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Pneumatophore CO2 effluxes 
decrease with increased salinity 
in mangrove forests of Yucatan, 
Mexico
Julio A. Salas‑Rabaza 1, Laura Yáñez‑Espinosa 2, Eduardo Cejudo 3, Gabriela Cerón‑Aguilera 1, 
Roberth Us‑Santamaría 1 & José Luis Andrade 1*

Although mangrove forests are great carbon sinks, they also release carbon dioxide (CO2) from soil, 
plants, and water through respiration. Many studies have focused on CO2 effluxes only from soils, 
but the role of biogenic structures such as pneumatophore roots has been poorly studied. Hence, CO2 
effluxes from pneumatophores were quantified at sediment-air (non-flooded sediment) and water–
air (flooded sediment) interfaces along a salinity gradient in three mangrove types (fringe, scrub, 
and basin) dominated by Avicennia germinans during the dry and rainy seasons in Yucatan, Mexico. 
Pneumatophore abundance explained up to 91% of CO2 effluxes for scrub, 87% for fringe, and 83% for 
basin mangrove forests at the water–air interface. Overall, CO2 effluxes were inversely correlated with 
temperature and salinity. The highest CO2 effluxes were in the fringe and the lowest were in the scrub 
mangrove forests. Flooding decreased CO2 effluxes from the dry to the rainy season in all mangrove 
forests. These results highlight the contribution of pneumatophores to mangrove respiration, and the 
need to include them in our current carbon budgets and models, but considering different exchange 
interfaces, seasons, and mangrove ecotypes.

Keywords  Avicennia germinans, Carbon dioxide, Interface, Respiration, Roots

Mangrove forests are highly productive ecosystems with great potential as a blue carbon reservoir, particularly in 
the soil1,2. This is why these forests have been recognized as nature-based allies in climate change mitigation3,4. 
In soils, roots and microorganisms’ respiration contributes to the main carbon output, as carbon dioxide (CO2) 
efflux of forest ecosystems5,6.

Plants, through respiration, utilize stored energy for growing and completing their lifecycle. Therefore, assess-
ing plant respiration can deepen our understanding of mangrove tree physiology and their contribution to the 
ecosystem’s carbon budget. In mangrove soils, several factors influencing CO2 effluxes have been documented, 
such as temperature, salinity, and flooding7–10. However, many studies have focused on the quantification of soil 
CO2 fluxes only, and a few have considered biogenic structures such as pneumatophores (root snorkels) and 
crab burrows, which could potentially increase CO2

11–15 and methane emissions16–20. Pneumatophores have an 
internal pathway for gas flow, or aerenchyma21–23, through which soil-produced gases can be emitted. Because 
of the presence of photosynthetic tissues and microalgae, they can carry out photosynthesis24,25, which can lead 
to an additional source of oxygen for the anoxic soils. Pneumatophores represent a very important component 
of the carbon budget in mangrove forests, and their contribution to greenhouse gas emissions has already been 
reported15,16,18,26.

Although mangrove forests are flooded at different times depending on regional seasonality and tidal regimes, 
CO2 efflux at the water–air interface has been estimated in some cases13,27, indicating that CO2 effluxes are not 
negligible, especially during receding tides. Studies on these below-canopy CO2 emissions should also consider 
the different mangrove ecological types, which vary in structure, composition, and carbon storage capacity. 
Also, because salinity and hydroperiod are the main drivers of mangrove zonation28–31, high salinities and long 
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inundations decrease organic matter decomposition, which can ultimately be reduced by root respiration. In this 
study, we proposed quantifying CO2 fluxes from soils and waters, with pneumatophores, along a salinity gradi-
ent in three different mangrove ecotypes (fringe, scrub, and basin) dominated by the black mangrove Avicennia 
germinans (L.) L. in the Yucatan Peninsula (Fig. 1), a region that has 60% of the total mangrove area in Mexico32 
and represents about 62% of all mangrove carbon stored in this country31. We hypothesized that CO2 efflux 
magnitudes would be greater at high pneumatophore abundance because of the increased amount of living tissue 
that carries out respiration and of the aerenchyma that mobilizes the gases produced in soils. Also, effluxes would 
be higher at the sediment-air interface than at the water–air interface exchange because, in the former, aerobic 
microorganism respiration is also contained, and, in the latter, the water column exerts a physical barrier for gas 
diffusion from the sediment. Similarly, due to the sensitivity of CO2 efflux to temperature and salinity33,34, these 
CO2 effluxes would be expected to increase at higher temperatures and lower salinities.

