in
the bay remain relatively pristine as coastal development is restricted to larger urban centers on
the peninsula (Watson, 2017). Historically, mangrove habitat loss in the region was due to the
use of the area as a gunnery range by the U.S. Navy in the early 1900s (Whitemore, 2005). Since
1985, mangrove loss has been primarily associated with commercial fisheries, aquaculture,
tourism and urban city development (Ochoa-Gomez, 2019; Paez-Osuna, 2003; Whitemore,
2005). On a positive note, Avila-Flores (2019) reports that despite urban growth and
development, mangrove area in the La Paz Bay had a 15% overall increase in area of 17 ha from
256 ha to 273 ha between 1974 and 2019. This increase in mangrove area could mean an

additional 149 t C y in carbon sequestration to offset GHG emissions from the La Paz area.
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While this increase in mangrove cover may reflect the unique situation seen in BCS, it
provides a good example of the benefits of halting mangrove deforestation, restoring degraded
mangroves and implementing conservation plans to reverse the extensive loss of these
ecosystems (DFN, 2010; Laffoley, 2009; Romanach, 2018). Some proposed strategies involve
using the carbon storage potentials of mangroves as an economic incentive or their inclusion in
blue carbon management plans to mitigate GHG emissions (Alongi, 2011; Espinoza-Tenorio,
2019; Gevaria, 2018; Locatelli, 2014). One such proposal is presented by Adame (2018), whose
project seeks to secure land along the coast of the Gulf of California, which would enable
mangrove adaptation to changes brought on by rising temperatures and provide protection from
human activities within a Ramsar Natural protected network area. The project estimates avoided
carbon emissions worth $508,500 per year (Adame, 2018) ($15 per t CO2; World Bank 2020).

Beyond the avoided emissions of blue carbon sinks, mangroves provide a wide array of
important ecological and socioeconomic benefits (Alongi, 2002; Laffoley, 2009). Mangroves
provide protection from hurricanes and tsunamis (Alongi, 2008; EJF, 2006); recycle terrestrially
derived nutrients and pollutants (Alongi, 2009); act as important nursery and breeding sites for
birds, reptiles, mammals, fish and various other marine species, (Alongi, 2002; Nagelkerken,
2008); and extensively contribute to coastal, estuary and deep-sea fisheries (Aburto-Oropeza,
2008; Barbier, 2000). In southeast Asia these ecosystem services have been estimated at an
average of $4,200 US ha! yr! (Sanderman, 2018) and globally have been estimated to contribute
an annual yield of US $1.6 trillion in ecosystem services (Aburto-Oropeza, 2008).

4.3 Challenges and future research

The results presented in this study are an important first step in analyzing and quantifying
the carbon sequestration potential of Magdalena Bay’s mangroves. Further analysis of the
importance of tidal regimes, salinity and water chemistry on C sequestration can provide greater
insight into this ecosystem’s potential to sequester carbon. The results of this study primarily
focus on the vertical flux of carbon between the mangrove canopy and the atmosphere. In order
to fully determine C sequestration, the fate of tidal transport of litter, particulate and dissolved
organic material from the mangroves to the adjacent lagoon and ocean systems needs to be
determined. Mangrove forests link terrestrial and marine environments and are important filters

and processors of nutrients, toxic materials, and sediments from the upslope terrestrial areas. As
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a result, mangroves contribute in a major way to the health and productivity of adjacent marine
environments (Adame, 2011). Mangroves also export carbon in the form of leaves, plant litter,
particulate organic carbon (POC), dissolved organic carbon (DOC) and dissolved inorganic
carbon (DIC) through lateral flow and tidal effects. It has been estimated that litter export from
mangroves averages 202 g C m?y, and is primarily driven by rainfall and temperature (Alongi
2014; Adame 2011). Across all mangroves the mean DOC export is 26.6 g C m? y* and is
primarily driven by tidal flushing (Alongi 2014; Adame 2011). The lateral export of carbon from
mangrove forests to the marine environment is important to consider in future research for its

importance in long term C storage.

From our neural network model and data provided by CONAGUA, we saw the
importance of performing long term measurements of this ecosystem. Seasonal and annual
changes in local climate, rising tides, and extreme weather events can significantly influence
these ecosystems potential to sequester carbon, and is important to account for in future research.
Although mangroves have been previously protected from exploitation in Mexico by strict
environmental laws, management efforts and regulation of natural resources have been largely
inefficient due to lack of enforcement and stakeholder conflicts (Hastings & Fischer, 2001). The
growing carbon market has created an opportunity to mitigate ecosystem degradation, preserve
carbon stocks, quantify ecosystem services and finance environmental conservation (Watson,
2017). Research and the quantification of carbon sequestration potential within mangrove
forests, along with the expansion of the blue carbon market can bridge local and international
interests and engage local people. This could offer sustainable opportunities for GHG mitigation,
biodiversity preservation, and the generation of local livelihoods (Roe et al., 2008; Malagrino,
2008).

