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A B S T R A C T   

The distribution of species can expand or retreat following environmental changes. Climate change is driving 
changes in the distribution of several species. Changes in mangrove distributions have been reported subsequent 
to an increase in temperature following a tropicalization process. This study documents the presence of Con-
ocarpus erectus above the reported northern limit for the Gulf of California (GC), updating its distribution limit in 
the Neotropic. The current northern distribution limit of C. erectus in the Pacific Ocean was found at Huata-
bampo, Sonora (26.69◦ N, − 109.58◦ W) and San Jose Island, Baja California Sur (25.04◦ N, − 110.63◦ W), which 
is different from previous estimates (1970: 23.23◦ N, − 106.32◦ W; 2011: 23.31◦ N, − 110.17◦ W). According to 
the model of the Center for Scientific Research and Higher Education of Ensenada (CICESE), the C. erectus seeds 
could be potentially dispersed as far north as Tiburon Island, Sonora. The sea surface temperature (SST) tended 
to increase more than >0.02 ◦C, which means an important increment on a decadal scale in the GC’s SST. The 
temperature databases (atmospheric and SST) corroborated a temperature increase in this region since the 1980s. 
The expansion of C. erectus from its northern distribution limit supports the tropicalization process occurring in 
the GC. The current distribution and dominance of mangrove species in the GC could be changing due to 
oceanographic (e.g., El Niño-Southern Oscillation) and coastal (e.g., temperature and precipitation) changes. 
These types of changes have been reported previously in this region and for other mangrove distributional limits. 
These changes in mangrove distribution are expected to be accompanied by changes in the biota as well as in the 
provision of ecosystem services. Further and more specific studies are necessary to corroborate the changes in the 
distribution and the dominance/coverage of other mangrove species. The potential expansion of C. erectus could 
provide unique ecosystem services in arid and semiarid regions.   

1. Introduction 

Mexico contains around 5.4% of the world’s total mangroves by area, 
making it the fourth-largest extension of mangroves (Giri et al., 2011; 
Twilley et al., 2017). Mangroves in Mexico are dominated by four spe-
cies: Rhizophora mangle (red mangrove), Laguncularia racemosa (white 
mangrove), Avicennia germinans (black mangrove), and Conocarpus 
erectus (button mangrove or buttonwood). 

C. erectus has been poorly studied in comparison with the other 
species, although it reportedly occupies important extensions in the 
South Pacific region of Mexico (Tovilla-Hernández and De la Lanza 

Espino, 1999; Basáñez-Muñoz et al., 2011). The button mangrove is 
considered a peripheral species to mangrove communities, although it 
has anatomical adaptations to inhabit the intertidal zone (i.e., salt 
excretory glands). This species can grow in arid or semiarid regions 
(Benítez-Pardo et al., 2002; Hegazy et al., 2008; González-Zamorano 
et al., 2011) with low nutrient availability (Moftah and Al-Humaid, 
2007; Hegazy et al., 2008). Its fruit production occurs throughout the 
year, though mainly in the rainy season, with low germination rates 
(Tovilla-Hernández and De la Lanza, 1999; Basáñez-Muñoz et al., 2011). 
Once it is established, C. erectus has a high potential for dispersion and 
colonization (Tovilla-Hernández and De la Lanza, 1999; Benítez-Pardo 
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et al., 2002; Basáñez-Muñoz et al., 2011), mainly due to its high carbon 
storage capacity under hydric stress (Moftah and Al-Humaid, 2007; 
Hegazy et al., 2008) and strong wind conditions (De la Barrera and 
Walter, 2006). 

Most of the C. erectus studies carried out in Mexico have focused on 
its ecology and reproduction. This species has similar productivity to 
other neotropical species (Tovilla-Hernández and De la Lanza Espino, 
1999), although with a lower germination rate than the others (Tovil-
la-Hernández and De la Lanza Espino, 1999; Basáñez-Muñoz et al., 
2011). However, it has considerable potential for vegetative propaga-
tion (Benítez-Pardo et al., 2002), and its leaf morphology allows it to 
inhabit exposed sites in insular regions (De la Barrera and Walter, 2006). 

