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A B S T R A C T

Mangroves provide multiple ecosystem services (ESs), including fish and wildlife habitat, protection from coastal
erosion and flooding impacts, food resources, water quality, carbon sequestration and storage. However, most of
the mangrove wetlands structural and functional information useful to evaluate the quality, quantity and
monetary value of its ESs has been obtained from studies at tropical latitudes usually dominated by large deltas
and extensive coastal lagoon and estuaries. Thus, there is a major data gap for mangrove wetlands located in arid
and semi-arid regions due to their limited land cover and location at the boundary of transitional climate gra-
dients. Here we analyze the spatial distribution of mangrove wetlands carbon stocks and net primary pro-
ductivity (i.e., litterfall and root productivity) in La Paz Bay, an arid coastal region in the Gulf of California,
Mexico, where mangrove wetlands are spatially distributed in conspicuously extensive patches. We used this
information to qualitatively rank ESs. Three peri-urban mangrove wetland sites (Balandra, Enfermeria, and
Zacatecas) were characterized by different degrees of anthropogenic impact. Aboveground biomass (interval:
13.6 to 31.6Mg C ha−1) was in the lower range when compared globally. The average C storage in mangrove
soils (at 45 cm depth) in La Paz Bay is 175Mg C ha−1, which is higher than the values reported for other arid
zones (≥1m soil depth: 43–156Mg C ha−1). Belowground root biomass and productivity values (roots range:
0.22–0.31Mg C ha−1; fine roots NPP: 0.06–0.09Mg C ha−1 yr−1) were in the lower range. We found distinct
differences in aboveground C storage values among sites where mangrove species formed monospecific stands
across the landscape within each site. Areas dominated by the species Rhizophora mangle reflected the highest
soil C density values (208.9 ± 144.6Mg C ha−1), followed by Laguncularia racemosa
(181.4 ± 118.2Mg C ha−1) and Avicennia germinans (155.5 ± 72.1Mg C ha−1). We identified ESs provided by
each of the sites, including both cultural (i.e., ecotourism; especially in Balandra), and provisioning (fisheries)
services. Our study is a first step in the quantitative assessment of functional and structural properties as ESs of
arid mangrove wetlands in La Paz Bay that could be readily translated into robust economic estimates for this
arid coastal region.

1. Introduction

Mangroves occupy 13,760,000 ha of coastal areas around the world
(Bunting et al., 2018), and store 10–15% (24 Tg C y−1) of the organic
carbon (C) found in coastal sediments (Alongi, 2014) while exporting
11% (i.e., outwelling) of the terrestrial particulate C to the ocean
(Jennerjahn and Ittekkot, 2002). The great potential for C storage (i.e.,
Blue Carbon; Alongi, 2018a), as one of the most recognized ecosystem
services (ESs) in the context of climate change, is partially the result of

high mangrove Net Primary Productivity (NPP) and variable C export
rates. In this context, mangrove forest NPP is considered a valuable ES
due to its potential role for C sequestration to mitigate excess atmo-
spheric CO2 throughout photosynthesis and long-term C storage in soils
(Mcleod et al., 2011).

The relative magnitude of C storage, NPP, and sequestration rates
are associated with the interaction of local (e.g., fertility and salinity
gradients), regional (e.g., geomorphology), and global/latitudinal
variables (e.g., temperature, precipitation) (Alongi, 2014; Rivera-
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Monroy et al., 2017a; Simard et al., 2019; Rivera-Monroy et al., 2019).
Mangrove soils are the primary organic C storage in these ecosystems
(Donato et al., 2011). Microbial biomass has an important role in C
storage in such ecosystems, as symbiotic microbiota in the plant roots
can partially compensate for low soil nutrients availability in addition
to its key role in decomposing and mineralization of organic matter
(Duarte and Cebrián, 1996; Alongi, 2009; Holguín et al., 2001).

Mangroves have higher capacity as C reservoirs than most other
tropical or temperate forests (Donato et al., 2011), even at the northern
limit of mangrove distribution in the neotropics, where their structure
and productivity are limited by the interaction of low annual air tem-
perature and limited precipitation (Giri et al., 2011; Osland et al.,
2017a; Osland et al., 2018; Yando et al., 2016). It has been observed
that despite these environmental limitations in arid zones on the
southwestern Gulf of California in the Pacific coast of Mexico, man-
grove C stocks and litterfall productivity are relatively similar, or in
some cases, higher than those reported for lower tropical latitudes
(Ezcurra et al., 2016; López-Medellín and Ezcurra, 2012). Mangrove
trees in arid regions have typically a height< 3m (i.e., scrub ecotype;
Lugo and Snedaker, 1974; Cintron et al., 1978), and grow under sub-
optimal conditions due to high water loss during CO2 uptake, especially
during the hot summer periods (López-Medellín and Ezcurra, 2012).
However, they are physiologically and morphologically adapted and
able to maintain high photosynthetic and low transpiration rates
(Snedaker and Araujo, 1998), coping with hypersaline conditions
(Dood et al., 1999; Ball, 1988).

Mangroves along the arid coastal region of the southwestern Gulf of
California, including La Paz Bay, encompass the largest area that is
dominated by scrub and fringe mangrove forests (Aburto-Oropeza et al.,
2008; Ochoa-Gómez et al., 2018), distributed in fourteen well delimited
patches with a total extension of 270 ha (Ávila-Flores, 2014). Human
impacts directly influence some of the mangrove patches since the
urban center of La Paz is adjacent to mangrove areas; in addition, this
coastal region has the second highest population growth rate and urban
development in Mexico (INEGI, 2015), where mangrove area has de-
creased in as much as 50% in some locations (Ochoa-Gómez et al.,
2018).

Human impacts cause biological and ecological changes of different
intensities and spatial extension in coastal ecosystems (Alongi, 2008;
Collins et al., 2011) affecting functional and structural attributes such
as the reduction of aboveground biomass and forest structural com-
plexity (Alongi, 2008; Lugo, 1980). Although mangrove wetlands have
different levels of resilience to major structural damages when are
impacted by large-scale natural disturbances (e.g., tropical cyclones;
Danielson et al., 2017; Rivera-Monroy et al., 2019), human impacts,
such as deforestation or major alterations of hydrological regimes, are
persistent and therefore can be considered some of the major causes of
mangrove mortality and area reduction at global scale (Rivera-Monroy
et al., 2017b; Simard et al., 2019). In fact, the level of disturbance is
higher in mangrove forests close to urban centers (i.e., peri-urban
mangroves; Lee et al., 2014), where pollution and urban development
directly affect a number of functional properties and result in a negative
impact (e.g., due to limited freshwater input) or positive in some cases
(e.g., nutrient inputs increasing productivity) (Alongi, 2018b). This
impact could change the quality and quantity of the ESs, such as the
provision of fish habitat (López-Rasgado et al., 2012; Ochoa-Gómez
et al., 2018) and C storage (Bhomia et al., 2016; Hemati et al., 2015;
Hong et al., 2017; Kauffman et al., 2016; Rozainah et al., 2018).