5 Conclusions

Efforts around the world to mitigate GHG emissions have increasingly focused on protecting and
restoring blue carbon forests and wetlands. These projects provide strong benefits to wildlife and
humanity in addition to those of sequestering carbon. Our results demonstrate the importance of

the eddy covariance technique as a valuable tool to estimate ecosystem-scale fluxes, over longer
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temporal scales than previously measured in the area. We estimate that carbon uptake (894 g C
m2y1) from a semi-arid mangrove ecosystem to be as productive as those of terrestrial
ecosystems and mangroves growing in humid climates. PAR, air temperature and VPD appeared
to be the major factors determining NEE at a yearly scale, however at a seasonal scale we see
their relative contribution shift between winter and summer months. Additionally, in our neural
network model we observed that during the latter part of summer large precipitation events
coincided with periods of decreased NEE uptake. These rain events during the wet season in
conjunction to decreased available light and high temperatures may account for the ecosystem

becoming a carbon source during this period.

Further research will be necessary to understand the complete carbon dynamics at this
site due to annual and seasonal changes as well as its interaction with the adjacent lagoon to
determine the ultimate fate of the carbon. While Mexico has developed strong environmental
laws for coastal wetlands protection, these policies have not been broadly enforced at preventing
wetland destruction. As wetlands in an already harsh arid environment these coastal ecosystems
are especially vulnerable to future impacts from development and climate change. The results
presented here represent a first step in the quantitative assessment of mangrove carbon dynamics
for Magdalena Bay and their consideration in blue carbon projects. In addition to their beauty,
and the multiple ecosystem and economic benefits these mangrove forests provide, their

potential as blue carbon sinks warrants their continued protection, conservation and restoration.



587

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Acknowledgments

The first author thanks San Diego State University for funding and research support and
the NOAA Educational Partnership Program/Minority-Serving Institutions award number
NA16SEC4810008 to the Center for Earth System Sciences and Remote Sensing Technologies.
The authors thank the Centro de Investigaciones Bioldgicas del Noroeste (CIBNOR) for their
especially the logistical support and assistance from Dr. Enrique Troyo and Dr. Fernando Ayala-
Nifio in Baja California Sur. We also thank all the people of the town of Puerto Adolfo Lopez
Mateos for their support and accommodations during field work seasons. We are also grateful for
the help provided by Adolfo Portocarrero, Jose Luis Carrazco Martinez and Emmanuel Alvarez
from the Servicio Meteorologico Nacional (SMN) and the Commission Nacional del Agua
(CONAGUA) for providing additional meteorological datasets to create our neural network. We
are grateful to Dr. Matthew Edwards and Dr. Donatella Zona for their input in designing our
statistical analysis. This paper has benefited from conversations and input from Drs. Chun-Ta
Lai, David Lipson, and Trent Biggs as well as from students in the Global Change Research
Group Lab at San Diego State University. This paper is based on data collected for the Masters
of Science Thesis in ecology of the first author submitted to San Diego State University. Finally,
we would like to thank Drs. Erik Wilkman and Mariela Medina for their review, comments and
suggestions that greatly improved this article. The meteorological and eddy covariance flux

datasets for this research will be available at https://doi.pangaea.de/ repositories.



607

608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637

manuscript submitted to Journal of Geophysical Research — Biogeosciences

References

Aburto-Oropeza, O., Ezcurra, E., Danemann, G., Valdez, V., Murray, J., & Sala, E. (2008).
Mangroves in the Gulf of California increase fishery yields. Proceedings of the National
Academy of Sciences - PNAS, 105(30), 10456-10459.
https://doi.org/10.1073/pnas.0804601105

Adame, M. F., Brown, C. J., Bejarano, M., Herrera-Silveira, J. A., Ezcurra, P., Kauffman, J. B.,
& Birdsey, R. (2018). The undervalued contribution of mangrove protection in Mexico to
carbon emission targets. Conservation Letters, 11(4). https://doi.org/10.1111/conl.12445

Adame, M. F., & Lovelock, C. E. (2011). Carbon and nutrient exchange of mangrove forests
with the coastal ocean. Hydrobiologia, 663(1), 23-50. https://doi.org/ 10.1007/s10750-
010-0554-7

Alongi, D. M. (1997). Coastal ecosystem processes / Daniel M. Alongi. CRC Press.

Alongi, D. M. (2002). Present state and future of the world's mangrove forests. Environmental
Conservation, 29(3), 331-349. https://doi.org/10.1017/s0376892902000231

Alongi, D. M. (2008). Mangrove forests: Resilience, protection from tsunamis, and responses to
global climate change. Estuarine, Coastal and Shelf Science, 76(1), 1-13.
https://doi.org/10.1016/j.ecss.2007.08.024

Alongi, D. M. (2009). The Energetics of Mangrove Forests. Springer Science+Business Media. .