Little is known about the current global distributional limits of 
C. erectus. However, a south poleward expansion of this species has been 
reported at the limits of mangrove distribution in Brazil (Von Linsingen 
and Cervi, 2007) and India (Dhaarani et al., 2017). The northern limit in 
the Neotropic (i.e., Florida) is not clear or has not been updated, as in the 
Gulf of California (Semple, 1970; SIRE, 2000; León de la Luz and 
Domínguez-Cadena, 2007; López-Medellín et al., 2009; 
González-Zamorano et al., 2011). In this last region, the northern limit 
has been previously reported as the south of Sinaloa (Semple, 1970) and 
the south of the Baja California Peninsula, in the Los Cabos region 
(González-Zamorano et al., 2011). 

Changes in the distribution of the mangrove range have been 
recently reported in the Gulf of Mexico (Osland et al., 2013, 2017; Macy 
et al., 2019), Africa (Whitfield et al., 2016), and other 
temperate-tropical boundaries of the world (Saintilian et al., 2014; 
Pravalie, 2018). These studies have linked mangroves’ distributional 
changes with global warming, calling this a tropicalization process, 
which has been defined as an increase in the ratio of tropical to 
temperate taxa in different regions (Wernberg et al., 2013). 

This study aimed to update the current northern limit distribution of 
C. erectus based on new records in the continental and insular regions of 
the Pacific coast of Mexico, above the last northern limit reported in the 
literature. The potential poleward expansion following a tropicalization 
process by C. erectus was qualitatively analyzed. We further discuss the 
ecological implications of mangrove expansion. 

2. Materials and methods 

2.1. Study area 

The Gulf of California (GC) is located along the northwestern coast of 
Mexico. This region is highly productive and encompasses the unique 
evaporation basin of the Pacific Ocean (Roden, 1958; Soto-Mardones 
et al., 1999). The GC is bordered by the states of Baja California, Baja 
California Sur (BCS), Sonora, and Sinaloa. The average gradients of the 
medium and maximum air temperatures in the region are ~22–26 ◦C 
and ~30–34 ◦C, respectively (CONABIO et al., 2020). The region’s 
accumulated precipitation oscillates between ~170 mm (BCS) and 
~770 mm (Sinaloa). 

The medium-temperature and total precipitation historical averages 
(1980–2009) for the region are 24.6 ◦C and 216.8 mm, respectively 
(CONABIO et al., 2020). The GC is a subtropical transition region, 
although the sea surface temperature (SST) in the central region shows 
substantial variability between summer and winter (Robles and Mar-
inone, 1987). The presence of the Ballenas Channel supports high pro-
ductivity rates because of the strong, permanent tidal mixing conditions 
and the presence of a submarine canyon 1,500 m deep (Martínez-Díaz de 
León et al., 2006). The SST in the insular regions is usually lower and its 
variability is higher than in other parts of the GC (Soto-Mardones et al., 
1999). Tropical storms and rains commonly occur in summer and in-
crease the sediment inputs to the GC basin (Salinas-Zavala et al., 2009). 

The GC’s entrance region has a complex hydrographic structure, and 
the surface water circulation is predominantly seasonal (Robles and 
Marinone, 1987; Soto-Mardones et al., 1999). In this region, different 

temporal waterbodies converge during spring and summer and leave the 
GC during autumn and winter. In this region, the warm surface waters 
tend to flow northward (Soto-Mardones et al., 1999). 

In general, the coastal water bodies adjacent to the GC are influenced 
by semi-diurnal, low-amplitude tides. They are dominated by a lat-
itudinal gradient in temperature and precipitation, with an arid/semi-
arid climate and with different accompanying ecological-social 
dynamics (Arreola-Lizarraga et al., 2018). 

2.2. Fieldwork and data collection 

Fieldwork was carried out from November 2019 to January 2020 at 
both the continental (BCS, Sinaloa, and Sonora) and insular regions 
(Espiritu Santo archipelago, San Jose Island, in BCS and Tiburon Island, 
Sonora) of the GC, where mangrove coverage has been mapped by the 
National Mangroves Inventory (Valderrama et al., 2014). The distribu-
tion limits of each mangrove species were located at the Pacific Ocean 
and the GC. 

The canopy height and stem diameters (diameter at breast height 
[DBH], 1.30 m, and diameter 0.30 m above ground) of C. erectus were 
measured in the current distributional limit with a flexometer and a 
vernier caliper, respectively. The basal areas were estimated (m2 ha− 1) 
in each mangrove patch for every diameter (1.30 m and 0.30 m). The 
structural properties of three patches of C. erectus were evaluated in 
Huatabampo, Sonora. 