Most of the published C storage estimates in mangrove wetlands
have been performed in forests with relatively high canopies including
riverine, fringe, and basin ecotypes in both tropical and subtropical
regions (e.g., Adame et al., 2015; Bhomia et al., 2016; Kauffman et al.,
2016; Kauffman and Bhomia, 2017), where water and nutrients avail-
ability is higher than in arid and semi-arid zones (Hickey et al., 2018).
The limited number of studies in arid and semiarid environments have
mostly focused on the estimation of aboveground biomass and soil C

(Woomer et al., 2004; Eid and Shaltout, 2015; Almahasheer et al., 2017;
Kauffman and Bhomia, 2017; Schile et al., 2017; Jacotot et al., 2018).
Furthermore, there is limited information on the relative importance of
the interaction between coastal geomorphology (Rovai et al., 2018;
Simard et al., 2019; Twilley et al., 2018) and environmental settings
defined by different regimes in environmental variables such as river
discharge, salinity, and nutrient fertility gradients (Twilley and Rivera-
Monroy, 2009). Therefore, it is uncertain how the degree of human
impacts alters the long-term mangrove NPP and carbon storage in the
arid coastal geomorphic-environmental setting typical of the Gulf of
California.

The objective of this study was to estimate the above and below-
ground C stocks in three peri-urban mangrove wetlands representing
three different levels of anthropogenic impact based on the distance
from the city of La Paz, and local hydrological alterations due to road
construction: low (Balandra), moderate (Zacatecas) and high
(Enfermeria) (López-Rasgado et al., 2012; Mendoza-Salgado et al.,
2011). These mangroves are physiographic units well-defined by local
topography and surface/ground water availability; they are also part of
the largest extension of arid mangrove area in the southwestern coastal
area of the Baja California Peninsula, Mexico, which is hydrologically
connected to the Gulf of California. We hypothesized that above and
belowground organic C stocks and NPP (litterfall and fine roots) were
significantly different among sites and characterized by major differ-
ences in structural development associated with the total basal area,
tree height, and structural complexity. The particular objectives were
to: (1) estimate above and belowground C storage and NPP values along
disturbance gradients in the La Paz Bay, (2) evaluate and compare C
stocks among arid and semi-arid mangrove wetlands, and 3) determine
the magnitude and relative importance of mangroves C storage as an
ecosystem service (ES) in arid climates. We also qualitatively assessed
the functional role of ecosystems services (ESs) such as C storage as
related to the provision of other services (e.g., aesthetic value, fisheries)
by this scrub mangrove.

2. Material and methods

2.1. Study sites

Three peri-urban mangroves were selected along La Paz Bay, Baja
California Sur, (Balandra, Enfermeria, and Zacatecas) (Fig. 1, Table 1).
These wetlands represent three levels of human impact: low (Balandra),
moderate (Zacatecas) and high (Enfermeria) (López-Rasgado et al.,
2012; Mendoza-Salgado et al., 2011), and are characterized by the
provision of different ESs to fishes (Ochoa-Gómez et al., 2018). The
total area comprising the study sites is 44.1 ha and represents ap-
proximately 20% of the total mangrove area in La Paz Bay.

A comprehensive description of these sites can be found in Ochoa-
Gómez et al. (2018). Briefly, Balandra (Natural Protected Area) is a
coastal lagoon (30 ha) characterized by 180m wide inlet and a man-
grove area of 24.2 ha. Tree basal area is 13.7 ± 7.3m2 ha−1 and
average interstitial salinity is 44.9 ± 6.6 psu. Mangrove extension in
the Zacatecas site is ∼18 ha and distributed along a 6-ha tidal channel
with a 36-m wide inlet; the basal area is 9.7 ± 7.3m2 ha−1. Monthly
interstitial salinity in this site is 47.0 ± 2.8 psu. The Enfermeria site
includes a 5-ha artificial lagoon built as result of road construction in
the 1970s; it has a direct connection to the La Paz Bay through a 6-m
wide inlet; the mangrove extension is 1.9 ha and the mean forest basal
area is 6.8 ± 3.8m2 ha−1 where interstitial salinity is 44.7 ± 4.9 psu
(Ochoa-Gómez et al., 2018).

Mangroves in this region are located on top of a large phosphorite
deposit that extends by approximately 100 km up to the volcanic belt of
northwestern Mexico (Fischer et al., 1995). The average rainfall and
temperature of the region during the sampling period (from May 2015
to May 2016) were 225.2mm and 25.1 ± 3.9 °C, respectively
(CONAGUA, 2018). A defined mangrove zonation was observed where
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the species Rhizophora mangle was generally located next to the bay/
tidal channels while Avicennia germinans extended inland; the species
Laguncularia racemosa was located between vegetation patches of the
other species along an elevation gradient (Ochoa-Gómez et al., 2018).

2.2. Field sampling

Three sampling zones, characterized by the dominant species (i.e.,
R. mangle, A. germinans, L. racemosa), were selected along a transect
from the largest adjacent waterbody (La Paz Bay) inland in each study
site as described in Ochoa-Gómez et al. (2018) (Fig. 1); these transects
varied from ∼12m to ∼120m depending on the location of the
dominant species along the transect. At each transect, two or three
28.2m2 circular plots (radius= 3m) were deployed according to the
dominant species zones; nine plots were located in Balandra, and seven
in both Enfermeria and Zacatecas sites (N=23).

The following forest structural variables were measured in each
circular plot: standing tree biomass, pneumatophores biomass, downed
wood (i.e., dead wood on top forest floor and dead trees). Roots were
also collected to a depth of 45 cm using a metallic core (diameter:

10 cm; height: 50 cm replicates). Direct and indirect C stocks values
were estimated (above and belowground) following standard methods
by Kauffman and Donato (2012). Additionally, both litterfall (litter
baskets) and root productivity (ingrowth cores; Castañeda-Moya et al.,
2013; Gleason and Ewel, 2002) were measured at each site from May
2015 to May 2016. C stock values were then used to estimate a total
value for each study site and extrapolated for the total mangrove area in
La Paz Bay.

2.2.1. Mangrove soil organic C estimation and physicochemical properties
Soil total organic C was determined at each site. One sediment core

(ID: 10 cm diameter 45 cm length; volume=3534 cm3) was collected
per plot in May 2015. Each core was divided into three 15 cm slices
(0–15 cm, 15.1–30 cm and 30.1–45 cm). A subsample from the cores
was sieved and homogenized using a 0.5mm mesh to determine or-
ganic matter content with the method of chemical oxidation (Walkley
and Black, 1934). The soil total organic C was converted to equivalent C
units using a conversion factor (1.86) (Kauffman and Donato, 2012);
these values were integrated over the three depths and extrapolated to
the plot and site levels (Mg C ha−1).

Fig. 1. Study sites location and delimitation of forested mudflat in each mangrove community. The numbers indicate the sampling areas and the figures the dominant
species in the plot such described by Ochoa-Gómez et al. (2018).
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In each plot per site, pH, electric conductivity, bulk density and soil
texture were measured monthly from May 2015 to May 2016 at 10 cm
soil depth. The soil was collected (∼600 g) using a core (internal dia-
meter, ID: 10 cm; height: 10 cm), stored in labeled plastic bags, and
transported to the laboratory for chemical analyses. In the laboratory,
samples were dried at room temperature to constant mass (∼20 °C) and
then sieved using a 2mm mesh size. Soil samples were homogenized,
and an extract (1:2) was prepared with deionized water (50 g of dry soil
sample with 100ml of deionized water) and stirred for 30min, to
measure electrical conductivity and pH using a Hanna HI1288 sensor
probe. Also, a sample of soil was analyzed for soil texture using a laser
auto-analyzer Partica Horiba LA-950V2. Bulk density was determined
using core volume (Kauffman and Donato, 2012).