Alongi, D. M. (2011). Carbon payments for mangrove conservation: ecosystem constraints and
uncertainties of sequestration potential. Environmental Science & Policy, 14(4), 462-470.
https://doi.org/10.1016/j.envsci.2011.02.004

Alongi, D. M. (2014). Carbon cycling and storage in mangrove forests. Ann Rev Mar Sci, 6, 195-
219. https://doi.org/10.1146/annurev-marine-010213-135020

Alongi, D. M. (2018). Impact of Global Change on Nutrient Dynamics in Mangrove Forests.
Forests, 9(10). https://doi.org/10.3390/f9100596

Alvarado-Barrientos, M. S., Lopez-Adame, H., Lazcano-Herndndez, H. E., Arellano-Verdejo, J.,
& Hernandez-Arana, H. A. (2021). Ecosystem-Atmosphere Exchange of CO2 , Water,
and Energy in a Basin Mangrove of the Northeastern Coast of the Yucatan Peninsula.
Journal of geophysical research. Biogeosciences, 126(2). https://doi.org/
10.1029/2020JG005811



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Avila, F., et al. (2020). "A Practical Index to Estimate Mangrove Conservation Status: The
Forests from La Paz Bay, Mexico as a Case Study." Sustainability 12(3).

Baldocchi, D. D., Hincks, B. B., & Meyers, T. P. (1988). Measuring Biosphere-Atmosphere
Exchanges of Biologically Related Gases with Micrometeorological Methods. Ecology
(Durham), 69(5), 1331-1340. https://doi.org/10.2307/1941631

Baldocchi, D. D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., Anthoni, P.,
Bernhofer, C., Davis, K., Evans, R., Fuentes, J., Goldstein, A., Katul, G., Law, B., Lee,
X., Malhi, Y., Meyers, T., Munger, W., Oechel, W., Paw, U. K. T., Pilegaard, K.,
Schmid, H. P., Valentini, R., Verma, S., Vesala, T., Wilson, K., & Wofsy, S. (2001).
FLUXNET: A New Tool to Study the Temporal and Spatial Variability of Ecosystem-
Scale Carbon Dioxide, Water Vapor, and Energy Flux Densities. Bulletin of the American
Meteorological Society, 82(11), 2415-2434. https://doi.org/10.1175/1520-
0477(2001)082<2415:FANTTS>2.3.CO;2

Baldocchi, D. D. (2003). Assessing the eddy covariance technique for evaluating carbon dioxide
exchange rates of ecosystems past, present and future. Global Change Biology, 9(4), 479-
492. https://doi.org/10.1046/j.1365-2486.2003.00629.x

Baldocchi, D. D. (2014). Measuring fluxes of trace gases and energy between ecosystems and
the atmosphere - the state and future of the eddy covariance method. Global Change
Biology, 20(12), 3600-3609. https://doi.org/10.1111/gch.12649

Baldocchi, D. D. (2020). How eddy covariance flux measurements have contributed to our
understanding of Global Change Biology. Global Chang Biology, 26(1), 242-260.
https://doi.org/10.1111/gcb.14807

Barbier, E. B. (2000). Valuing the Environment as Input Review of Applications to Mangrove-
fishery Linkages. Ecological Economics, 35(1), 47-61. https://doi.org/10.1016/S0921-
8009(00)00167-1

Barr, J. G. (2005). Carbon assimilation by riverine mangroves in the Florida Everglades.
ProQuest Dissertations Publishing.

Barr, J. G., Engel, V., Fuentes, J. D., Zieman, J. C., O'Halloran, T. L., Smith, T. J., & Anderson,
G. H. (2010). Controls on mangrove forest-atmosphere carbon dioxide exchanges in
western Everglades National Park. Journal of Geophysical Research: Biogeosciences,
115(G2), n/a-n/a. https://doi.org/10.1029/2009jg001186



669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

693
694
695
696
697
698

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Barr, J. G., Engel, V., Fuentes, J. D., Fuller, D. O., & Kwon, H. (2012). Satellite-based estimates
of light-use efficiency in a subtropical mangrove forest equipped with CO, eddy
covariance. . Biogeosciences Discussions, 9(11), 6457-16492.
https://doi.org/10.5194/bgd-9-16457-2012

Bell, T. W., Menzer, O., Troyo-Diéquez, E., & Oechel, W. C. (2012). Carbon dioxide exchange
over multiple temporal scales in an arid shrub ecosystem near La Paz, Baja California
Sur, Mexico. Global Change Biology, 18(8), 2570-2582. https://doi.org/10.1111/j.1365-
2486.2012.02720.x

Bizzarro, J. J. (2008). A Review of the Physical and Biological Characteristics of the Bahia
Magdalena Lagoon Complex (Baja California Sur, Mexico). Bulletin of the Southern
California Academy of Sciences, 107(1), 1-24. https://doi.org/10.3160/0038-
3872(2008)107[1:AROTPA]2.0.CO;2

Bouillon, S., Borges, A. V., Castafieda-Moya, E., Diele, K., Dittmar, T., Duke, N. C., Kristensen,
E., Lee, S. Y., Marchand, C., Middelburg, J. J., Rivera-Monroy, V. H., Smith, T. J., &
Twilley, R. R. (2008). Mangrove production and carbon sinks: A revision of global
budget estimates. Global Biogeochemical Cycles, 22(2), GB2013-n/a.
https://doi.org/10.1029/2007gb003052

Burba, G., & Anderson, D. (2010). A Brief Practical Guide to Eddy Covariance Flux
Measurements: Principles and Workflow Examples for Scientific and Industrial
Applications. LI-COR Biosciences.