The salinity and potential redox of porewater were measured (40–60 
cm soil depth) with a handheld refractometer (model Vee Gee STX 3) 
and a HI-98121 tester. The phenology of each mangrove patch was 
described, geographic coordinates were registered using a GPS Garmin 
78sc, and photographs were taken. 

2.3. Database processing 

An exhaustive review of databases (iNaturalista, 2019, National 
Water Commission (CONAGUA, 2019), and the Observatory of Seas and 
Coasts of the Northwest Biological Research Center CIBNOR, 2019) and 
literature was performed on the distributional limit of C. erectus in the 
Pacific Ocean. The atmospheric temperature and accumulated precipi-
tation were reviewed in databases from CONAGUA on a state scale. The 
SST-accessible databases of coastal buoys were reviewed (CIBNOR), and 
the average rate of increase in the SST in the GC from 2003 to 2017 was 
calculated between the isotherms 25 and 26 ◦C (Heras-Sánchez et al., 
2018) with a linear regression in summer (June, July, and August) and 
winter (November, December, and January). These buoys were located 
from south to north in Santa María La Reforma (SMR; 25.24◦ N, 
− 108.51◦ W), Topolobampo (TOP; 25.56◦ N, − 109.13◦ W) in Sinaloa, 
Huatabampo (HTB; 26.66◦ N, − 109.71◦ W) in Sonora, and the San Jose 
Island region (ISJ; 25.04◦ N, − 110.76◦ W). The representative seasons in 
the arid region were considered (summer and winter). 

Four global circulation models (MPI-ESM-LR: Germany; GFDL-CM3: 
USA; HADGEM2-ES: UK; CNRMCM5: France) of temperature and pre-
cipitation future scenarios (i.e., 2015–2039, 2045–2069, and 
2075–2099) for the entire GC region were explored through CONABIO 
et al. (2020). The precipitation and temperature averages for these 
scenarios were estimated. The models used historical data from the re-
gion (i.e., GC; 1950–1979 and 1980–2009) and were calculated with a 
moderate-level effect (CPR 4.5) of greenhouse gas emissions. These 
models are based on the work of Hijmans et al. (2005) and used by 
Conde et al. (2011) to reference Mexico. 

2.4. Qualitative dispersion model 

The potential distribution of C. erectus seeds was estimated with a 
qualitative model developed by the Center for Scientific Research and 
Higher Education of Ensenada (CICESE) in 2015 for particle dispersion 
using the following parameters: four weeks of dispersion time, 10 m of 
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depth, and during the month of July because it is the wet season with 
more probability of release and dispersion of seeds due to runoff. 

3. Results 

3.1. Forest structure and physicochemical properties of porewater 

New records of C. erectus were found at San Jose Island, BCS (25.04◦

N, − 110.63◦ W), Topolobampo, Sinaloa (25.35◦ N, − 109.06◦ W) and 
Huatabampo, Sonora (26.69◦ N, − 109.58◦ W). C. erectus records were 
identified on the iNaturalist web page for the northern distributional 
limit in the Pacific Ocean and were found at the GC in different bio-
physical conditions (Fig. 1). The current northern limit distribution of 
C. erectus is in Huatabampo, Sonora (26.69◦ N, − 109.58◦ W), and at San 
Jose Island, BCS, for the insular region (25.04◦ N, − 110.63◦ W) (Fig. 1). 
The distance between the distributional limit reported previously in 
Cabo Pulmo (González-Zamorano et al., 2011) and the San Jose Island 

record is ⁓200 km, and a distribution limit of ⁓530 km is reported 
between the south of Sinaloa (Semple, 1970) and the current record in 
Huatabampo. 

The average height of canopy trees at the northern distributional 
limit of C. erectus was between 4.1 and 3.5 m (Fig. 1; Table 1). Fruits 
were found at different stages and with a high number of seeds for 
dispersion at San Jose Island and Huatabampo. The stand structure (i.e., 
height, DBH, and basal area) was greater in Huatabampo than in the San 
Jose Island patch (Table 1). The basal area (at 1.30 m) was 31.8 ± 1.1 
m2 ha− 1 in Huatabampo and 7.3 m2 ha− 1 in San Jose Island. 