2.2.2. Forest biomass
Aboveground biomass was estimated using Diameter at Breast

Height (DBH) measurements of each tree located within each plot and
published allometric equations (Komiyama et al., 2005). Since there are
no available in situ allometric equations for our study sites, we used a
generic model proposed by Komiyama et al. (2005), which provides
robust estimations in a wide number of environmental settings (e.g.,
Ishihara et al., 2015; Rojas-García et al., 2015; Rovai et al., 2016). DBH
measurements were recorded at a different tree height per species:
1.3 m in the case of A. germinans and L. racemosa and 0.3m above the
last main prop root for the species R. mangle (Dahdouh-Guebas and
Koedam, 2006). We used published species-specific wood densities to
estimate biomass (A. germinans: 0.67 g cm−3, L. racemosa: 0.60 g cm−3;
R. mangle: 0.84 g cm−3) (Chave et al., 2009; Zanne et al., 2009). Dif-
ferent structural variables were ranked per DBH class, species, and site
including tree biomass, and total stem density. To determine the
number and range of diametric classes to construct histograms, we used
the formula proposed by Sturges (1926). We estimated biomass of
pneumatophores in plots where the species A. germinans and L. race-
mosa were dominant: three quadrants (25×25 cm) were randomly
deployed within each plot, and all the pneumatophores were harvested.
Finally, total biomass (Mg ha−1) was estimated in each plot per
dominant species. Additionally, we converted the total biomass to
equivalent C units using a conversion factor of 0.46 (Kauffman and
Donato, 2012).

2.2.3. Downed wood
Downed woody material biomass was estimated using the planar

intersections method in each circular plot (Brown, 1974 modified by
Sánchez and Zerecero (1983)). Four transects lines (4m length) were
systematically placed from the center of each circular plot along North,
East, South, and West directions. This kind of material (i.e. twigs,
branches, prop roots and stems) intersecting the transect line were
counted and measured by classifying wood debris in four categories
according to their diameter: fine (0.0 to 0.6 cm), small (0.7 to 2.5 cm),
medium (2.6 to 7.5 cm) and large (> 7.5 cm). Further, in the case of
larger diameters, they were also classified based on their state of decay
(sound or rotten) (Brown, 1974 modified by Sánchez and Zerecero
(1983)). Downed wood biomass (Mg ha−1) was estimated using the
method proposed by Brown (1974; modified by Sánchez and Zerecero
(1983)) and converted to organic carbon units using a factor of 0.50
(Kauffman and Donato, 2012).

2.2.4. Litterfall productivity
These values were originally obtained by Ochoa-Gómez et al. (2018)

and used here to evaluate organic C fluxes from the forest canopy to the
forest floor. Briefly, two 0.25m2 litterfall traps (screen mesh size:
1.0 mm) in each circular plot per zone and site; the traps were placed
above the highest water level. The number of traps per site was variable
(Balandra, n=18; Zacatecas and Enfermeria, n= 14 in each site).
Litterfall was collected monthly from April 2015 to May 2016. Litterfall
productivity (Mg dw ha−1 year−1) is reported by species at each siteTa
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(see Ochoa-Gómez et al., 2018 for laboratory sample processing and
statistical analysis).

2.2.5. Root biomass and productivity
Belowground root biomass was estimated by collecting two soil

cores (diameter: 10 cm; length: 45 cm; total volume: 3534 cm3) per
plot/site and close to the dominant species (∼60 cm of distance) in May
2015. These values were compared with values obtained with the
general allometric equation of Komiyama et al. (2005) for belowground
biomass. Model parameters were the same used in the calculation of
forest above ground biomass (see Section 2.2.2).

Root productivity was also estimated in each plot using the in-
growth technique (Castañeda-Moya et al., 2013; Gleason and Ewel,
2002). Two galvanized and waterproofed cylinders (mesh: 1 cm; dia-
meter: 10 cm; length: 45 cm), were deployed close (∼60 cm distance)
to trees with similar height and diameter of the dominant species in
each plot. Root cylinders were deployed the same month (i.e., May
2015) when root biomass samples were obtained. All cylinders were
retrieved one year after deployment.

All root material was stored separately in bags until processed to
measure root biomass and productivity. Samples were processed by
washing and separating root material from the soil using a 1mm sieve,
all roots were placed in paper bags and dried in an oven at 70 °C for
48 h to obtain dry weight (dw) (± 0.001 g). Roots values are reported
per unit area and root productivity per unit area and time (Castañeda-
Moya et al., 2013). Dry root organic material was converted to organic
C units using a stoichiometry conversion factor 0.39 (Kauffman and
Donato, 2012).

All C stocks were converted to equivalent CO2 units using the mo-
lecular proportion of CO2 and C by multiplying the C stock by 3.67
(Kauffman and Donato, 2012). These estimations are conservative and
represent potential CO2 emissions as a result of disturbance/defor-
estation (Kauffman and Donato, 2012).

2.2.6. Statistical analysis
Means and standard deviations (SD) were calculated for all vari-

ables to evaluate trends per plot and site including normality proper-
ties. Kolmogorov–Smirnov’s normality test and Levene’s homo-
scedasticity test were performed for each data set before statistical
analyses. When normality criteria was not met, a permutational mul-
tivariate analysis of variance (perMANOVA) (Anderson, 2001) was
applied to evaluate differences among main factors in a factorial design
(site and species) and interactions. The response variables included in
the analyses were: soil properties, aboveground and belowground forest
C stocks, and NPP (litter and root productivity). Also, a perMANOVA
analysis was also used to evaluate significant differences in NPP (sensu
Danielson et al., 2017) among each mangrove species and their inter-
action. When significant differences were observed, a post-hoc pair-wise
test was used to determine differences among main factors and inter-
actions. All analyses were performed at 95% confidence using the sta-
tistical software SPSS Statistics Version 24 and PRIMER 6 software
(Clarke and Warwick, 1994).

2.3. Perspective of ESs biomass and organic C

Some of the ESs provided by these three and by the three species on
a regional scale were analyzed from a qualitative perspective of the
organic C mass and spatial distribution. ESs criteria such as NPP and C
storage were compared to other studies including bird and/or fish re-
fuges or fisheries potentially influenced by C input (Amador et al.,
2008; López-Rasgado et al., 2012; Ochoa-Gómez et al., 2018). We also
considered cultural services such as ecotourism or landscape sighting at
the study sites (Calderón et al., 2008; López-Rasgado et al., 2012;
Mendoza-Salgado et al., 2011) or aesthetic value related to the struc-
tural complexity (at the mangrove wetland scale) and/or biomass
(Ochoa-Gómez et al., 2018). These parameters were qualitatively
classified according to the intensity by which they provide ESs at a
regional scale (La Paz Bay): low (+), moderate (++) and high (++
+).

