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Summary of findings and conclusions
Blue carbon ecosystems are among the most important ecosystems capable of
mitigating some of the impacts from climate change. In dry, desert areas like the Baja California
Peninsula in Mexico, wetlands like the Bay of San Quintín in Baja California provide critical
habitat for many terrestrial and marine species that, in turn, sustain the livelihood of thousands
of people. In the Bay, salt marsh vegetation surrounding the bay and seagrass meadows
covering the sea floor contribute to carbon sequestration just like mangrove forests in
Magdalena Bay, Baja California Sur, albeit in smaller quantities and at slower rates. While this
may make them seem like less efficient ecosystems, it is important to remember this region is a
dynamic bay with a significant tidal activity and seasonal freshwater inputs that seems to go
through constant environmental changes.
We used the InVEST Blue Carbon1 models developed by Stanford’s Natural Capital
Project to estimate the carbon stock for two vegetation categories found in San Quintín: marsh
vegetation and seagrass meadows using an annual rate baseline of 12.6 Mg CO2e*Ha-1*yr-1 for
the marsh ecosystem (Cuellar-Martínez et al., 2019) and 0.28 Mg CO2e*Ha-1*yr-1 as an average
between the seagrass species present in San Quintín (Krause et al., 2022). The model predicts
carbon stocks in 2050 by considering high probability of a decrease in sequestration rate or
habitat disturbance either by natural causes, by urbanization, or expansion of agriculture area,
for example. Estimates for marsh vegetation in 2018 show carbon stock levels between 88 and
1,291 Mg CO2e*Ha-1, with a slight increase to a maximum of 1,695 Mg CO2e*Ha-1 by 2050. The
estimated carbon stock for seagrass meadows in 2019 ranged from 64.57 to 259.34 Mg
CO2e*Ha-1.
InVEST software does have some limitations that may create roadblocks throughout the
data analysis process. It requires multiple data sources to predict across time, something that is
not always available. Data sourced from satellite images, as is the case for the data used in this
analysis, can present additional issues related to its quality. For example, in San Quintín, green
agriculture fields can be confused with ecosystems like marshes or other wetland vegetation
and water can also be confused with vegetation if the satellite image was taken during high tide.
Understanding the source of the data and its weaknesses is of the upmost importance when
interpreting results.
The outputs presented in this study present a holistic view of a biologically important
region influenced by natural and anthropogenic activity. Like the blue carbon ecosystems in
Bahia Magdalena, in Baja California Sur, the Bay of San Quintín also provides valuable
services. Beyond carbon sequestration, the Bay’s productivity sustains a local economy through
fishing and aquaculture; while the terrestrial ecosystems, including the wetland, support a
healthy and thriving tourism industry (BCI, 2007). Estimating the economic contribution
generated through ecosystem services will strengthen regional management and conservation
efforts. This report is a first step towards integrating data to help local stakeholders design
conservation and restoration strategies, as well as inform management decisions that help
prevent environmental damage in the region moving forward.
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Introduction
Blue carbon ecosystems, which include tidal wetlands and seagrass beds, are known for
their capacity to take carbon dioxide from the atmosphere and incorporating it into their
structures and the soil where they develop. Despite this, they remain widely understudied and
undervalued in Mexico. Just as mangroves receive attention from scientists studying climate
change, wetlands and seagrass meadows only began to gain the attention of researchers in the
past few years (Ruiz-Fernández et al., 2018).
While these ecosystems cover an estimated 0.2% of the ocean floor, they are
responsible for sequestering 50% of the carbon found in marine sediments (Duarte et al., 2013).
When ecosystems are altered or changed, they lose their ability to provide the services that
benefit species, other ecosystems, and humans (Cuellar-Martínez et al., 2019). Coastal
wetlands provide protection from storms, help stabilize the coastline, provide nursery and
reproductive habitats to many species of fish, invertebrates and birds and, of course, store
carbon and act as climate change mitigators (Adame et al. 2018; Cuellar-Martínez et al., 2019).
Worldwide, coastal ecosystems face multiple threats that, if unchecked, can cause
significant damage and even loss of area. For example, urbanization, agriculture and
aquaculture, and fishing are some of the human activities that can negatively impact wetlands.
While the loss of mangrove forests has been well documented in Mexico (Hamilton et al., 2016;
Kumagai et al., 2020), loss rates for salt marshes are difficult to find (Ruiz-Fernández et al.,
2018). Historically, marsh ecosystems have been viewed as wastelands despite their
importance as carbon sinks. This reinforces the need to improve our understanding of how
these ecosystems function and express the economic value of the services they provide.
The analysis and results presented here build upon the Institute of the Americas’ “Las
Californias Blue Carbon Initiative,”2 which includes the blue carbon ecosystems of Magdalena
Bay in Baja California Sur. The overall objective is to identify conservation opportunities by
studying the ecosystem services these blue carbon ecosystems provide for local communities.
The current climate crisis requires us to continue working towards improving the methods used
to estimate the economic benefits of carbon sequestration and climate mitigation.