The porewater salinity was 25 and 22 ups at San Jose Island and 
Huatabampo, respectively (Table 1). The redox potential (ORP) pre-
sented a range from − 60 to 122 mV (Table 1). San Jose Island’s 
mangrove patch was found on granite/granodiorite igneous rocks. The 
presence of an adjacent temporal water stream suggests freshwater in-
puts, given the boulders found under the C. erectus patch (Fig. 2a). 

Fig. 1. Different habitats of C. erectus in the Gulf of California in a north-south gradient.a,b) Huatabampo, Sonora. c,d) Topolobampo, Sinaloa. e,f) San Jose Island, 
BCS. g,h) Santa María La Reforma, Sinaloa (Photos 2g,h, by Francisco Flores-Verdugo). 
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3.2. Temperature and precipitation: records and projections 

The results suggest that changes in ocean-atmosphere conditions 
may explain the northward expansion of the distributional range of 
C. erectus, following a tropicalization process. These results show a trend 
of increasing atmospheric temperature, precipitation, and SST of the GC. 

The average atmospheric maximum temperature increased by 0.3 ◦C 
in Sinaloa and Sonora and by 0.2 ◦C in BCS from 1988 to 2018. During 
this period, the medium temperature increased 1.5 ◦C in BCS, 0.4 ◦C in 
Sinaloa, and 0.6 ◦C in Sonora. Accumulated precipitation increased 16.2 
mm in BCS, 42.1 mm in Sinaloa, and 15 mm in Sonora during this same 
period (1988–2018). Future climate change scenarios/projections are 
consistent with this increment in temperature and precipitation 
(Table 2). 

The trends in the increase of SST in the GC’s transition region (i.e., 
isotherms 25 and 26 ◦C) were positive in summer and winter (Figs. 2 and 
3). The highest SST increase in summer was on the coast of San Jose 
Island (ISJ; Fig. 2) and in winter was on the coast of Santa María La 
Reforma (SMR; Fig. 3). The SST database analyzed tends to increase (m 

> 0.02) in all sites of the subtropical transition zone, with the highest 
change in summer (July) around ISJ and in winter (November) in SMR 
(Figs. 2 and 3). During the last decade, the increase in SST was 6.3 ◦C in 
the winter season (November in SMR). 

3.3. Ecological perspectives 

Considering the historical record of C. erectus in Sinaloa (Semple, 
1970) and the current record in Huatabampo (~530 linear km toward 
the pole), we predict an annual rate of ~10 km of increase toward the 
north. However, this estimate is linear and does not consider essential 
variables in seed dispersal, such as tides and other events (e.g., hurri-
canes). According to the qualitative model developed by CICESE (2015), 
dispersal events of C. erectus seeds (considering its current record) could 
potentially occur up to the north of Sonora (i.e., Tiburon Island) and the 
middle of the Baja California Peninsula (Fig. 4). However, no individuals 
have yet been found at these sites. 

Individuals of C. erectus were found in different habitats in the Gulf of 
California, in dunes ⁓12 m above sea level (Fig. 1g and h), in terrestrial 

Table 1 
Average structural properties of the patches and physicochemical variables of porewater in patches of C. erectus.  

Site/Coordenates Height (m) DBH (cm) Basal Area (0.30 m) Basal Area (1.30 m) Individuals/Stems Salinity (ups)/ORP (mV) 

San Jose Island (25.04◦N, − 110.63◦W) 3.5 ± 1.1 5.1 ± 2.8 11.1 7.3 8/23 25/122 
Huatabampo (26.69◦N, − 109.58◦W). 4.1 ± 0.7 6.7 ± 3.3 55.7 ± 2.3 31.8 ± 1.1 3 ± 1/11 ± 6 22/− 60 

ORP= Oxidation-Reduction Potential; ups = unit practice of salinity; Basal Area in m2 ha− 1 

Fig. 2. Tendency (m= slope) in summer of sea surface temperature among 2003 and 2017 in the region of transition in the Gulf of California (SMR: Santa Maria La 
Reforma; TOP: Topolobampo; HTB: Huatabampo; ISJ: San Jose Island). 