Burford, M. A., Alongi, D. M., McKinnon, A. D., & Trott, L. A. (2008). Primary production and
nutrients in a tropical macrotidal estuary, Darwin Harbour, Australia. Estuarine, Coastal
and Shelf Science, 79(3), 440-448. https://doi.org/10.1016/j.ecss.2008.04.018

Bureau of Meteorology. (2021). Monthly rainfall Cardwell Range.
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=139&p_display ty
pe=dataFile&p_startYear=&p_c=&p_stn_num=032192

Chavez Rosales, S. (2006). EI Papel de los Manglares en la produccion de las comunidades
acuaticas de bahia Magdalena BCS. (Publication Number B001207) Instituto Politecnico
Nacional]. La Paz, B.C.S.



699
700
701

702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Chen, H., Lu, W,, Yan, G., Yang, S., & Lin, G. (2014). Typhoons exert significant but
differential impacts on net ecosystem carbon exchange of subtropical mangrove forests in
China. Biogeosciences, 11(19), 5323-5333. https://doi.org/10.5194/bg-11-5323-2014

CONAGUA, Comision Nacional del Agua — Servicio Meteorologico Nacional de Mexico.
“Estaciones Meteorologicas (AMAS)” (2019).

https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-

automaticas-ema-s.
Cui, X,, Liang, J., Lu, W., Chen, H., Liu, F., Lin, G., Xu, F., Luo, Y., & Lin, G. (2018). Stronger

ecosystem carbon sequestration potential of mangrove wetlands with respect to terrestrial

forests in subtropical China. Agricultural and Forest Meteorology, 249, 71-80.
https://doi.org/10.1016/j.agrformet.2017.11.019

Delgado-Balbuena, J. (2019). Flujos verticales de carbono en ecosistemas terrestres. In F. Paz-
Pellat, J. M. Hernandez-Ayo6n, R. Sosa-Avalos, & A. S. Velazquez-Rodriguez. (Eds.),
Estado del Ciclo del Carbono en México: Agenda Azul y Verde. Programa Mexicano del
Carbono. (pp. 606-625). Programa Mexicano del Carbono.

DFN. (2010). Achieving Carbon Offsets through Mangroves and Other Wetlands. D. G. I. R. C.
Secretariat.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., & Kanninen, M.
(2011). Mangroves among the most carbon-rich forests in the tropics. Nature Geoscience,
4(5), 293-297. https://doi.org/10.1038/nge01123

EJF. (2006). Mangroves: Nature’s defence against Tsunamis—A report on the impact of
mangrove loss and shrimp farm development on coastal defences. Environmental Justice
Foundation

Erickson-Davis, M. (2018). Mangrove deforestation may be releasing more CO. than Poland,
study finds. Mongabay Series. https://news.mongabay.com/2018/03/mangrove-
deforestation-releases-more-co2-than-poland-study-finds/

Espinoza-Tenorio, A., Millan-Vasquez, N. 1., Vite-Garcia, N., & Alcala-Moya, G. (2019). People
and Blue Carbon: Conservation and Settlements in the Mangrove Forests of Mexico.
Human Ecology, 47(6), 877-892. https://doi.org/10.1007/s10745-019-00123-6

Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bernhofer, C., Burba, G.,
Ceulemans, R., Clement, R., Dolman, H., Granier, A., Gross, P., Griinwald, T., Hollinger,


https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-automaticas-ema-s
https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-automaticas-ema-s

730
731
732
733
734
735
736
737
738
739
740
741
742

743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759

manuscript submitted to Journal of Geophysical Research — Biogeosciences

D., Jensen, N.-O., Katul, G., Keronen, P., Kowalski, A., Lai, C. T., Law, B. E., Meyers,
T., Moncrieff, J., Moors, E., Munger, J. W., Pilegaard, K., Rannik, U., Rebmann, C.,
Suyker, A., Tenhunen, J., Tu, K., Verma, S., Vesala, T., Wilson, K., & Wofsy, S.
(2001a). Gap filling strategies for defensible annual sums of net ecosystem exchange.
Agricultural and Forest Meteorology, 107(1), 43-69. https://doi.org/10.1016/S0168-
1923(00)00225-2

Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bernhofer, C., Burba, G.,
Ceulemans, R., Clement, R., Dolman, H., Granier, A., Gross, P., Grinwald, T., Hollinger,
D., Jensen, N.-O., Katul, G., Keronen, P., Kowalski, A., Ta Lai, C., Law, B. E., Meyers,
T., Moncrieff, J., Moors, E., William Munger, J., Pilegaard, K., Rannik, U., Rebmann, C.,
Suyker, A., Tenhunen, J., Tu, K., Verma, S., Vesala, T., Wilson, K., & Wofsy, S.
(2001b). Gap filling strategies for long term energy flux data sets. Agricultural and
Forest Meteorology, 107(1), 71-77. https://doi.org/10.1016/S0168-1923(00)00235-5

FAO. (2007). The world's mangroves 1980-2005. FAO Forestry Paper. Rome, Food and
Agriculture Organization of the United Nations - Forestry Economics and Policy
Division: 75.