Results
Air and pneumatophores characterization
Mean air temperature was slightly higher during the dry season for all mangrove forests (H = 97.64; P < 0.001), 
but the greatest was for the scrub ecotype (dry, 31.98 ± 1.59 °C; rainy, 31.61 ± 2.26 °C; P < 0.001), which also had 
the highest temperatures of pneumatophores during the dry season (Table 1). Also, pneumatophores’ dimensions 

Figure 1.   Location of the study sites in the Yucatan Peninsula. PVC tubes with pneumatophores where CO2 
efflux measurements were carried out (A–C), Mangrove ecotypes (D–F), and location of the mangrove ecotypes 
within the Ramsar sites (G, H). SRCMCNY = State Reserve Ciénagas y Manglares de la Costa Norte de Yucatán. 
Satellite images were obtained from Google Earth Pro 7.3 (https://​earth.​google.​com) and maps were generated 
using Procreate Raster Graphics Program 5.3.9 (Savage Interactive Pty Ltd., https://​procr​eate.​com/​procr​eate).

https://earth.google.com
https://procreate.com/procreate
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(height, volume, and biomass) were slightly higher for the rainy than for the dry seasons for all mangrove types 
(Table 1).

Physicochemical variables
Flooding level for the basin mangrove was always higher than for the scrub and fringe mangroves (dry season, 
H = 56.30; P < 0.001; rainy season, H = 48.32; P < 0.001; Fig. 2A). For the fringe mangrove, flooding level was 
significantly higher during the rainy season than during the dry season (Fig. 2A; P < 0.001).

During the dry season, the scrub mangrove had the highest mean porewater salinity (48.61 ± 2.43‰; 
H = 73.20; P < 0.001), followed by the fringe (33.69 ± 0.65‰) and the basin (17.82 ± 0.91‰) mangroves (Fig. 2B). 
Surface water salinity was about seven-fold higher in scrub (36.39 ± 20.01‰; H = 62.75; P < 0.001) than in fringe 
(4.53 ± 0.54‰) and in basin (5.93 ± 1.33‰) mangrove ecotypes. Porewater and surface water salinities had signifi-
cant differences in basin (t =  − 16.31; P < 0.001) and fringe (t =  − 33.69; P < 0.001), but slight in scrub (t =  − 2.75; 
P = 0.020) mangrove ecotypes.

In the rainy season, porewater and surface water salinities at the basin mangrove ecotype were significantly 
lower than for the fringe and the scrub mangrove ecotypes (porewater, H = 34.11; water, H = 62.75; P < 0.001; 
Fig. 2B; Table 1). However, no differences in salinity porewater were found between seasons for the basin and 
fringe mangroves; it only decreased significantly for the scrub mangrove in the rainy season (Fig. 2B; P < 0.001).

Mean temperature of the sediment was higher for the scrub mangrove than for the basin and fringe man-
grove ecotypes (dry season, H = 69.36; P < 0.001; rainy season, H = 37.11; P < 0.001). This temperature was also 
significantly higher during the rainy season than during the dry season in the fringe mangrove ecotype (Fig. 2C; 
P < 0.001).