Table 2 
Projections/scenarios of total precipitation (mm) and annual mean temperature (◦C) in the four global circulation models for the Gulf of California.  

Total precipitation (mm)  

CNRMCM5 MPI_ESM_LR HADGEM2_ES GFDL_CM3 Average 
2015–2039 236.5 224.4 228.4 215.4 226.2 
2045–2069 247.5 203.5 232.0 230.7 228.4 
2075–2099 249.3 217.8 280.2 200.3 236.9 

Medium temperature (◦C)  

CNRMCM5 MPI_ESM_LR HADGEM2_ES GFDL_CM3 Average 
2015–2039 23.8 24.1 24.4 24.8 24.2 
2045–2069 24.5 24.8 25.4 25.8 25.1 
2075–2099 25.0 25.1 26.1 26.3 25.6  
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Fig. 3. Tendency (m = slope) in winter of sea surface temperature among 2003 and 2017 in the region of transition in the Gulf of California (SMR: Santa Maria 
La Reforma. 

Fig. 4. Potential distribution of seeds in the Gulf of California (CICESE, 2015). South Continental Region= SC; South Peninsular Region= SP.  
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conditions, and under different biophysical gradients (Fig. 3), 
competing with species such as sweet mangrove (Maytenus phyllan-
thoides) and even with invasive species such as salt cedar (Tamarix 
ramosissima) (Fig. 1b). The coverage of C. erectus is increasing in the 
distributional limit due to the presence of an essential number of rela-
tively young individuals with canopy heights less than 1 m (i.e., Top-
olobampo, Sinaloa; Fig. 1d). Even at its distributional limit (i.e., 
Huatabampo and Topolobampo), it was observed growing with Mex-
ico’s other three dominant mangrove species under salinities of ⁓30 ups 
(Fig. 1c). Likewise, in Altata, Sinaloa, it was growing predominantly in 
the high intertidal zone, competing mainly with Tamarix ramosissima. 

4. Discussion 

Global warming is spatially constant, unprecedented in the last 2,000 
years, and with a behavior atypical in recent decades (Neukom et al., 
2019), triggering tropicalization processes in subtropical and temperate 
transition regions (Wernberg et al., 2013). Our results contribute to the 
knowledge of the tropicalization process occurring in the GC, where 
plant species (e.g., C. erectus) are migrating toward areas with positive 
anomalies, mainly in regions where SST is usually lower (e.g., insular 
regions). 

The highest tendency of SST increase was located in the southern 
limit of the subtropical transition region (i.e., SMR). This region is 
located at the GC entrance, where anomalies in the SST, related pri-
marily to the El Niño-Southern Oscillation (ENSO) phenomenon in 
winter seasons, have been reported in recent decades (Herrer-
a-Cervantes et al., 2007). These anomalies in the SST have been found 
mainly at the entrance to the GC and the islands, and as these anomalies 
evolve, they intensify more in the insular regions (e.g., San Jose Island) 
(Soto-Mardones et al., 1999). Likewise, the ENSO phenomenon 
demonstrated high climatic variability in 1998 and 2016 (Collins et al., 
2010; Newman et al., 2018). 

The trend in the SST remained positive and incremented in the 
summer and winter season (Figs. 2 and 3) for the subtropical transition 
area (isotherm 25–26 ◦C) at the limit of the distribution of C. erectus, 
which indicates a tropicalization process in the GC (Badan, 2003). 
Furthermore, other authors have reported that temperature and extreme 
precipitation events have increased (Gutiérrez-Ruacho et al., 2010; 
Navarro-Estupiñan et al., 2018). In this sense, and in contrast to the 
previous distribution records of C. erectus (Semple, 1970; León de la Luz 
and Domínguez-Cadena, 2007; González-Zamorano et al., 2011), our 
results show an expansion of the distribution of this species to northern 
latitudes in recent decades. 

The distribution limits for mangrove species coincide with those 
previously reported (Valderrama, 2014; González-Zamorano et al., 
2011), except for C. erectus and A. germinans. A. germinans, for example, 
was found in Puerto Lobos, Sonora (30.38◦ N, − 112.84◦ W), with a tree 
canopy height of less than 4 m. 