Félix-Pico, E. F., Zaragoza, E. S., & Riosmena-Rodriguez, R. Leon de la Luz, J. L. (2011). Los
Manglares de la Peninsula de Baja California. Publicacion de divulgacion del Centro de
Investigaciones Biologicas del Noroeste, S.C.

Gale, E. L., & Saunders, M. A. (2013). The 2011 Thailand flood: climate causes and return
periods. Weather, 68(9), 233-237. https://doi.org/https://doi.org/10.1002/wea.2133

Gevaria, D. T., Camacho, L. D., & Pulhin, J. M. (2018). Conserving Mangroves for Their Blue
Carbon: Insights and Prospects for Community-Based Mangrove Management in
Southeast Asia. In Threats to Mangrove Forests (pp. 579-588).
https://doi.org/10.1007/978-3-319-73016-5_26

Gilman, E. L., Ellison, J., Duke, N. C., & Field, C. (2008). Threats to mangroves from climate
change and adaptation options: A review. Aquatic Botany, 89(2), 237-250.
https://doi.org/10.1016/j.aquabot.2007.12.009

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh, A., Loveland, T., Masek, J., & Duke, N.

(2011). Status and distribution of mangrove forests of the world using earth observation



760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790

manuscript submitted to Journal of Geophysical Research — Biogeosciences

satellite data. Global Ecology and Biogeography, 20(1), 154-159.
https://doi.org/10.1111/j.1466-8238.2010.00584.x

Gnanamoorthy, P., Selvam, V., Deb Burman, P. K., Chakraborty, S., Karipot, A., Nagarajan, R.,
Ramasubramanian, R., Song, Q., Zhang, Y., & Grace, J. (2020). Seasonal variations of
net ecosystem (COz) exchange in the Indian tropical mangrove forest of Pichavaram.
Estuarine, Coastal and Shelf Science, 243, 106828.

Goessens, A., Satyanarayana, B., VVan Der Stocken, T., Zuniga, M. Q., Mohd-Lokman, H.,
Sulong, I., & Dahdouh-Guebas, F. (2014). Is Matang Mangrove Forest in Malaysia
sustainably rejuvenating after more than a century of conservation and harvesting
management? PLoS One, 9(8), e105069-e1050609.
https://doi.org/10.1371/journal.pone.0105069

Gonzélez-Zamorano, P. (2012). Relation between the Structure of Mangrove Forests and
Geomorphic Types of Lagoons of the Baja California Peninsula. Journal of Coastal
Research, 29(1). https://doi.org/10.2112/jcoastres-d-12-00044.1

Granados-Martinez, K. P., Yépez, E. A., Sanchez-Mejia, Z. M., Gutiérrez-Jurado, H. A., &
Méndez-Barroso, L. A. (2021). Environmental Controls on the temporal evolution of
Energy and CO: fluxes on an Arid Mangrove of Northwestern Mexico. Journal of
geophysical research. Biogeosciences, 126(7). https://doi.org/10.1029/2020JG005932

Gunther, F., & Fritsch, S. (2010). neuralnet: Training of Neural Networks. The R Journal, 2(1),
30. https://doi.org/10.32614/RJ-2010-006

Hamilton, S. E., & Friess, D. A. (2018). Global carbon stocks and potential emissions due to
mangrove deforestation from 2000 to 2012. Nature Climate Change, 8(3), 240-244.
https://doi.org/10.1038/s41558-018-0090-4

Hastings, R. M., & Fischer, D. W. (2001). Management priorities for Magdalena Bay, Baja
California, Mexico. Journal of Coastal Conservation, 7(2), 193-202.

Hastings, S. J., Oechel, W. C., & Muhlia-Melo, A. (2005). Diurnal, seasonal and annual variation
in the net ecosystem CO2 exchange of a desert shrub community (Sarcocaulescent) in
Baja California, Mexico. Global Change Biology, 11(6), 927-939.
https://doi.org/10.1111/j.1365-2486.2005.00951.x

Holguin, G., Gonzalez-Zamorano, P., de-Bashan, L. E., Mendoza, R., Amador, E., & Bashan, Y.
(2006). Mangrove health in an arid environment encroached by urban development--a



791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819

manuscript submitted to Journal of Geophysical Research — Biogeosciences

case study. Sci Total Environ, 363(1-3), 260-274.
https://doi.org/10.1016/j.scitotenv.2005.05.026

Jha, C. S., Rodda, S. R., Thumaty, K. C., Raha, A. K., & Dadhwal, V. K. (2014). Eddy
Covariance Based Methane Flux in Sundarbans Mangroves, India. Journal of Earth
System Science, 123(5), 1089-1096. https://doi.org/10.1007/s12040-014-0451-y