3. Results

3.1. Physicochemical properties of soil sustaining mangrove ecosystems

We found no significant differences in any soil physicochemical
properties sites dominated by different species. Average electrical
conductivity (EC) at 10 cm depth, a proxy of soil salinity, ranged be-
tween 35 and 49mS cm−1 (Table 2), show significant differences when
considering the site-species interaction (p < 0.00), but not sites
(Table 3). Similarly, no significant differences were observed in bulk
density among sites, species, or their interaction. pH values were si-
milar in both sites, Enfermeria (6.4 ± 0.5) and Balandra (6.5 ± 0.5),
which were significantly higher than in the Zacatecas site (6.0 ± 0.3)
(Table 2); perMANOVA results also suggest significant differences when
considering the site-species interaction. Soil texture analysis revealed
that the highest average percentage of sands and the lowest of silts were
found in Zacatecas (80.6 ± 16.6%, 19.3 ± 16.3) and Balandra
(76.9 ± 17.0%, 23.1 ± 16.9), which were significantly different from
Enfermeria values (69.1 ± 24.6%, 30.7 ± 24.2) (Table 2); significant
differences were also observed for the site-species interaction. The
presence of clays was low in all sites (range: 0.0–0.2%). Despite the
observed statistical differences among soil texture components
(Table 3), all values are within the range reported for mangrove soils
that are considered as fine sandy loam soils, which are typical of dry
and dune dominated coastal areas.

3.2. Above and belowground C stocks

3.2.1. Aboveground
Aboveground carbon stock contribution by living trees was

31.6 ± 16.6Mg C ha−1 in Balandra, 13.6 ± 7.8Mg C ha−1 in
Enfermería and 23.8 ± 23.7Mg C ha−1 in Zacatecas (Table 4). On the
other hand, C stock from dead wood and dead trees was between 1.2
and 1.8Mg C ha−1 in Balandra and Zacatecas, and from 0.6 to
6.2Mg C ha−1 in Enfermeria (Table 4). Trees in the 6 to 7.2 cm DBH
range showed the highest biomass and C stock, with the exception of
the Zacatecas site, where high C allocation was also measured in trees
with a DBH ranging from 12.0 to 13.2 cm (Fig. 2); tree biomass in this

Table 2
Soil physicochemical properties in mangrove study sites, La Paz Bay (± SD).

Mangrove Electric conductivity (mS cm−1) Bulk density (g cm−3) pH Sands (%) Silts (%) Clays (%)

Balandra 49.1 (29.7) 0.8 (0.5) 6.4 (0.5)a 76.9 (17.0)a 23.1 (16.9)b 0.0 (0.2)b

Enfermeria 38.2 (16.8) 0.9 (0.4) 6.5 (0.6)a 69.1 (24.6)b 30.7 (24.4)ª 0.2 (0.4)ª
Zacatecas 35.1 (19.8) 1.0 (0.4) 6.0 (0.3)b 80.6 (16.6)ª 19.3 (16.6)b 0.1 (0.2)b

Average 40.8 ± 22.1 0.9 ± 0.1 6.3 ± 0.6 75.6 ± 19.4 24.4 ± 19.3 0.1 ± 0.3

*Letters indicate significant differences P (perm) < 0.05.
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site represented 18.9% of the total C stock followed by Balandra
(11.6%) and Enfermeria (6.7%). The largest C stock for downed wood
(including standing dead trees) was registered in Enfermeria
(3.4 ± 2.8Mg C ha−1), representing 20% of the aboveground C stock
measured in this site (Table 4; Table 5). The highest downed wood
value was measured in plots dominated by A. germinans (3.0Mg C ha−1)
(Table 6).

Integrated aboveground C stocks were highest in Balandra
(33.5 ± 16.8MgCha−1), followed by Zacatecas (25.1 ± 24MgCha−1)
and lowest in Enfermeria (17.0 ± 8.1MgCha−1) site (Table 7); mean C
stocks were significantly different between Balandra and Enfermeria (p
(perm) < 0.05) while the mean value in Zacatecas
(25.1 ± 24.1MgCha−1) was no significant differently from those sites
(Table 7).

When comparing aboveground living trees biomass per species
across all sites we found that sites dominated by R. mangle
(31.4 ± 18.0Mg C ha−1) and L. racemosa (28.8 ± 23.1Mg C ha−1)
had higher C values (Table 6). For the total aboveground C stock, sig-
nificant differences were only registered between R. mangle and A.
germinans, with intermediate values for L. racemosa (Table 7). The
highest biomass value was species-specific and was measured in trees
ranging in DBH from 4.8 to 6.0 cm (R. mangle), 8.4 to 9.6 cm (L. race-
mosa) and 6 to 7.2 cm (A. germinans) (Fig. 3). Habitats dominated by
the species L. racemosa had the highest pneumatophores biomass
(0.09 ± 0.1Mg C ha−1; Table 6) probably due to the high biomass
storage capacity for this specie and oxygen supply requirements.

3.2.2. Belowground
Although biomass values (< 1Mg C ha−1) and annual root

productivity rates were overall low in the La Paz Bay region, the
Zacatecas mangrove forests had the highest root C stock
(0.31Mg C ha−1; Table 4), and nominally representing 0.3% of the total
belowground C stock; C root stock in Balandra and Enfermeria are even
lower than 0.1% of the total belowground C stock.

Similar to the belowground C stock, the zones within each site
dominated by R. mangle also show the highest root stock and total be-
lowground C (Table 6). When belowground C stocks are compared per
site, the highest value was measured in the Balandra site
(239.2 ± 121.6Mg C ha−1) and statically similar to the value observed
in Enfermeria (185.7 ± 118.6Mg C ha−1) (Table 7). When pro-
portionally comparing the belowground carbon stock among sites, the
Enfemeria site showed the highest percentage of C stock belowground
(91.4%) while values for the sites Balandra (87.6%) and Zacatecas
(79.8%) were slightly lower. No significant differences in total C be-
lowground among species (P > 0.05) were observed overall (Table 8)
and among soils depths (pseudo F=0.00, P= 0.99).

3.3. Net primary productivity: Litterfall (NPPL) and root productivity
(NPPR)

Mean litterfall rates were higher in Balandra (0.5 ±
0.2Mg C ha−1 year−1) than in Enfermeria (0.4 ± 0.2Mg
C ha−1 year−1) and Zacatecas (0.3 ± 0.2Mg C ha−1 year−1) sites
(Table 4). However, root productivity was relatively higher in En-
fermeria: 0.09 ± 0.03Mg C ha−1 year−1 (Balandra: 0.08 ±
0.02Mg C ha−1 year−1; Zacatecas: 0.06 ± 0.03Mg C ha−1 year−1),
yet despite this difference, litter productivity was one order of magni-
tude higher than root productivity (Table 4). Both NPP in Balandra
(0.6 ± 0.2Mg C ha−1 year−1) and Enfermeria (0.5 ± 0.1Mg
C ha−1 year−1) were not statistically different and contribute similarly
to the NPP regional coastal C budget (P > 0.05; Table 7).