Pneumatophore CO2 effluxes
Pneumatophore abundance explained up to 91% of the variation in CO2 effluxes for the scrub, 87% for the fringe, 
and 83% for the basin mangrove ecotypes (Fig. 3; Table S1) during the rainy season at the water–air interface. 
During the dry season, when measurements were also done for the sediment-air interface, pneumatophore 
abundance explained up to 83% of the variation in CO2 effluxes for scrub, 77% for basin, and 65% for fringe 
mangrove forests (Fig. 3; Table S1). The slope of these relationships, which denote the individual contribution 
of pneumatophores, were also related to the mangrove ecotype, where the steepest slopes were recorded at the 
fringe mangrove for sediment-air (4.51 × 10−3) and the scrub mangrove for water–air (4.78 × 10−3) interfaces as 
compared to the lower contribution of pneumatophores in basin mangrove for sediment-air (3.04 × 10−3) and 
water–air (2.34 × 10−3) interfaces (Fig. 3; Table S1). This effect was greater in the dry season (4.30 × 10−3) than 
in the rainy season (3.49 × 10−3) as well as in the sediment-air (4.54 × 10−3) than in the water–air (3.20 × 10−3) 
interface (Table S1). Overall, the highest contribution of pneumatophores to CO2 effluxes was found in the fringe 
mangrove (6.24 × 10−3; Table S1).

Biophysical associations
The CO2 efflux at the sediment-air was mainly correlated with sediment temperature (ρ =  − 0.73), porewater 
salinity (ρ =  − 0.45), and pneumatophore abundance (ρ = 0.49; Fig. 4 top). Instead, CO2 efflux at the water–air 
interface was related to pneumatophore abundance (ρ = 0.82) and pneumatophore height (ρ = 0.32; Fig. 4 bottom). 
Because normality’s assumption was not satisfied for our data, Spearman’s correlations were more convenient.

We performed a Canonical Correlation Analysis (CCA; Fig. 5) to explore the contribution of physicochemi-
cal and biological variables to the CO2 effluxes in the three mangrove ecotypes evaluated. As categories, we 

Table 1.   Microenvironment and morphology of pneumatophores (pneu.) from different mangrove ecotypes 
in Yucatan during the dry and rainy season. Data are means ± standard deviation. Letters denote significant 
differences between mangrove ecotypes-season combinations as resulted from the one-way ANOVA on ranks 
(H-values). Asterisks denote P < 0.001, and n.m. = not measured.

Variables

Basin Fringe Scrub

H-valueDry Rainy Dry Rainy Dry Rainy

Air temperature (°C) 29.53 ± 1.73b 29.07 ± 1.87b 28.69 ± 3.36bc 26.96 ± 2.46c 31.61 ± 2.26a 31.98 ± 1.59a 97.64*

Volumetric water con-
tent (m3 H2O m−3) 0.52 ± 0.01b 0.55 ± 0.01a 0.54 ± 0.01ab 0.52 ± 0.01b 0.56 ± 0.01a 0.55 ± 0.01a 110.49*

Surface water salinity 
(‰) 5.93 ± 1.33b 1.9 ± 0.31c n.m 4.53 ± 0.54b 36.39 ± 20.01a 20 ± 13.13a 62.75*

Pneu. abundance 
(pneu m−2) 256.01 ± 146.71a 255.31 ± 144.58a 255.3 ± 164.11a 253.36 ± 162.12a 224.31 ± 171.32a 215.16 ± 173.23a 27.59

Pneu. height (cm) 31.59 ± 9.98a 33.68 ± 5.55a 23.76 ± 3.87c 27.1 ± 4.37bc 27.47 ± 6.50ab 34.22 ± 8.58a 43.13*

Pneu. volume (cm3) 11.69 ± 4.54a 12.17 ± 2.94a 7.88 ± 2.00b 8.89 ± 1.95ab 8.87 ± 3.63ab 12.66 ± 4.44a 38.4*

Pneu. biomass (g) 3.74 ± 1.81ab 4.73 ± 1.27a 2.37 ± 0.76b 3.34 ± 0.81ab 4.34 ± 2.56a 4.98 ± 1.90a 39.2*

Nearest tree distance 
(m) 1.9 ± 0.91a 2.3 ± 2.19a 2.96 ± 2.15a 2.34 ± 1.38a 1.9 ± 1.26a 2.44 ± 2.19a 4.17