Kassambara, A. (2018). Multicollinearity Essentials and VIF in R. Retrieved 7/1/2021 from
http://www.sthda.com/english/articles/39-regression-model-diagnostics/160-
multicollinearity-essentials-and-vif-in-r/

Laffoley, D., & Grimsditch, G. (2009). The management of natural coastal carbon sinks.
https://www.iucn.org/lo/content/management-natural-coastal-carbon-sinks-2

Lagunas-Vazques, M., Malagrino, G., & Ortega-Rubio, A. (2011). Aquaculture and
Environmental Protection in the Prioritary MangroveEcosystem of Baja California
Peninsula. In B. Sladonja (Ed.), Aquaculture and the Environment - A Shared Destiny (1
ed., pp. 1-16). InTech Publishers. https://doi.org/10.5772/30980

Leopold, A., Marchand, C., Renchon, A., Deborde, J., Quiniou, T., & Allenbach, M. (2016). Net
ecosystem COz exchange in the “Coeur de Voh” mangrove, New Caledonia: Effects of
water stress on mangrove productivity in a semi-arid climate. Agricultural and Forest
Meteorology, 223, 217-232. https://doi.org/10.1016/j.agrformet.2016.04.006

Li, Q., Lu, W., Chen, H., Luo, Y., & Lin, G. (2014). Differential Responses of Net Ecosystem
Exchange of Carbon Dioxide to Light and Temperature between Spring and Neap Tides
in Subtropical Mangrove Forests. Scientific World Journal, 2014, 943697.
https://doi.org/10.1155/2014/943697

Liu, J., & Lai, D. Y. F. (2019). Subtropical Mangrove Wetland Is a Stronger Carbon Dioxide
Sink in the Dry Than Wet Season. Agricultural and Forest Meteorology, 278, 107644.
https://doi.org/10.1016/j.agrformet.2019.107644

Locatelli, T., Binet, T., Kairo, J. G., King, L., Madden, S., Patenaude, G., Upton, C., & Huxham,
M. (2014). Turning the Tide: How Blue Carbon and Payments for Ecosystem Services
(PES) Might Help Save Mangrove Forests. Ambio, 43(8), 981-995.
https://doi.org/10.1007/s13280-014-0530-y



820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Lopez-Medellin, X., & Ezcurra, E. (2012). The productivity of mangroves in northwestern
Mexico: a meta-analysis of current data. Journal of Coastal Conservation, 16(3), 399-
403. https://doi.org/10.1007/s11852-012-0210-7

Lopez-Medellin, X., Ezcurra, E., Gonzalez-Abraham, C., Hak, J., Santiago, L. S., & Sickman, J.
0. (2011). Oceanographic anomalies and sea-level rise drive mangroves inland in the
Pacific coast of Mexico. Journal of Vegetation Science, 22(1), 143-151.
https://doi.org/10.1111/j.1654-1103.2010.01232.x

Malagrino, G., Lagunas, M., & A., O.-R. (2008). Environmental impact reduction through
ecological planning at Bahia Magdalena, Mexico. Journal of Environmental Biology,
29(2), 179-182.

Moffat, A. M., Papale, D., Reichstein, M., Hollinger, D. Y., Richardson, A. D., Barr, A. G,
Beckstein, C., Braswell, B. H., Churkina, G., Desai, A. R., Falge, E., Gove, J. H.,
Heimann, M., Hui, D., Jarvis, A. J., Kattge, J., Noormets, A., & Stauch, V. J. (2007).
Comprehensive comparison of gap-filling techniques for eddy covariance net carbon
fluxes. Agricultural and Forest Meteorology, 147(3-4), 209-232.
https://doi.org/10.1016/j.agrformet.2007.08.011

Muhlia-Melo, A., Ledn-de la Luz, J., Gonzélez-Peralta, J., Maraver, A., & Nieto-Garibay, M.
(2012). Plan Estatal de Accion ante el Cambio Climatico para Baja California Sur
(PEACC-BCS). https://cambioclimatico.gob.mx/wp-
content/uploads/2018/11/Documento-1-Plan-Estatal-de-Acci%C3%B3n-Baja-California-
Sur-2012.pdf

Nagelkerken, 1., Blaber, S. J. M., Bouillon, S., Green, P., Haywood, M., Kirton, L. G.,
Meynecke, J. O., Pawlik, J., Penrose, H. M., Sasekumar, A., & Somerfield, P. J. (2008).
The habitat function of mangroves for terrestrial and marine fauna: A review. Aquatic
Botany, 89(2), 155-185. https://doi.org/10.1016/j.aquabot.2007.12.007

Nellemann, C., Corcoran, E., Duarte, C. M., Valdés, L., De Young, C., Fonseca, L., &
Grimsditch, G. (2009). Blue Carbon. A UNEP rapid response assessment. B. T. AS.
www.grida.no

Ochoa-Goémez, J. G., Lluch-Cota, S. E., Rivera-Monroy, V. H., Lluch-Cota, D. B., Troyo-
Diéguez, E., Oechel, W., & Serviere-Zaragoza, E. (2019). Mangrove wetland
productivity and carbon stocks in an arid zone of the Gulf of California (La Paz Bay,