The buttonwood mangrove is located ~200–300 km north of the 
GC’s previous limits report (González-Zamorano et al., 2011; Semple, 
1970). The freshwater from runoff or groundwater plays a crucial role in 
the amplitude of this distribution range and the coverage/dominance in 
arid zone mangroves (e.g., Balandra; Ochoa-Gómez et al., 2018). Indeed, 
it perhaps had an essential influence on atypical heights (≥4 m) in the 
northern limit of the mangrove distribution of the Gulf of California (i.e., 
Puerto Lobos, Sonora). 

The genetic pool of Huatabampo and San Jose Island may come from 
Sinaloa and the south of the Baja California Peninsula (i.e., Cabo 
Pulmo), respectively, due to C. erectus seeds potential dispersion. 
Although the CICESE (2015) model contemplates seasonal and tidal 
variations, it does not consider variations of other stochastic events (e.g., 
hurricanes). Hence, it is necessary to perform genetic analyses to iden-
tify the origin of seeds. 

The canopy height and basal area of C. erectus in San Jose Island and 
Huatabampo could indicate its high adaptive capacity to extreme 

climates. Mangroves in the region typically have a canopy height 
average between ⁓2 and 3 m (Arreola-Lizarraga et al., 2004; Félix-Pico 
et al., 2006; Ochoa-Gómez et al., 2018). These structural properties 
could be explained by the adaptive capacity in photosynthesis and 
respiration rates, considering that both factors are susceptible to tem-
perature (Reef et al., 2010). In arid climate conditions, where the tem-
perature and precipitation are changing, mangroves have a higher 
capacity to maintain high photosynthetic rates with low transpiration 
rates (Snedaker and Araujo, 1998). 

The buttonwood mangrove can grow under extreme temperatures, 
water stress, and strong winds (Hegazy et al., 2008; Moftah and 
Al-Humaid, 2007; De la Barrera and Walter, 2006). Therefore, it has 
high growth potential in arid regions. Moreover, the porewater’s redox 
potential is variable (approximately − 60 to ⁓122 mV), which can 
indicate plasticity at different gradients and conditions. 

The biomass allocation in C. erectus can increase in a short time under 
drought and limited nutrient conditions (Hegazy et al., 2008; Moftah 
and Al-Humaid, 2007). On the Arabian Peninsula, the C. erectus biomass 
has been allocated in a short time with a density ranging from 2,000 to 
20,000 individuals ha− 1 and tree biomass ranging from 47 to 93 Mg 
ha− 1 (Hegazy et al., 2008). The high carbon accumulation in wood, 
which is higher than that reported in different mangroves of the GC (5, 
000 to 12,000 individuals ha− 1 and tree biomass of 23.8–31.6 Mg ha− 1; 
Ochoa-Gómez et al., 2018, 2019), suggests a high potential in the 
weather regulation ecosystem service. 

5. Conclusions 

The potential increase of new colonization areas of C. erectus could 
significantly impact the productivity and carbon storage/input in the 
region of the GC. In this sense, it is crucial to analyze the spatial and 
temporal distribution of the other mangrove species in the region (i.e., 
A. germinans, L. racemosa, and R. mangle) and their possible ecological 
interactions under different conditions/gradients. The dispersion po-
tential and habitat available based on its niche must be estimated for 
each species and the ecological-social implications that these distribu-
tion changes could cause in the GC’s coastal zones should be analyzed. 

C. erectus did not compete for the ecological or functional niche with 
the other mangrove species in the region when the soils had high salinity 
(>50 ups) or high anoxia. However, this species has high phenotypic 
plasticity and can grow in more northern latitudes than expected. This 
study suggests that C. erectus could occupy other species’ ecological 
niches (e.g., Maytenus phyllanthoides) and could replace invasive 
nonnative species like Tamarix ramosissima. This invasive nonnative 
species is characterized by absorbing large groundwater quantities, 
contrary to C. erectus, which can occupy areas with low nutrient and 
water availabilities (Fig. 1g). In Sinaloa and Sonora, C. erectus in-
dividuals were observed inhabiting the same area as T. ramosissima 
(Fig. 1b) and other species, such as sweet mangrove (Maytenus phyl-
lanthoides), in the mangroves’ hinterlands. This variability in biophysi-
cal gradients suggests that C. erectus is a highly plastic species and can 
compete with different coastal vegetation. 