Pneu. temperature 
(°C) 29.97 ± 1.85b n.m 30.01 ± 1.72b n.m 34.54 ± 3.23a n.m 44.06*
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used mangrove ecotype and as objects the variables measured, including the CO2 efflux. Mangrove ecotypes 
were distinguished by salinity, temperature, and flood height. Surface water salinity (F2 contribution 47.36%), 
porewater salinity (F2 contribution 13.00%), and sediment temperature (F1 contribution 14.41%) separated 
scrub mangrove; flooding conditions (F1 contribution 36.90%) segregated basin mangrove; and CO2 effluxes 
(F2 contribution 11.37%) separated fringe mangrove.

Temperature and salinity effects
The CO2 effluxes were inversely correlated with sediment or water temperature (Fig. 6A) and with porewater 
or water salinities at the sediment-air and water–air interface, respectively (Fig. 6B). Sediment temperature 
was positively correlated with porewater salinity (ρ = 0.38; Fig. 4 top) which ultimately differentiated the man-
grove ecotypes (Fig. 5). Higher temperatures were found in saline sites exposed to higher solar radiation (scrub 
mangrove) and lower temperatures in sites with medium to low salinities below the canopy (fringe and basin 
mangroves; Fig. 2B,C). Likewise, magnitudes of sediment-air CO2 effluxes in scrub mangrove did not differ from 
those from the water–air interface (Fig. 3C). This mangrove ecotype was also the only one where flooding was 
less variable during measurements (Fig. 2A). Indeed, temperature and salinity decreased the CO2 effluxes from 
pneumatophores in the three mangrove types studied.

Figure 2.   Flooding level (A), sediment porewater salinity (B), and temperature (C) of sediment (dry season) 
or surface water (rainy season) in the three mangrove ecotypes for the dry (open bars) and rainy (filled bars) 
season in Yucatan, Mexico. Data are means ± SE. Letters denote differences among mangrove ecotypes within 
each season (capital letters for dry and lowercase for rainy); and asterisks denote differences between seasons 
within mangrove ecotypes (P < 0.001). H-values for the Kruskal Wallis tests are given for dry (Hdry) and rainy 
(Hrainy) season.
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Figure 6 shows the relationship between CO2 efflux with salinity and temperature for each exchange interface. 
Both sediment and surface water temperatures decreased CO2 efflux from sediment-air and water–air interfaces 
(Fig. 6A,B). A similar pattern is observed for porewater and surface water salinity (Figs. 6C,D, S1). Indeed, CO2 
effluxes decreased from fringe to scrub mangroves, similar to the groups formed when porewater salinity and 
both sediment and surface water temperatures were plotted (Fig. S2).

Interface and seasonal effects on CO2 effluxes
Although no differences were found among mean pneumatophore abundance and mangrove ecotypes and 
seasons, mean CO2 efflux varied with mangrove ecotype, interface, and season (Fig. 7). Mean pneumatophore 
abundance was 255.65 ± 145.37 pneu m−2 for basin, 254.32 ± 162.79 pneu m−2 for fringe and 218.41 ± 172.40 pneu 

Figure 3.   Linear relationships of CO2 effluxes and pneumatophore abundance for fringe (A), basin (B) and 
scrub (C) mangrove ecotypes at sediment-air (S, open circles) and water–air (W, filled circles) interfaces.