851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876

877
878
879

880

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Mexico). Forest Ecology and Management, 442, 135-147.
https://doi.org/10.1016/j.foreco.2019.03.059

Osland, M. J., Feher, L. C., Griffith, K. T., Cavanaugh, K. C., Enwright, N. M., Day, R. H.,
Stagg, C. L., Krauss, K. W., Howard, R. J., Grace, J. B., & Rogers, K. (2017). Climatic
Controls on the global distribution abundance and species richness of mangrove forests.
Ecological Monographs, 87(2), 341-359. https://doi.org/10.1002/ecm.1248

Paez-Osuna, F., Gracia, A., Flores-Verdugo, F., Lyle-Fritch, L. P., Alonso-Rodriguez, R., Roque,
A., & Ruiz-Fernandez, A. C. (2003). Shrimp aquaculture development and the
environment in the Gulf of California ecoregion. Marine Pollution Bulletin, 46(7), 806-
815. https://doi.org/10.1016/s0025-326x(03)00107-3

Pearce, D. W. (2001). The Economic Value of Forest Ecosystems. Ecosystem Health, 7(4), 284—
296. https://doi.org/10.1046/j.1526-0992.2001.01037.x

Poungparn, S., Komiyama, A., Sangteian, T., Maknual, C., Patanaponpaiboon, P., &
Suchewaboripont, V. (2012). High primary productivity under submerged soil raises the
net ecosystem productivity of a secondary mangrove forest in eastern Thailand. Journal
of Tropical Ecology, 28(3), 303-306. https://doi.org/10.1017/s0266467412000132

Poungparn, S., & Komiyama, A. (2013). Net Ecosystem Productivity Studies in Mangrove
Forests. Reviews in Agricultural Science, 1(0), 61-64. https://doi.org/10.7831/ras.1.61

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C.,
Buchmann, N., Gilmanov, T., Granier, A., Grunwald, T., Havrankova, K., llvesniemi, H.,
Janous, D., Knohl, A., Laurila, T., Lohila, A., Loustau, D., Matteucci, G., Meyers, T.,
Miglietta, F., Ourcival, J.-M., Pumpanen, J., Rambal, S., Rotenberg, E., Sanz, M.,
Tenhunen, J., Seufert, G., Vaccari, F., Vesala, T., Yakir, D., & Valentini, R. (2005). On
the separation of net ecosystem exchange into assimilation and ecosystem respiration:
review and improved algorithm. Global Change Biology, 11(9), 1424-1439.
https://doi.org/10.1111/j.1365-2486.2005.001002.x

Roe, D., Reid, H., Vaughan, K., Brickell, E., & Elliott, J. (2008 Climate, carbon, conservation
and communities. IUCN Commission on Environmental, Economic and Social Policy.
Policy Matters 16: 142-90.



881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Rodda, S., Thumaty, K., Jha, C., & Dadhwal, V. (2016). Seasonal Variations of Carbon Dioxide,
Water Vapor and Energy Fluxes in Tropical Indian Mangroves. Forests, 7(2), 35-.
https://doi.org/10.3390/f7020035

Romafiach, S. S., DeAngelis, D. L., Koh, H. L., Li, Y., Teh, S. Y., Raja Barizan, R. S., & Zhali,
L. (2018). Conservation and restoration of mangroves: Global status, perspectives, and
prognosis. Ocean & Coastal Management, 154, 72-82.
https://doi.org/10.1016/j.ocecoaman.2018.01.009

Ruimy, A., Jarvis, P. G., Baldocchi, D. D., & Saugier, B. (1995). CO2 Fluxes over Plant
Canopies and Solar Radiation: A Review. In Advances in Ecological Research Volume
26 (pp. 1-68). https://doi.org/10.1016/s0065-2504(08)60063-x

Ruiz-Luna, A., Cervantes Escobar, A., & Berlanga-Robles, C. (2010). Assessing Distribution
Patterns, Extent, and Current Condition of Northwest Mexico Mangroves. Wetlands,
30(4), 717-723. https://doi.org/10.1007/s13157-010-0082-2

Sanderman, J., Hengl, T., Fiske, G., Solvik, K., Adame, M. F., Benson, L., Bukoski, J. J.,
Carnell, P., Cifuentes-Jara, M., Donato, D., Duncan, C., Eid, E. M., Ermgassen, P. z.,
Lewis, C. J. E., Macreadie, P. I., Glass, L., Gress, S., Jardine, S. L., Jones, T. G,
Nsombo, E. N., Rahman, M. M., Sanders, C. J., Spalding, M., & Landis, E. (2018). A
global map of mangrove forest soil carbon at 30 m spatial resolution. Environmental
Research Letters, 13(5). https://doi.org/10.1088/1748-9326/aabelc

Schedlbauer, J. L., Oberbauer, S. F., Starr, G., & Jimenez, K. L. (2010). Seasonal differences in
the CO2 exchange of a short-hydroperiod Florida Everglades marsh. Agricultural and
Forest Meteorology, 150(7-8), 994-1006. https://doi.org/10.1016/j.agrformet.2010.03.005