At a regional level, the highest litterfall rate was observed in habi-
tats dominated by the species L. racemosa
(0.5 ± 0.2Mg C ha−1 year−1), followed by areas dominated by R.
mangle (0.4 ± 0.1Mg C ha−1 year−1) and A. germinans
(0.3 ± 0.1Mg C ha−1 year−1) (Table 6). Root productivity rates in
areas dominated by A. germinans and R. mangle were the highest, evi-
dencing the same magnitude (0.08Mg C ha−1 year−1), while habitats
dominated by L. racemosa reflected the lowest value
(0.06 ± 0.03Mg C ha−1 year−1) (Table 6). In total, L. racemosa had
the most significant annual contribution to coastal C budgets
(0.6Mg C ha−1 year−1), followed by R. mangle and A. germinans
(Table 7).

Table 3
perMANOVA of soil properties in mangrove study sites, La Paz Bay.

Soil properties Factor Main factor and Interaction df SS MS Pseudo-F p-Value

Electric Conductivity Site 2 571.11 285.55 1.70 0.19
(mS cm−1) Species 2 786.58 393.29 2.35 0.10

Site× Species 4 10,638 2659.6 15.90 0.00*

Bulk Density Site 2 0.09 0.04 0.58 0.60
(g cm−3) Species 4 0.07 0.03 0.50 0.63

Site× Species 4 0.40 0.10 1.30 0.40
pH Site 2 2.14 1.07 8.38 0.00*

Species 2 0.32 0.16 1.28 0.28
Site× Species 4 4.72 1.18 9.23 0.00*

Sands Site 2 3908.4 1954.2 9.56 0.00*

(%) Species 2 21.40 10.70 0.05 0.95
Site× Species 4 6035.1 1508.80 7.38 0.00*

Silts Site 2 3813.9 1906.9 9.42 0.00*

(%) Species 2 20.61 10.30 0.05 0.95
Site× Species 4 6052.4 1513.1 7.48 0.00*

Clays Site 2 0.57 0.28 4.03 0.02*

(%) Species 2 0.00 0.00 0.40 0.66
Site× Species 4 0.00 0.00 0.28 0.88

* Significant differences.

Table 4
Above-belowground carbon pools (Mg C ha−1) and NPP (litter and fine roots)
(Mg C ha−1 year−1) (± SD) at each study site.

Partition Carbon Pools Balandra Enfermeria Zacatecas

Aboveground
Trees (Alive) 31.6 ± 16.6 13.6 ± 7.8 23.8 ± 23.7
DW+SDT* 1.8 ± 1.1 3.4 ± 2.8 1.2 ± 1.0
Pneumatophores 0.06 ± 0.09 0.03 ± 0.05 0.06 ± 0.07
NPPLitter 0.5 ± 0.2 0.4 ± 0.2 0.3 ± 0.1

Belowground
Roots 0.27 ± 0.07 0.22 ± 0.13 0.31 ± 0.08
NPPFine roots 0.08 ± 0.02 0.09 ± 0.03 0.06 ± 0.03
Soil (0–45 cm depth) 238.9 ± 121.5 185.5 ± 118.5 100.3 ± 13.4

* DW+SDT; Dead Wood plus Standing Dead Trees biomass.
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Annual C litterfall rates ranged from 0.2 to 0.7Mg C ha−1 year−1

and about 1.0 to 2.3% of the aboveground C stock. The annual be-
lowground C root productivity is regionally low on average
(< 0.09Mg C ha−1 year−1) ranging from 0.03 to 0.06% of the total
belowground C stock.

3.4. Total organic C stock

The average total C stock in mangrove wetlands of the La Paz Bay

was 200.4Mg C ha−1; Balandra had the highest value
(272.7Mg C ha−1) followed by Enfermeria (202.7Mg C ha−1) and
Zacatecas (125.7Mg C ha−1). No significant differences were found in
the total C storage in high (i.e., Enfemeria) and low (i.e., Balandra)
impacted sites (Table 7).

The total C stock in habitats dominated by R. mangle had the highest
value (242.2Mg C ha−1) followed by L. racemosa (211.9Mg C ha−1)
and A. germinans (172.2Mg C ha−1) (Table 7). When analyzing the total
mean C stock and the interaction between sites and species some sig-
nificant differences were observed (Table 8), however, given the low
replication, it was not possible to determine the specific combination of
each treatment level (Table 8).

3.5. Perspective of study sites as ESs

Biomass, structural complexity and organic carbon as ESs are dif-
ferent among sites and across species. Balandra biomass and net pri-
mary productivity shows high availability of ESs due to its structural
complexity, followed by Zacatecas and Enfermería (Table 9). Because of
their higher biomass, sites dominated by the species R. mangle y L. ra-
cemosa provide ecosystem services such the ecotourism or aesthetic

Fig. 2. Total biomass and total stem density by diameter class at each study site.

Table 5
Downed wood (Mg C ha−1) by diameter class (cm) in each mangrove.

Downed Wood Balandra Enfermeria Zacatecas

Diameter
0–0.6 0.3 0.3 0.1
0.6–2.5 0.5 1.0 0.3
2.5–7.5 0.6 1.2 0.7
> 7.5 (sound) 0.4 0.5 0.1
> 7.5 (rotten) 0.0 0.0 0.0
Dead trees 0.0 0.4 0.0
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value (Table 9). A. germinans, is the most important species in poten-
tially provisioning organic carbon to regional food webs (Table 9).

4. Discussion

4.1. Biomass, C storage and NPP values along disturbance gradients in La
Paz Bay

Despite the prevailing arid climate and low precipitation
(< 250mm year−1) and irregular water discharge (i.e., runoff,
groundwater), La Paz Bay in the Gulf of California is inhabited by an
extensive area of mangroves typical of arid zones (Fig. 1). Mangrove
spatial distribution in this area forms distinct patches in the landscape
that are delineated by the availability of groundwater and surface water
flow exchange next to coastal waters influenced by semidiurnal tides
(Sandoval and Gómez-Valdés, 1997). Our analysis of C stocks and NPP
throughout La Paz Bay show that these extensive mangrove patches are
also significantly influenced by human activities, hence their classifi-
cation as peri-urban wetlands (Lee et al., 2014; Ochoa-Gómez et al.,
2018). We selected three locations to evaluate how mangrove structural

composition and productivity patterns are influenced by the interaction
between this arid environmental setting and the level of anthropogenic
impact (Table 1). In sites with low (Balandra) or moderate (Zacatecas)
impact, there was a quasi-normal distribution in biomass per DBH (not
considering DBH outliers in Zacatecas). In contrast, above mangrove
biomass in Enfermeria (highest impact) shows non-symmetrical DBH
distribution due to logging and direct anthropogenic disturbances,
especially hydrological alterations (Mendoza-Salgado et al., 2011)
(Fig. 2). Regardless of the differences in biomass distribution per DBH
class, the three sites showed approximately the same magnitude in
NPPLitter, NPPRoots and belowground C storage. In Enfermeria, the site
with the lowest complexity index and total extension, we also registered
the lowest tree density (Table 1); this is most probably as result of
stressful conditions driven by higher seasonal hypersalinity conditions
in combination with nutrient limitation (e.g., Castañeda-Moya et al.,
2013).