Figure 4.   Correlation matrix for pair correlation of all variables using the Spearman’s rank method for the 
sediment-air (top) and water–air (bottom) interfaces. Pneu. = Pneumatophore Some variables are not shared in 
both interfaces due to the absence of measurements.
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m−2 for scrub during all measurements (Table 1). Differences of mean CO2 efflux among mangrove ecotypes 
were given by differences in mean porewater salinity (dry season for sediment-air interface, H = 218.46; P < 0.001; 
rainy season for water–air interface, H = 251.41; P < 0.001). However, mean CO2 efflux decreased either from 
dry to rainy season or from sediment-air to water–air due to increasing flooding levels (Figs. 2A, 7A,B). For 
the sediment-air interface, the highest CO2 efflux was for the fringe mangrove (7.19 ± 0.74 µmol m−2 s−1), and 
the lowest was for the scrub mangrove (1.28 ± 0.74 µmol m−2 s−1), both during the dry season (Fig. 7A). For 
the water–air interface, the highest CO2 efflux was for the basin mangrove (2.14 ± 0.24 µmol m−2 s−1) and the 
lowest CO2 efflux was for the scrub mangrove during both the dry (0.28 ± 0.83 µmol m−2 s−1) and the rainy 
(0.59 ± 0.80 µmol m−2 s−1) seasons (Fig. 7B). There was a slight increase of CO2 efflux in the scrub mangrove from 
the dry to the rainy seasons in both sediment-air and water–air interfaces (Fig. 7A,B).

Discussion
Although CO2 efflux from soils and pneumatophores of mangrove forests dominated by trees of the genus Avi-
cennia has been documented11–14, only one reports both pneumatophore abundance and mangrove ecotype14. 
These studies reported lower CO2 effluxes than those in the present study. We found mean CO2 effluxes rates 
of 1.61–7.19 μmol m−2 s−1 (with a mean pneumatophore abundance from 224.31 to 256.01 pneu m−2) at the 
sediment-air interface, which is comparable to the mean CO2 effluxes reported globally from mangrove soils 
throughout the world reported by Akhand et al.10 (− 0.37 to 8.73 μmol m−2 s−1). Data from creeks and estuaries 
surrounding mangrove forests10,27,35 show a large range of data, from − 0.01 to 7.28 μmol m−2 s−1, but our data from 
water–air interfaces, in the presence of pneumatophores, has a small range (0.51–2.05 μmol m−2 s−1). However, 
the use of different methods for CO2 measurements, as well as the large variation between mangrove ecotypes 
and climate conditions, do not allow us to make direct comparisons.

Even though we did not carry out measurements of sediment or water only, from the regression intercepts 
of Fig. 3 we can obtain basal respirations of 6.04 μmol m−2 s−1 for fringe, 3.45 μmol m−2 s−1 for basin, and 
0.49 μmol m−2 s−1 for scrub mangrove ecotypes at the sediment-air interface; and 0.92, 1.43 and − 0.56 μmol m−2 s−1 
from fringe, basin, and scrub mangroves, respectively, at the water–air interface. Then, we can consider that the 
proportion of aerial autotrophic respiration can be comparable to those CO2 effluxes from sediments or water 
with pneumatophores minus that basal efflux. Autotrophic respiration is supposed to represent 48.60% of the 
total soil respiration in forests36. In our study, this proportion would be of 15.62–69.69% and 30.15–209.13% for 
sediment-air and water–air, respectively, and taking into consideration the CO2 release driven by pneumato-
phores only. Yet, although Avicennia is one of the most widely distributed mangrove genera and can have more 
than 10,000 pneumatophores per tree37,38, pneumatophore CO2 effluxes are not being reported as a distinct form 
of carbon loss in mangroves39.

As predicted, CO2 effluxes were greater at high pneumatophore abundance, which is related to a high plant 
biomass. When soils are flooded, pneumatophore respiration is supposed to be the main source of CO2 effluxes, 
because gas diffusion in the water column is limited. Additionally, the individual contribution of the pneumato-
phores is represented by the slope value of the relationships between CO2 efflux and pneumatophore abundance, 

Figure 5.   Canonical Correlation Analysis (CCA) of physicochemical and biological variables related to the CO2 
efflux and mangrove ecotype. Surface water temperature (SWT), pneumatophore volume (PV) and height (PH), 
volumetric water content (VWC).
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allowing comparisons between mangrove ecotypes or tree ages. Pneumatophore CO2 effluxes were greater at 
the sediment-air than at the water–air interface exchange for the fringe and basin mangrove ecotypes. For the 
scrub mangrove, such regressions showed data points overlapping from both interfaces (Fig. 3C), but mean 
CO2 effluxes were higher at the sediment-air than at the water–air interface for both seasons (Fig. 7A,B; Fig. S3). 
Hydrodynamics in mangrove forests depends on the duration, level, and frequency of flooding, and it is known 
that CO2 increases during ebb and spring tides and decreases during flow and neap tides27. In our study, we only 
tested the presence (level) or absence of the water column and found that passing from sediment-air to water–air 
conditions, the CO2 efflux rates decreased 76.77%, 49.75% and 68.32% for fringe, basin, and scrub mangrove 
ecotypes. These results can help adjust our current CO2 models in mangrove forests, considering their hydrology.