Study area
The Bay of San Quintín is approximately 325 km from the U.S.-México international
border, covers an area of 42 km2, and has an average depth of 2 meters. Nestled in the Pacific
coast of Baja California, this shallow bay includes seagrass beds, salt marshes, mud flats and
muddy bottoms (Cuellar-Martínez et al., 2019). The bay is surrounded by coastal sage scrub,
considered one of North America's most threatened ecosystems (CBI, 2007). Together, these
ecosystems provide critical habitat to numerous species of plants and animals, both terrestrial
and marine.
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The Valley of San Quintín surrounds the bay and is known for its very productive
agricultural industry that depends on subterranean aquifers. The bay itself has been used for
aquaculture since 1979, which has been an important source of jobs and income for the local
community. Aquaculture is mostly restricted to the western arm of the bay (Cuellar-Martínez et
al., 2019) and thrives because of the very productive waters, which are influenced by upwellings
(Ramsar, 2008).
San Quintín was designated as Wetland of International Importance on February 2,
2008, by the Ramsar Convention. Additionally, the region includes four natural reserves
(Reservas Naturales) managed by Mexico’s Comisión Nacional de Áreas Protegidas
(CONANP), and there are other areas certified for voluntary conservation (ADVC3 for its initials
in Spanish) (Figure 1).

Figure 1. Location of the study area showing the boundaries for the Ramsar site (black outline)
and ADVC areas (gray outlines) established in San Quintín, Baja California, Mexico.
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Methods
InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) Coastal Blue
Carbon 4 models the carbon cycle by accounting for storage in three main pools: biomass,
sediment carbon (for example, carbon stored in the soil), and standing dead carbon (i.e. litter)
and quantifies carbon storage across the land or seascape by summing the carbon stored in
these three pools. It requires maps of coastal ecosystems, data on the amount of carbon stored
in the three carbon pools, and the rate of annual carbon accumulation in the biomass and
sediments. It also requires land cover maps representing changes in human use patterns or sea
level to estimate carbon lost or gained over time. It is important to note that the models need at
least two data points for each category within the study’s time frame to complete the analysis.
Two vegetation categories were identified for this region’s assessment: marsh vegetation
and seagrass meadows. Data associated with marsh vegetation corresponds to 1991, 1997,
2011, 2014, and 2018 and was gathered by Mexico’s National Institute of Statistics and
Geography (INEGI), as were the coordinates of the voluntary conservation areas (indicated as
ADVC on maps), and the coordinates for the Ramsar site boundaries. In the case of seagrass
meadows, we extracted data from published literature that included seagrasses (Zostera marina
and Ruppia maritima) distribution from 1999, 2017, and 2019 (Ward et al., 2004; Krause et al.,
2021; Krause et al., 2022). The years and periodicity of both ecosystem categories did not
match; therefore, we decided to run the models separately. Spatial analysis was done by
establishing a one-hectare grid over the study area.
Definitions
Total net sequestration - refers to the amount of carbon gained or lost within year t. If
carbon is accumulating, it will yield a net positive sequestration value. If carbon is emitted, the
model yields a negative value. A single pixel on the grid may either accumulate or emit carbon,
so the model assumes that a pixel changes from one habitat type to another during a transition
event (for example, from a mangrove covered area to an area cleared of vegetation). The
nature of sequestration (either accumulation or emission) remains consistent between transition
years on a given pixel. It is important to note that sequestration is a rate expressed as
Megagrams of CO2 Equivalents per hectare, per year (Mg CO2e*Ha-1*yr-1), unit that and can be