Another indicator of disturbance in the study sites was the relative
contribution of downed wood to organic C (Kauffman and Donato,
2012). The values of downed wood stock in sites with low (Balandra) or
moderate (Zacatecas) impact in La Paz Bay region were similar to those
reported for other semi-arid regions of the world (1.2Mg C ha−1;
Kauffman and Bhomia, 2017). We measured approximately twice the C
stock in downed wood in Enfermeria than in the other sites under-
scoring the landscape level interactions of both natural (drought,
storms) and human disturbances (e.g., direct removal, hydrological
alterations). Further, this site was the only location where we identified
dead standing trees indicating possible changes in groundwater level
thus impacting salinity regimes in the long term, particularly since this
area was impacted by road and infrastructure construction that might
have affected water exchange and storage (Fig. 1C).

The use of allometric equations to estimate belowground biomass
has been useful to determine the contribution of this soil component
given the limited availability of field studies in different environmental
settings (e.g., Rivera-Monroy et al., 2013). Yet, these values should be
considered with caution when comparing sites along latitudinal gra-
dients (Adame et al., 2017) since belowground values could be over-
estimated up to>95% of the actual value, thus influencing total soil C
stock estimates. In the case of our study sites, both below and

Table 6
Mean (± SD) Above-belowground carbon pools (Mg C ha−1) and NPP (litter
and fine roots) (Mg C ha−1 year−1) in habitats dominated by different man-
grove species in the La Paz Bay.

Partition Carbon Pools Habitat-dominance

A. germinans L. racemosa R. mangle

Aboveground
Trees (Alive) 13.4 ± 10.4 28.8 ± 23.1 31.4 ± 18.0
DW+SDT* 3.0 ± 2.7 1.3 ± 1.0 1.6 ± 1.0
Pneumatophores 0.08 ± 0.1 0.09 ± 0.1 –
NPPLitterfall 0.3 ± 0.1 0.5 ± 0.2 0.4 ± 0.1

Belowground
Roots 0.24 ± 0.10 0.26 ± 0.05 0.29 ± 0.11
NPPFine roots 0.08 ± 0.03 0.06 ± 0.03 0.08 ± 0.02
Soil (0–45 cm depth) 155.5 ± 72.1 181.4 ± 118.2 208.9 ± 144.6

* DW+SDT; Dead Wood plus Standing Dead Trees biomass.

Table 7
Average values (± SD) and statistical analysis (perMANOVA) of above-belowground carbon stocks and NPP (litter+fine roots) by site, species, and interactions
between both in mangroves of La Paz Bay. (*The statistical analysis was not performed due to sample size).

Sites n Aboveground (Mg C ha−1) Belowground (Mg C ha−1) NPP (Mg C ha−1 year−1)

Balandra 9 33.5 ± 16.8a 239.2 ± 121.6a 0.6 ± 0.2a

Enfermería 7 17.0 ± 8.1b 185.7 ± 118.6a 0.5 ± 0.1a

Zacatecas 7 25.1 ± 24.1ab 100.6 ± 13.4b 0.4 ± 0.1b

p (perm) < 0.05 p (perm) < 0.05 p (perm) < 0.05

Species
Avicennia geminans 9 16.5 ± 11.3b 155.7 ± 72.1 0.4 ± 0.1b

Laguncularia racemosa 5 30.2 ± 23.9ab 181.7 ± 118.2 0.6 ± 0.3ab

Rhizophora mangle 9 33.0 ± 18.0a 209.2 ± 144.6 0.5 ± 0.1a

p (perm) < 0.05 p (perm)= 0.21 p (perm) < 0.05

Sites× species
Balandra
Avicennia germinans 3 19.3 ± 14.5 212.12 ± 95.3 0.4 ± 0.1
Laguncularia racemosa 3 43.5 ± 20.5 138.07 ± 34.9 0.7 ± 0.2
Rhizophora mangle 3 37.5 ± 3.8 367.30 ± 88.1 0.6 ± 0.1

Enfermeria
Avicennia germinans 3 22.8 ± 10.2 137.2 ± 50.8 0.5 ± 0.1
Laguncularia racemosa* 1 17.3 387.0 0.5
Rhizophora mangle 3 11.2 ± 2.5 167.2 ± 123.6 0.5 ± 0.1

Zacatecas
Avicennia germinans 3 7.6 ± 2.4 106.0 ± 14.3 0.2 ± 0.0
Laguncularia racemosa* 1 3.0 107.2 0.4
Rhizophora mangle 3 50.2 ± 9.1 92.9 ± 13.2 0.5 ± 0.0

p (perm) < 0.05 p (perm) < 0.05 p (perm)=0.20
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aboveground biomass values were at the lower limit of observed global
patterns (Adame et al., 2017; Rivera-Monroy et al., 2013). This lower
range is also comparable with values in mangroves ecosystems located
in arid or semi-arid regions in the Arabian Gulf (aboveground:
7.3–243.6Mg ha−1; Schile et al., 2017), the Red Sea (Aboveground:

17–96.5Mg C ha−1; Mashaly et al., 2016), West Australia (above-
ground: 55–115Mg C ha−1; Alongi, 2012; 45 Mg C ha−1; Hickey et al.,
2018) and Senegal (aboveground: 52Mg C ha−1; Kauffman and
Bhomia, 2017). Overall, belowground biomass (roots) is considered one
of the most important C pools (Komiyama et al., 2005), representing in
some cases more than 50% of the belowground stock in tropical man-
groves, (Santos et al., 2017). In our study, root belowground values
represented<3% of the soil biomass in all sites, which contrast with
the relative importance in other tropical latitudes where roots can be up
to 50% of total belowground biomass. This finding suggests that in the
arid settings in the Gulf of California, Mexico, mangroves are able to
maintain a comparable root production and biomass across all sites
regardless of the level of disturbance. This similarity in root biomass
and NPP values regardless of forest structure in La Paz Bay supports the
hypothesis that belowground C accumulation in mangrove wetlands
growing in desert inlets are accreting on their own accumulated peat;
this process results in large C storage comparable to the tallest tropical
mangroves in river-dominated settings in the Mexican Pacific (i.e.,
Ezcurra et al., 2016) as reflected by our total soil organic C values
(Table 4, Table 7).

Given the distinct arid landscape surrounding each study site

Fig. 3. Total biomass and total stem density by diameter class and species in study sites.

Table 8
perMANOVA of carbon stocks and NPPL+R (i.e., litterfall+ root productivity)
in mangroves of La Paz Bay.