Under sunlight, flooding can also reduce CO2 fixation by photosynthetic layers of pneumatophores in Avicen-
nia marina24. In preliminary studies we found that 35.36 ± 28.22% of the respired CO2 is offset by pneumatophore 
photosynthesis (unpublished data), like the 49.58 ± 13.35% observed in A. officinalis and Sonneratia alba40. Thus, 
pneumatophore photosynthesis can represent a source of oxygen and carbon when leaf stomata are closed at 
high vapor pressure deficit especially for the scrub mangrove ecotype, allowing survival during the dry season.

Few studies have reported CO2 effluxes as a function of salinity variability within the same mangrove 
ecotype10,13. It is well known that salinity decreases photosynthesis and respiration in plants33,34,41–43, accord-
ingly, the site with the highest salinity (scrub ecotype) had the lowest CO2 effluxes despite its high sediment and 
surface water temperatures. This was unexpected, as typically high temperatures increase respiration34. In this 
study, the scrub ecotype showed lower CO2 efflux during both dry and rainy seasons (Fig. 7), suggesting that 
high salinity also reduces soil respiration44. In fact, in our study, the CO2 efflux was the result of the effect of 
salinity, temperature, and flooding that differed between mangrove ecotypes (Figs. 2, 6; Fig. S2). Although the 
basin mangrove had the lowest porewater salinities, it showed low CO2 effluxes because it had the highest flood-
ing level; however, during the dry season in non-flooded places, CO2 effluxes were high (Table S1, Fig. 7). Also, 
during the dry season, flooding level was inversely correlated with sediment temperature and pneumatophore 
temperature, which reduced CO2 efflux. In studies conducted in soils of different forests, a positive relationship 

Figure 6.   Relationships between pneumatophore CO2 effluxes and sediment temperature (A), surface water 
temperature (B), porewater salinity (C) and surface water salinity (D) from both sediment-air (open circles, left 
panels) and water–air (filled circles, right panels) interfaces.
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between CO2 effluxes and soil temperature has been found7,8, because high temperatures favor microbial activity 
in the soil33. However, in our study, an interaction between high temperatures and high salinities led to a lower 
CO2 efflux in the scrub mangrove forest for both seasons and both exchange interfaces.

Mangrove soils that are rich in carbon, organic matter, and nutrient availability (e.g., N, P and Fe) favor CO2 
efflux9,45. In some mangrove flooded soils, the enzyme that regulates phosphorus (P) cycling (alkaline phos-
phatase) is strongly related to CO2 effluxes, but no relationship between the enzyme that regulates nitrogen (N) 
cycling (β-N-acetylglucosaminidase) and CO2 efflux was found46. Lower CO2 effluxes in the scrub mangrove 
forest could then indicate that this site is P-limited, because previous reports assign the stature of this mangrove 
forests to P deficiency in soils47–49, although this is still controversial50. In our study, the CO2 effluxes in flooded 
soils of scrub mangroves were like those in non-flooded soils and, in some cases, these were very low or even 
negative values (Figs. 2C, 7). Further research on salinity and P availability would also be needed in arid regions, 
where scrub mangroves are dominated by Avicennia germinans51.