C. erectus has been cultivated for ornamental purposes in other re-
gions (e.g., Florida and the Arabian Peninsula). Moreover, when culti-
vated in nurseries, this species could play an important role in cities, 
providing different ecosystem services for coastal populations (e.g., 
ethnobotanical/phytoremediation; Abdel-Hameed et al., 2012; Hussain 
et al., 2017) in arid conditions. This record could encourage research in 
mangroves with new techniques of vegetative regeneration (e.g., Bení-
tez-Pardo et al., 2002) and afforestation with technical bioengineering 
in arid regions (e.g., Flores-Verdugo et al., 2018). 
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Navarro-Estupiñan, J., Robles-Morua, A., Vivoni, E.R., Zepeda, J.E., Montoya, J.A., 
Verduzco, V.S., 2018. Observed trends and future projections of extreme heat events 
in Sonora, Mexico. Int. J. Climatol. 38 (14), 5168–5181. 

Neukom, R., Barboza, L., Erb, M.P., Shi, F., Emile-Geay, J., Evans, M., Franke, J., 
Kaufman, D.S., Lûcke, L., Rehfeld, K., Schurer, A., Zhu, F., Brônnimann, S., 
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Ochoa-Gómez, J.G., Serviere-Zaragoza, E., Lluch-Cota, D.B., Rivera-Monroy, V.H., 
Oechel, W., Troyo-Diéguez, E., Lluch-Cota, S.E., 2018. Structural complexity and 
biomass of arid zone mangroves in the southwestern Gulf of California: key factors 
that influence fish assemblages. J. Coast Res. 34 (4), 979–986. 

Ochoa-Gómez, 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, 
Mexico). For. Ecol. Manag. 442, 135–147. 

Osland, M.J., Day, R.H., Hall, C.T., Brumfield, M.D., Dugas, J.L., Jones, W.R., 2017. 
Mangrove expansion and contraction at a poleward range limit: climate extremes 
and land-ocean temperature gradients. Ecol. 98, 125–137. 

Osland, M.J., Enwright, N., Day, R.H., Doyle, T.W., 2013. Winter climate change and 
coastal wetland foundation species: salt marshes vs. mangrove forests in the 
southeastern United States. Global Change Biol. 19 (5), 1482–1494. 

Pravalie, R., 2018. Major perturbations in the Earth’s forest ecosystems. Possible 
implications for global warming. Earth Sci. Rev. 185, 544–571. 

Reef, R., Feller, I.C., Lovelock, C.E., 2010. Nutrition of mangroves. Tree Physiol. 30 (9), 
1148–1160. 

Robles, J.M., Marinone, S.G., 1987. Seasonal and interannual thermohaline variability in 
the Guaymas basin of the Gulf of California. Continent. Shelf Res. 7 (7), 715–733. 

Roden, G.I., 1958. Oceanographic and meteorological aspects of the Gulf of California. 
Pac. Sci. 12, 21–45. 

Salinas-Zavala, C., Lluch-Cota, D., Hernández-Vázquez, S., Lluch-Belda, D., 2009. 
Precipitation anomalies in Baja California Sur during 1990: possible causes. 
Atmosphere 5 (2), 79–93. 

Saintilan, N., Wilson, N.C., Rogers, K., Rajkaran, A., Krauss, K.W., 2014. Mangrove 
expansion and salt marsh decline at mangrove poleward limits. Global Change Biol. 
20, 147–157. 

Semple, C., 1970. The distribution of pubescent leaved individuals of Conocarpus erectus 
(Combretaceae). Rhodora 72 (792), 544–547. 

SIRE (Business Resources Integrator System), 2000. Conocarpus erectus L. Technological 
Packages. Technical Report. CONABIO-PRONARE, Mexico, 5 p.  

Snedaker, S.C., Araujo, R.J., 1998. Stomatal conductance and gas exchange in four 
species of Caribbean mangroves exposed to ambient and increased CO2. Mar. 
Freshw. Res. 49, 325–327. 

Soto-Mardones, L., Marinone, S., Sierra, A.P., 1999. Spatiotemporal variability of sea 
surface temperature in the Gulf of California. Cienc. Mar. 25 (1), 1–30. 

Tovilla-Hernández, C., De la Lanza Espino, G., 1999. Ecology, production and use of 
mangrove Conocarpus erectus L. In: Barra de Tecoanapa Guerrero, México. 
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