Factor Interaction df SS MS Pseudo-F p-Value

Aboveground Site 2 1094.7 547.33 4.53 0.04*

Species 2 1249.4 624.72 5.17 0.01*

Site× Species 4 3226.7 806.68 6.68 0.00*

Belowground Site 2 70,647 35,323 6.81 0.00*

Species 2 17,719 8859.6 1.70 0.21
Site× Species 113,790 28,449 5.48 0.00*

NPPL+R Site 2 0.18 0.09 6.71 0.01*

Species 2 0.32 0.07 5.77 0.01*

Site× Species 4 4.72 0.02 1.76 0.19

* Significant differences.
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(Fig. 1), it is possible that the current patchy local distribution is an
indicator of historical environmental conditions where mangrove plant
establishment is recurrent as suggested by the similar soil organic C
storage values reported for other arid areas in the Baja California Pe-
ninsula (Fig. 1; e.g., Ezcurra et al., 2016). Mangrove wetlands in La Paz
Bay grow in soil that is spatially variable due to different physiographic,
hydrological and geomorphic conditions. The relative importance of
these drivers per location influence the presence of coastal vegetation
adapted to major fluctuations in hydroperiod, soil salinity, and water
availability; these conditions provide mangrove plants a competitive
advantage over other herbaceous vegetation (e.g., Salicornia sp., Batis
sp., Spartina sp.). Indeed, the high proportion of forested mudflat to-
gether with a higher water exchange rate in Zacatecas (Mendoza-
Salgado et al., 2011; Ochoa-Gómez et al., 2018), might contribute to
higher C export and facilitate organic matter decomposition, as pre-
viously reported (e.g., Ochoa-Gómez et al., 2018) resulting in lower
carbon accumulation in the soil (Table 4). Soil C storage is generally
higher under anoxic conditions controlled by long periods of inunda-
tion (e.g., Enfermeria) (Nguyen et al., 2004). Although we did not
measure hydroperiod (flooding duration and frequency, water depth),
we qualitatively observed how flooding duration and frequency during
sampling campaigns were associated to observed pattern in soil C sto-
rage in our study sites (Zacatecas < Enfermeria < Balandra; Table 4).
Our results are similar to other studies in semi-arid and arid regions
where both the extension of mangrove patches and C storage capacity is
inversely correlated with the distance to adjacent waterbodies (Hickey
et al., 2018). This relationship is partially the result of an increase in
oxygen diffusion into the soil that fuels organic matter decomposition
as flooding duration diminish with distance from the waterbody
(Hickey et al., 2018).

4.2. Global comparative evaluation among arid and semi-arid mangrove
sites

Since the report of the first regional in situ C assessment indicating
that mangrove forest store large amount of C (1023Mg C ha−1; Donato
et al., 2011), a number of studies have published a wide range of values
at different latitudinal ranges, particularly in tropical latitudes (Atwood
et al., 2017; Rovai et al., 2016; Simard et al., 2019). Although C storage
spatial patterns and magnitudes have been explained based on climatic
factors (i.e., precipitation, air temperature) using statistical models at
the global scale (Osland et al., 2017b; Simard et al., 2019), it is ap-
parent that there are limitations in the predictions of C storage at
corresponding regional and local scales (Simard et al., 2019). The main
reasons for this discrepancy are the confounded effect of the interaction
among coastal geomorphology, local climate, and fertility gradients
(Rovai et al., 2018; Twilley et al., 2018) along with data gaps to upscale
or downscale at regional scales (Cavanaugh et al., 2018; Simard et al.,
2019). Thus, most of the databases used to construct C global statistical
models (e.g., Simard et al., 2019) do not include relatively small areas

of mangrove wetlands in different geomorphic settings (Twilley et al.,
2018), especially at latitudinal boundaries between tropical, sub-
tropical and temperate latitudes where arid regions are located
(Cavanaugh et al., 2018; Jacotot et al., 2018). For instance, C above-
ground in Southwestern Florida USA, a karstic environment located in
higher latitudes (southwestern Everglades; 25.376949°N; Jerath et al.,
2016) is double that in our sites at a lower latitude (24.142198°N)
(Table 4). Indeed, regional climate between these two areas is distinct,
with higher precipitation in the Gulf of Mexico than in the Northern
Pacific coast of Mexico and the Gulf of California, even when they are
impacted by the same seasonal and interannual variability in tropical
storms (Zhang et al., 2008; Camacho-Ibar and Rivera-Monroy, 2014;
Farfan et al., 2014).

From a comparative viewpoint, our estimates for C in soils of the La
Paz Bay sites (e.g., Balandra: 239Mg C C ha−1; Enfermeria:
185Mg C ha−1) were higher than soil values reported for other semi-
arid and arid regions in Senegal (90Mg C ha−1, at 40 cm; Woomer
et al., 2004), the Red Sea (43Mg C ha−1; Almahasheer et al., 2017; 85
Mg C ha−1; Eid and Shaltout, 2015), the Arabian Gulf
(102–156Mg C ha−1; Schile et al., 2017; 76 Mg C ha−1) and New Ca-
ledonia (100Mg C ha−1; Jacotot et al., 2018). Our values are similar to
those reported for karstic coastal regions in the Yucatan Pensinsula,
Mexico (286Mg C ha−1, La Raya: Adame et al., 2013) and river domi-
nated lagoon environments (174.8Mg C ha−1, Las Palmas: Adame
et al., 2015) in Chiapas, Mexico; these sites are located at lower lati-
tudes where mangrove extension is larger and aboveground biomass is
higher. This lack of association between mangrove latitudinal location
and C storage values has been explained based on differences in specific
attributes (e.g., Cardona-Olarte et al., 2006; Naidoo, 2010; Tognella
et al., 2016) that characterize coastal environmental settings (Twilley
and Rivera-Monroy, 2005). In this framework, global variations in
mangrove soil organic C are driven by specific regional C dynamics
(Rivera-Monroy et al., 2013; Twilley et al., 2018), as is apparently the
case of arid mangrove wetlands in La Paz Bay where their total area is
reduced (Fig. 1), but NPP (litter and root) and C storage is relatively
high.

4.3. Mangrove structural properties and ESs

Two of the most conspicuous ESs provided by mangrove wetlands in
our study sites are fisheries (provision) and C storage (regulation; sensu
MEA, 2005). Despite their small extension, these wetlands provide
shelter and nursery for fish assemblages that are associated to a habitat
heterogeneity defined by mangrove structural complexity and species
zonation (Ochoa-Gómez et al., 2018). For example, mangroves with
lower structural complexity and higher dominance of the species A.
germinans provide a higher potential for artisanal fisheries in the
southwestern Gulf of California (Ochoa-Gómez et al., 2018). In fact,
given the regional interannual variation in water availability and high
evaporation rates, high soil salinity values could become prevalent and

Table 9
Ecosystem services of three mangroves in the southwestern Gulf of California with the intensity in each ecosystem function and services (Low: +; Moderate: ++;
High: +++).

Site Supporting Provisioning Regulation Cultural

NPPL NPPR Fisheries Nursery Carbon storage Ecotourism Aesthetic value

Balandra +++ ++ + +++ +++ +++ +++
Zacatecas + + ++ ++ + ++ ++
Enfermería ++ +++ +++ + ++ + +

Habitat sp. dominance
A. germinans + ++ +++ + + + +
L. racemosa +++ + ++ +++ ++ ++ ++
R. mangle ++ +++ + ++ +++ +++ +++

NPPL=Net Primary Productivity Litterfall; NPPR=Net Primary Productivity Roots.
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species adapted to withstand soil hypersalinity conditions (> 40 ups)
(i.e., A. germinans) can form monospecific mangrove patches/stands.
Similarly, areas close to the water edge in lagoons and channels (e.g.,
Balandra and Zacatecas sites) where water and nutrient exchange is
higher along relative lower elevation gradients, both R. mangle and L.
racemosa can also form both monospecific and mix species forest stands
providing distinct habitats where fish and other animals (e.g., in-
vertebrates and vertebrates) can find food, shelter and nursery based on
the quality and quantity of organic matter production (e.g., high foliar
nitrogen concentration) and forest structural attributes (e.g., density,
tree height). Even with a limited extension and patchy spatial dis-
tribution, arid and semi-arid mangrove forest are areas of high biodi-
versity (Brusca et al., 2005) directly linked to ESs quality and quantity.