During the rainy season, we found the tallest pneumatophores in all mangrove forests because of a higher 
level and frequency of flooding events29 and confirmed a positive correlation between pneumatophore height 
and flooding level (ρ = 0.48; Fig. 3). Pneumatophore height has also been positively correlated to flooding level 
in several studies52–54, and both pneumatophore height and density have been reported as indicators of soil and 
hydrodynamics conditions in mangroves37,54. Pneumatophores of Avicennia spp. are supposed to be up to 30 cm 
in height38, but, in our study, pneumatophores were up to 48 cm in height in the scrub mangrove ecotype. This 
pneumatophore’s extreme length can be related to the increase in water level due to the heavy rain caused by 
four tropical storms in 2020 in the Yucatan Peninsula55.

The average CO2 effluxes from A. germinans pneumatophores in our study sites, at the water–air and sedi-
ment-air interfaces, were comparable to those reported in several studies11,44,56,57. The highest CO2 effluxes in 
this study were even higher than those from other forest ecosystems around the world 58–62, reflecting the high 
productivity of the mangrove ecosystems. Our findings question the current understanding of the carbon budget 
in mangrove forests and highlight the importance of considering integrating physiology and anatomy within 
carbon-based studies. Indeed, we propose that further studies on CO2 (or other greenhouse gases) effluxes 
should also consider other mangrove tissues, such as stilts, stems, and even leaves, to evaluate their contribution 
to ecosystem respiration under different global change scenarios.

Materials and methods
Study sites and field measurements
Three mangrove ecotypes, dominated by Avicennia germinans (L.) L. were chosen in the northwestern coast of 
Yucatan: fringe and basin mangroves in the Ria Celestun Biosphere Reserve (20° 51′ 27.4″ N, − 90° 22′ 33.9″ W; 
20° 51′ 03.6″ N, − 90° 17′ 42.5″ W, respectively; Ramsar Site 1333; Fig. 1) and scrub mangrove in the State Reserve 
Cienagas y Manglares de la Costa Norte de Yucatán (21° 13′ 17.7″ N, − 89° 49′ 49.4″ W; Ramsar Site 2468; Fig. 1). 
Field measurements were made in May 2021 and in September 2021 for the dry and rainy seasons, respectively. 
Sediment-air and/or water–air interfaces were considered depending on the inundation state of each mangrove 
ecotype on the day of measurements. When possible, both interfaces were measured. Sediment-air interface was 
measured for all mangrove ecotypes during the dry season and only for scrub mangrove forests during the rainy 

Figure 7.   Median CO2 effluxes from three different mangrove ecotypes during the dry (open boxes) and 
rainy (filled boxes) seasons at the sediment-air (A) and water–air (B) interfaces. Boxes correspond from first 
to third quartiles; letters denote significant differences among mangrove ecotypes, capital letters for sediment-
air and lowercase for water–air interfaces. Lines and asterisks denote differences between seasons for the same 
mangrove ecotype (A) or between mangrove ecotypes within seasons (B; P < 0.01).
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season. The water–air interface was evaluated for all mangrove ecotypes during the rainy season, and for basin 
and scrub mangroves during the dry season.

Physicochemical measurements
Air temperature and relative humidity were recorded with a 12-bit Temp/RH Smart Sensor (S-THB-M002, Onset 
Computer Corporation, Bourne, MA) every 10 s, and 10-min averages were stored with a data acquisition system 
(HOBO U30-NRC Weather Station, Onset) at each mangrove ecotype during the fieldwork in both seasons. 
Porewater samples were taken at 30 cm soil depth adjacent to each CO2 efflux tube, then porewater salinity was 
measured. When sediment was flooded, surface water salinity, surface water temperature and flooding level were 
taken. Both porewater and surface water parameters were obtained with a portable conductivity meter (YSI, 
Model Pro2030, Yellow Springs, OH). Porewater salinity was measured in all cases for both sediment-air and 
water–air CO2 efflux measurements. Sediment temperature (Type “T” Omega Soil Temperature Probe, Omega 
Engineering Inc., Stamford, CT) and volumetric water content (Theta Probe ML2x, The Macaulay Land Use 
Research Institute and Delta T Devices, Cambridge, UK) were recorded at 0.1 m depth of the sediment next to 
each PVC tube at the same time as CO2 efflux was being measured for non-flooded conditions, while surface 
water temperature was measured for flooded conditions. During the dry season, we also measured pneumato-
phore temperature (Table 1).