Schuepp, P. H., Leclerc, M. Y., MacPherson, J. I., & Desjardins, R. L. (1990). Footprint
prediction of scalar fluxes from analytical solutions of the diffusion equation. Boundary-
Layer Meteorology, 50(1-4), 355-373. https://doi.org/10.1007/BF00120530

Sharma, S., MacKenzie, R. A,, Tieng, T., Soben, K., Tulyasuwan, N., Resanond, A., Blate, G., &
Litton, C. M. (2020). The impacts of degradation, deforestation and restoration on
mangrove ecosystem carbon stocks across Cambodia. Sci Total Environ, 706, 135416.
https://doi.org/10.1016/j.scitotenv.2019.135416



910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Taillardat, P., Friess, D. A., & Lupascu, M. (2018). Mangrove blue carbon strategies for climate
change mitigation are most effective at the national scale. Biol Lett, 14(10).
https://doi.org/10.1098/rsbl.2018.0251

Team, R. C. (2021). R: A Language and Environment for Statistical Computing. In.

The World Bank. (2020). State and Trends of Carbon Pricing 2020. T. W. Bank.
https://openknowledge.worldbank.org/handle/10986/33809

Thomas, N., Lucas, R., Bunting, P., Hardy, A., Rosenqvist, A., & Simard, M. (2017).
Distribution and drivers of global mangrove forest change, 1996-2010. PLoS One, 12(6),
e0179302. https://doi.org/10.1371/journal.pone.0179302

Twilley, R. R., Chen, R. H., & Hargis, T. (1992). Carbon sinks in Mangroves and their
implications to carbon budget of tropical coastal ecosystems. Natural Sinks of CO2,
64((1-2)), 265-288. https://doi.org/10.1007/978-94-011-2793-6_15

Villarreal, S., & Vargas, R. (2021). Representativeness of FLUXNET Sites Across Latin
America. Journal of Geophysical Research: Biogeosciences, 126(3).
https://doi.org/10.1029/2020jg006090

Vourlitis, G. L., & Oechel, W. C. (1997). Landscape-Scale CO, H>O Vapour and Energy Flux
of Moist-Wet Coastal Tundra Ecosystems over Two Growing Seasons. Journal of
Ecology, 85(5), 575-590. https://www.jstor.org/stable/2960529

Watson, E. B., & Hinojosa Corona, A. (2017). Assessment of Blue Carbon Storage by Baja
California (Mexico) Tidal Wetlands and Evidence for Wetland Stability in the Face of
Anthropogenic and Climatic Impacts. Sensors (Basel), 18(1).
https://doi.org/10.3390/s18010032

Whitmore, R. C., Brusca, R. C., Leon-de-la-Luz, J. L., Gonzalez-Zamorano, P., Mendoza-
Salgado, R., Holguin, G., Galvan-Magafia, F., Hastings, P. A., Cartron, J.-L. E., Felger,
R. S., Seminoff, J. A., & Mclvor, C. C. (2005). The ecological importance of mangroves
in Baja California Sur: Conservation Implications for an Endangered Ecosystem. In J.-L.
E. Cartron, G. Ceballos, & R. S. Felger (Eds.), Biodiversity, Ecosystems and
Conservation in Northern Mexico. . Oxford University Press, Inc.

Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D., Berbigier, P., Bernhofer, C.,
Ceulemans, R., Dolman, H., Field, C., Grelle, A., Ibrom, A., Law, B. E., Kowalski, A.,
Meyers, T., Moncrieff, J., Monson, R., Oechel, W., Tenhunen, J., Valentini, R., &



941
942
943
944
945
946
947
948
949
950
951
952
953

manuscript submitted to Journal of Geophysical Research — Biogeosciences

Verma, S. (2002). Energy balance closure at FLUXNET sites. Agricultural and Forest
Meteorology, 113(1), 223-243. https://doi.org/10.1016/S0168-1923(02)00109-0

Wu, C. L., Chau, K. W., & Li, Y. S. (2009). Methods to improve neural network performance in
daily flows prediction. Journal of Hydrology, 372(1-4), 80-93.
https://doi.org/10.1016/j.jhydrol.2009.03.038

Zona, D., Janssens, I. A., Aubinet, M., Gioli, B., Vicca, S., Fichot, R., & Ceulemans, R. (2013).
Fluxes of the greenhouse gases (CO2, CH4 and N20) above a short-rotation poplar
plantation after conversion from agricultural land. Agricultural and Forest Meteorology,
169, 100-110. https://doi.org/10.1016/j.agrformet.2012.10.008

Zulueta, R. C., Oechel, W. C., Verfaillie, J. G., & Hastings, S. J. (2013). Aircraft Regional-Scale
Flux Measurements over Complex Landscapes of Mangroves, Desert, and Marine
Ecosystems of Magdalena Bay, Mexico. Journal of Atmospheric and Oceanic
Technology, 30(7), 1266-1294. https://doi.org/10.1175/jtech-d-12-00022.1