Carbon storage values, as a regulatory ES, illustrate the common-
alities and relative functional differences in the availability of ESs when
considering habitats dominated by one mangrove species or by mix-
species stands interacting with disturbance level (Table 9). For ex-
ample, the total C stock measured in Balandra and Enfermería sites
were similar despite different anthropogenic impacts. Yet, when in-
cluding the interaction among specific structural attributes, including
complexity index, NPP (root, litterfall), and aboveground biomass, the
Balandra study site provides high quality ESs within each of the ESs
categories (supporting, provisioning, regulation, cultural; Table 9). Si-
milarly, when considering the specific landscape level distribution of
habitats dominated by R. mangle or L. racemosa in La Paz Bay, we found
that these habitats show the highest capacity for C storage above and
below ground (Table 6), as reported for other regions globally (La-
guncularia sp.: 424 ± 262Mg C ha−1; Rhizophora sp.:
388 ± 227Mg C ha−1; Atwood et al., 2017). Although our ESs ranking
(low, moderate, high; Table 9), based on expert opinion and published
information from other regional and global studies (López-Medellín and
Ezcurra, 2012; López-Rasgado et al., 2016; Himes-Cornell et al.,
2018b), does not include monetary valuation due to lack of data, it
represents a first-rate classification to establish priorities for mangrove
conservation and management plans, which are currently lacking in La
Paz Bay. Indeed, our C storage capacity estimates, if considered as a
proxy of the potential removal of CO2 from the atmosphere (i.e., ∼198
Gg CO2e), could be reflecting the high efficiency of CO2 capture by
scrub mangrove trees growing under stressful environmental conditions
(e.g., hypersalinity and nutrients limitation; Snedaker and Araujo,
1998), thus underscoring the ecological and economic importance of
mangrove wetlands not only in tall riverine mangroves (e.g., Jerath
et al., 2016), but also in scrub mangroves (< 3 m tree height) in arid
and semi-arid regions. Specifically, peri-urban mangroves in la Paz Bay
can provide an essential ES to compensate for La Paz city CO2 emissions
in the context of climate change, thus providing some key criteria to be
considered in developing management plans to protect and conserve
mangrove wetlands as proposed in other regions where mangrove ex-
tension is the highest (Indonesia, Malaysia, Thailand; Atwood et al.,
2017; Lee et al., 2014). This compensation criteria for La Paz Bay could
be based, for example, in the conversion of our regional NPPL estimates
(∼0.1 Gg C) to carbon dioxide equivalent representing ∼0.4 Gg CO2e.
Although this CO2 equivalent value is ∼0.02% of the total value esti-
mated for the city of La Paz for the year 2020 (1933 Gg CO2e; Ivanova
and Bermudez-Contreras (2014)), it provides a baseline for the eco-
nomic valuation of this and other ESs. Since mangrove wetlands pro-
vide multiple ESs, it is critical to rank and assign a monetary value to
fully account for relative role of each service to advance the con-
servation and management of wetlands globally (Osland et al., 2018;
Lee et al., 2014).

There are major data gaps when assessing the diversity of mangrove
ESs due to the lack of comparative studies, especially within a common
framework. Although, monetary values have been tentatively assigned
to a number of provisioning services (e.g., soil C stocks; Jerath et al.,
2016), there is still major issues regarding other ESs, including cultural
services such as spiritual and aesthetic values (Himes-Cornell et al.,

2018a; Himes-Cornell et al., 2018b). This is the case for mangrove in La
Paz Bay where we identified a wide availability of cultural services
including potential ecotourism activities at different levels, especially in
the Balandra site (high value; Table 9). Given the unique arid geo-
morphic setting of La Paz Bay, mangrove areas here represent a unique
tourism destination that combined with educational activities can help
promote the conservation of these peri-urban mangrove areas close to
the city of La Paz (Fig. 1). This qualitative value per site can also be
extrapolated to specific locations where species dominance provides
relatively differences in importance value where habitats dominated by
A. germinans offer high value for fisheries (provisioning) while locations
where monospecific stands of R. mangle provide high value in regula-
tion (C storage) and cultural ESs (aesthetic value). However, the lack of
a regional monetary value assessment underscoring the potential eco-
nomic loss if mangroves areas were to be replaced (deforestation) or
impacted by urban development is a major regional risk that needs to
be addressed in the short term. Our study represents a first step in the
quantitative assessment of functional and structural properties as ESs of
arid mangrove wetlands in La Paz Bay that could be readily translated
into robust economic estimates in this extensive arid coastal region.
This information should contribute to the development of a compre-
hensive ESs valuation framework where at least benefit transfer values
(Himes-Cornell et al., 2018a), currently lacking for mangrove wetlands
in arid/semi-arid regions, could be applied. This is particularly true in
the case of the Baja California Peninsula and the Northern Pacific coasts
of Mexico, where arid/ semi-arid climate is prevalent and mangrove
extension is 15.5% of total area currently estimated for Mexico
(Valderrama-Landeros et al., 2017).

5. Conclusions

We evaluated functional and structural properties of three peri-
urban mangrove forests in La Paz Bay, Mexico, an arid coastal region in
the Gulf of California to initiate a regional economic assessment of
mangrove ESs. We found that despite different levels of natural and
human disturbance, the mangrove sites were comparatively similar in
NPP values. In contrast, we found differences in soil C storage and
aboveground carbon values. There were also distinct differences in
aboveground C storage values among locations where mangrove species
forming monospecific stands across the landscape are delineated by
differences in relative elevation and distance from the adjacent water
bodies. Areas dominated by the species R. mangle had the highest soil C
density values followed by L. racemosa and A. germinans. Although
scrub mangroves were the dominant ecotype in all sites, functional
differences may be explained by species-specific traits. We proposed
that these structural and potential eco-physiological differences trans-
late into the quality and quantity of ESs when separately considering
habitats dominated by one mangrove species or by mix-species stands
at different levels of disturbance (natural and anthropic), as currently
proposed for differences among mangrove ecotypes (Ewel et al., 1998).

There are major data gaps to assess the monetary valuation for all
type of ESs in arid and semi-arid regions due to the lack of comparative
studies, especially within a common theoretical framework (Hickey
et al., 2018; Himes-Cornell et al., 2018a). Although monetary values
have been tentatively assigned to a number of provisioning services in
mangrove wetlands (e.g., soil carbon stocks), there is still major
shortcomings regarding other ESs, including cultural services such as
spiritual and aesthetic values (Himes-Cornell et al., 2018a) which are
greatly underestimated in La Paz Bay and of high potential economic
importance for the region. Our study represents a first step in the
quantitative assessment of functional and structural properties of
mangrove forest in La Paz Bay that could be translated into benefit
transfer values in the case of the Baja California Peninsula and the
Northern Pacific coasts of Mexico.
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