Pneumatophores characterization
At each mangrove ecotype and season, 32–37 plots (0.5 m2 each; divided into 4 subplots) were randomly chosen 
for pneumatophores counting to estimate the mean pneumatophore abundance per unit area (pneu m−2; Table 1). 
Within each plot a polyvinyl chloride (PVC) tube (0.2 m diameter, and 0.30 ± 0.08 m height) was inserted 0.03 m 
into the sediment. PVC tubes were placed at each site before CO2 efflux measurements were taken. To represent 
different pneumatophore abundances, PVC tubes were placed enclosing from 3 to 72 pneumatophores each, 
which cover pneumatophore abundances ranging from 95 to 2292 pneu m−2 (Fig. 3). Additionally, the distance 
from the PVC tube to the nearest tree was also taken. After CO2 efflux measurements, five pneumatophores 
per PVC tube were characterized in the field measuring total height, basal diameter, top diameter, and distance 
between the top diameter and apex of the pneumatophores. Three pneumatophores per PVC tube were taken to 
the laboratory to obtain pneumatophore-dried biomass (g). Then, pneumatophore basal area (cm2), lateral area 
(cm2), total volume (cm3), and density (g cm-3) were calculated.

CO2 efflux measurements
CO2 efflux rates from pneumatophores or sediment-air and water–air were quantified using a dynamic-closed 
chamber system (0.2 m in diameter: 8200–103 Smart Chamber, LI-COR Biosciences; Lincoln, NE) connected 
to an infrared gas analyzer (LI-8100A, LI-COR). For each sampling point, chambers were placed on PVC tubes 
previously installed (one week before), and then CO2 efflux was recorded for 7 min. At each season, CO2 efflux 
measurements were made from 8:30 to 12:30 h. The CO2 efflux data were first analyzed using the SoilFlux Pro-
4.2.1 software (LI-COR Biosciences) to recognize possible leaks or disturbances inside the chamber during 
measurements. Then, effluxes were re-computerized using asymptotic fits, previously employed for soils, plants, 
and waters to reduce underestimations63–65. Only fits with an R2 ≥ 0.95 were chosen (n = 171).

Data analysis and representation
Normality (Shapiro–Wilk) and homoscedasticity (Levene) were tested for all data before parametric analy-
sis. Then, simple regressions were run to elucidate the relationship between pneumatophores abundance and 
CO2 effluxes by mangrove ecotype, season, interface, and its interactions (Fig. 3; see Supplementary Table S1). 
Kruskal–Wallis (or one-way ANOVA on ranks) analyses were performed to find differences among mangrove 
ecotypes within each interface or season, then reported as H-values (Table 1; Figs. 2, 7). Also, Mann–Whitney-
Wilcoxon were performed to test two groups’ differences for ecotype or season, then reported as W-values 
(Fig. 7). For pairwise multiple comparisons either Dunn’s or Tukey’s procedures with or without Bonferroni 
or Holm adjustments were used. Analysis for Figs. 3, 4 and Table S1 were made from raw field data (n = 171). 
To elucidate the role of biophysical variables, a multi-comparison matrix using Spearman’s correlation was 
performed. To account for the contribution of physicochemical and biological variables to the CO2 efflux and 
the differentiation of mangrove ecotypes, a Canonical Correspondence Analysis (CCA) was used. Models from 
Table S1 and Fig. 3 were applied to the pneumatophore abundance dataset (from characterization), and then it 
was unified with the CO2 efflux dataset containing only CO2 effluxes from the mean pneumatophore abundance 
observed at each mangrove ecotype, to exclude outliers. This new dataset from observed and predicted data was 
used for Fig. 7 (totaling n = 850). All statistical analyses were performed using R language version 2023.03.1.44666. 
Results are usually presented in terms of the mean ± standard error, unless specified.

Data availability
Data will be made available on request to any of the correspondent authors.
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