used to compare blue carbon ecosystems more easily.
Carbon stock - for a given year and pool, the stock is calculated by adding the net
carbon sequestration for year x to the stocks available in the prior year (x-1). These are total
amounts expressed in Megagrams of CO2 equivalents per hectare (Mg CO2e*Ha-1).
Findings
The InVEST Blue Carbon model helps estimate the value of carbon storage and
sequestration services provided by coastal ecosystems such as wetlands and seagrass beds. It
provides insight into how natural and anthropogenic impacts affect these ecosystems, including
their ability to capture and store carbon. The maps produced can help inform stakeholders on
opportunities for conservation and restoration to help identify vulnerable areas where the loss of
habitat and, therefore, loss of carbon back into the atmosphere, can happen.
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Total net carbon sequestration
Carbon sequestration is the process through which atmospheric carbon dioxide is
captured and stored in carbon sinks like vegetation (e.g., seagrasses and mangroves),
invertebrates, soil, geologic formations, and the oceans. This natural process captures carbon
dioxide from the atmosphere and prevents it from entering the Earth’s atmosphere again.
Vegetation’s carbon sequestration efficiency depends on habitats' health, and human activities
can severely deteriorate it. Therefore, it is a good indicator of the carbon sequestration potential
and performance in an anthropogenic context. We estimated the total net carbon sequestration
rate (Mg CO2e*Ha-1*yr-1) and the carbon stock for two vegetation categories found in San
Quintín (marsh vegetation and seagrass meadows).
Given that we only found data for one category of marsh vegetation, we had to assume
the same accumulation rate throughout the entire distribution area. We used an annual rate
baseline of 12.6 Mg CO2e*Ha-1*yr-1 for the marsh ecosystem in San Quintín (Figure 2), as
reported in previous studies (Cuellar-Martínez et al., 2019). In the case of seagrass, the annual
carbon sequestration rate is 0.28 Mg CO2e*Ha-1 and it was inferred as an average between the
seagrass species present in the area and converted into our working unit (Figure 3; Krause et
al., 2022). Both maps show areas with negative sequestration rates (red areas), where a
combination of factors may be at play. Negative sequestration rates represent a net emission of
that equivalent amount of CO2e to the atmosphere, each year, caused by the degradation or
total loss of the climax habitat considered (marsh vegetation and seagrass meadows). In marsh
vegetation, areas with negative sequestration rates were lost to human activities (agriculture)
and natural changes (e.g., coastline dynamics) (Figure 2). Discrepancies within the original
cover data from INEGI require care in assuming the increase of marsh vegetation, as the
broader classification category in the latter years might have included habitat portions that were
not consistently identified over the available data timespan.
InVEST models use changes in land use (or vegetation cover) to estimate the
sequestration rate over time and across area. As an ecosystem changes, so does its efficiency
in capturing and storing CO2. Considering that sequestration rates vary across the ecosystem’s
area, we can expect differences in the amount of carbon sequestered over time and across
space for both, marsh (Figure 4) and seagrass (Figure 5). Considering each ecosystem’s
annual sequestration rate, by 2050 we see a larger area of marsh vegetation with positive net
sequestration, while the seagrass sequestration rate estimates remain similar in distribution.
Specifically for seagrass (Figure 5), red areas indicate seagrass that was recorded as
lost on our baseline year (2019), however the model is showing a gradual loss of CO2 over time.
The negative values refer to carbon that has been lost since that vegetation is no longer there.
However, areas with healthy seagrass beds will accumulate and store 14.28 Mg CO2e*Ha-1.

Figure 2. Total net

carbon sequestration
rates reported for salt

marsh vegetation in the
Bay of San Quintin, Baja
California. Units are

megagrams of CO2e
per hectare per year.

Figure 3. Total net
carbon sequestration
rates estimated for the
areas where seagrass
vegetation has been
recorded in the Bay of
San Quintin, Baja
California. Units are

megagrams of CO2e
per hectare per year.

Figure 4. Map
showing the
estimated net carbon
sequestration from
2018 (baseline year)
to 2050 in the salt
marsh ecosystem in
the Bay of San
Quintin, Baja
California. Units are
megagrams of
CO2e/hectare.

Figure 5. Estimated
total carbon
sequestration of
seagrass in Bay of
San Quintin, Baja
California, from 2019
(baseline year) to
2050. Units are
megagrams of
CO2e/hectare.

Carbon stock
The carbon stock refers to the quantity of carbon contained in a specific “pool”, in this
case estimated based on marsh vegetation and seagrass meadows extension. For this analysis,
the model predicts carbon stocks in 2050 by considering high probability of a decrease in
sequestration rate or habitat disturbance either by natural causes, by urbanization, or expansion
of agriculture area, for example.
The carbon stock estimates for marsh vegetation in 2018 (Figure 6) is the baseline for
the 2050 estimates (Figure 7) representing carbon stocks in the future. The 2018 estimates
show carbon stock levels between 88 and 1,291 Mg CO2e*Ha-1 (light green and blue).
Projecting into the future, estimates for carbon stock increase slightly to a maximum of 1,695
Mg CO2e*Ha-1. Considering the sequestration rates estimated in this study, the estimates for
2050 indicate that there are some areas of marsh habitat that are quite stable and consistently
display values on the higher-end of the scale (for example, the southern marsh area of the bay
and the northernmost end).
The case of seagrass meadows is complex, particularly because of the lack of consistent
monitoring over time of the meadows’ extension, and as spatial data available was only from
1999, 2017, and 2019. Seagrass meadows’ cover decreased between 1999 and 2017, however
it was impossible to pinpoint exactly when the loss occurred. Lack of data granularity in the time
component hinders the representation of the carbon sequestration process that inherently
depends on time. The highly dynamic and variable nature of seagrass meadows emphasizes
the importance of using frequent measurements throughout time to correctly estimate their
contribution to carbon sequestration (e.g. Berger et al., 2020).
The InVest model assumes that the loss of seagrass occurred only in 2017, whereas it
probably occurred gradually over time. That is why the model also assumes a shift in habitat
condition that still maintains a certain quantity of stored carbon (e.g. carbon within the soil) that
contributes to the overall carbon stock. Indeed, the carbon stock estimated as of 2019 ranged
from 64.57 Mg CO2e*Ha-1 in areas where there is currently no seagrass (white color along the
shallow fringe of the bay’s shoreline), to 259.34 Mg CO2e*Ha-1 in deeper areas (dark green
area) (Figure 8). Looking to the future (Figure 9), it is important to remember that seagrass
distribution is not increasing, and we continue to detect carbon in areas with no seagrass
because, unless sediments are actively disturbed, carbon is released gradually over time as
natural processes like decomposition and sediment removal through tidal activity.

Figure 6. Carbon
stock estimates for
salt marsh vegetation
in San Quintin in 2018
(baseline year). Units
are megagrams of
CO2e/hectare.

Figure 7. Estimated
carbon stock in 2050
associated to salt
marsh vegetation in
San Quintin, Baja
California. Units are
megagrams of
CO2e/hectare.

Figure 8. Carbon
stock estimates for
seagrass meadows in
San Quintin in 2019
(baseline year). Units
are megagrams of
CO2e/hectare.

Figure 9. Estimated
carbon stock in 2050
associated to
seagrass meadows in
San Quintin, Baja
California. Units are
megagrams of
CO2e/hectare.

Conclusions
Over the last 25 years, scientists have recognized that blue carbon ecosystems play an
important role in climate regulation and climate change mitigation beyond their distribution
areas. Most importantly, this is on top of the other services that contribute to our collective
wellbeing and provide local communities with benefits through fisheries, tourism, coastal
protection, climate change adaptation and culture (Aburto-Oropeza et al., 2008; Kumagai et al.,
2020). The Bay of San Quintín is a biodiverse region in the Baja California Peninsula that has
economic and environmental value for thousands of people (BCI, 2007; Ramsar, 2008). Better
understanding ecosystem services value of the Bay of San Quintín is important given the
growing development pressures within its vicinity—including an increased risk of agricultural
runoff.
Data-based economic analysis (especially those with a spatial component) are useful
tools that help integrate different types of data to address questions related to conservation,
urban development, or economic growth. Traditional economic analysis can underestimate the
long-term benefits of the natural resources of coastal ecosystems since quantifying ecosystem
services in comparable terms to economic services, productivity, and manufactured capital is
challenging (Costanza et al., 1997). Although significant progress has been made to overcome
this challenge, the need for tools that better allow us to visualize information to support public
policy persists. The InVEST modeling software provides a valuable tool that may help us move
forward in this regard.
However, InVEST software does have some limitations that create roadblocks
throughout the data analysis process. For example, since this software depends on spatial data
and requires multiple data sources to allow the model to predict across time, the right data can
be difficult to find. Additionally, if data is sourced from satellite images, other factors can
influence the quality of the data. In San Quintín, agriculture fields can be confused with
ecosystems like marshes, mangrove forests, or other wetland vegetation. Water could be
confused with vegetation if the satellite image was taken during high tide. This affects the
distribution data because the software can interpret these changes as a gain or a loss in an
ecosystem’s cover area. This proved especially true for the seagrass data, which required us to
digitize it using published maps and create the associated data tables using published articles.
Despite these challenges, the outputs presented in this study hold great value in that
they present a holistic view of a biologically important region influenced by natural and
anthropogenic activity. Like the blue carbon ecosystems in Bahia Magdalena, in Baja California
Sur, the Bay of San Quintín also provides valuable services. Beyond the carbon sequestration
its wetland habitats perform, the Bay’s productivity sustains a local economy through fishing and
aquaculture, while the terrestrial ecosystems, including the wetland, support a healthy and
thriving tourism industry (BCI, 2007). Estimating the economic contribution generated through
these ecosystem services will strengthen regional management and conservation efforts. The
results presented in this report are a first step towards integrating data to help local
stakeholders design conservation and restoration strategies, as well as inform management
decisions that help prevent environmental damage in the region moving forward.
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