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Abstract
Mangroves are coastal environments that provide resources for adjacent ecosystems due to their high productivity, organic 
matter decomposition, and carbon cycling by microbial communities in sediments. Since the industrial revolution, the 
increase of Greenhouse Gases (GHG) released due to fossil fuel burning led to many environmental abnormalities such 
as an increase in average temperature and ocean acidification. Based on the hypothesis that climate change modifies the 
microbial diversity associated with decaying organic matter in mangrove sediments, this study aimed to evaluate the 
microbial diversity under simulated climate change conditions during the litter decomposition process and the emission 
of GHG. Thus, microcosms containing organic matter from the three main plant species found in mangroves throughout 
the State of São Paulo, Brazil (Rhizophora mangle, Laguncularia racemosa, and Avicennia schaueriana) were incubated 
simulating climate changes (increase in temperature and pH). The decay rate was higher in the first seven days of incu-
bation, but the differences between the simulated treatments were minor. GHG fluxes were higher in the first ten days 
and higher in samples under increased temperature. The variation in time resulted in substantial impacts on α-diversity 
and community composition, initially with a greater abundance of Gammaproteobacteria for all plant species despite the 
climate conditions variations. The PCoA analysis reveals the chronological sequence in β-diversity, indicating the increase 
of Deltaproteobacteria at the end of the process. The GHG emission varied in function of the organic matter source with 
an increase due to the elevated temperature, concurrent with the rise in the Deltaproteobacteria population. Thus, these 
results indicate that under the expected climate change scenario for the end of the century, the decomposition rate and 
GHG emissions will be potentially higher, leading to a harmful feedback loop of GHG production. This process can hap-
pen independently of an impact on the bacterial community structure due to these changes.
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Introduction

Mangrove forests are coastal tropical ecosystems located in 
the transition between sea and continent. They are highly 
productive serving as both sources and sinks for substantial 
quantities of organic matter [1, 2]. Notably, a significant pro-
portion of the carbon generated by the vegetation becomes 
sequestered in the sedimentary strata, where the prevailing 
anaerobic conditions facilitate its accumulation [3]. The 
balance between production and decomposition is vital for 
maintaining the carbon cycle in this ecosystem. However, 
this environment is currently threatened by human activities 
(e.g. urban development, aquaculture, and industrial waste) 
and climate changes which could perturb the delicate equi-
librium of the decomposition process and, consequently, 
imperil the integrity of these vital coastal ecosystems [1, 4].

Mangroves are considered the leading producers of 
greenhouse gases (GHG) in coastal areas. Microorganisms 
play a central role in the emissions from these sediments, as 
they are responsible for crucial biogeochemical processes 
such as methanogenesis (CH4) and denitrification (N2O) [5, 
6]. However, there is insufficient data about the production 
of N2O and CH4 there. The anaerobic nature of mangrove 
sediments, the high productivity, and intense microbial 
activity contribute to these emissions [5, 7]. Furthermore, 
several investigations have unveiled that GHG are intrin-
sically linked to ambient environmental conditions, under-
lining the need for a more comprehensive understanding of 
the repercussions of climate change upon this process [5, 
8, 9]. Recently, it was shown that the increase in sediment 
temperature increases methane emissions in mangrove sedi-
ments which would lead to an overall yearly increase in 
GHG emissions in mangroves [10].

According to several studies, global climate change 
will increase marine water temperature, and the increase 
in atmospheric CO2 will lead to the acidification of marine 
water [11]. However, the effects of these processes are hard 
to predict as they can act as positive or negative feedbacks 
[2, 12]. This complexity is caused by the different effects 
of temperature and pH on each microbial population that 
inhabits any ecosystem. This intricate web of interactions 
is further compounded by the multifaceted responses of 
individual microbial populations residing within mangrove 
ecosystems to the varying dimensions of temperature, pH, 
and salinity, all of which fluctuate significantly due to the 
influence of rain-induced freshwater inflow [13]. Thus, the 
adaptability of these microbial communities to changes in 
the pivotal environmental variables, including tempera-
ture and pH, could significantly shape the patterns of GHG 
production.

The decomposition of organic matter produced in 
mangroves is carried out by a complex community of 

microorganisms involving fungal and bacterial populations 
[14]. In addition, the process of degradation and succession 
is influenced by local environmental characteristics and 
plant species [3, 15, 16]. Thus, the response of these com-
munities to changes in critical environmental factors such 
as temperature and pH might affect the production of GHG.

Therefore, this study was designed to evaluate the 
hypothesis that (1) the increase in temperature and pH pre-
dicted for the end of the century will increase the rate of 
decomposition of different plant species litter, and (2) the 
environmental changes would affect the succession process 
of the bacterial community. Thus, we applied GHG emis-
sions quantification and metabarcoding to study the com-
munity composition and activity in mangrove sediment 
microcosms.

Materials and methods

Sample aquisition

To understand the effects of the increase in temperature and 
ocean acidification in the decomposition of plant litter in 
mangrove samples, we collected sediments, leaves and local 
estuarine water to construct microcosm experiments. The 
choice to use microcosms to simulate changes in temperature 
and pH was done to reduce the variation of other environ-
mental parameters, such as seasonal climate variation and 
tidal action. Microcosms also allow easier tests of hypoth-
esis which could be complex to test in the natural environ-
ment, however, because microcosms are a simplification 
of what is found in situ the true response may differ from 
what is seen in natural environments. Nevertheless, they 
are valuable tools for understanding factors separately and 
narrowing their influences. Thus, microcosms are important 
tools for studying complex ecological questions including 
climate change [17] The collection of plant, sediment and 
water was approved by the Biodiversity Authorization and 
Information System (#65580) and the study complies with 
local and national guidelines. Samples were collected in a 
mangrove located in the city of Cananéia in São Paulo state 
(Brazil) (25°05’01.8” S– 47°57’45.7” W). Fresh and healthy 
leaves from the three tree species found in this mangrove 
(Rhizophora mangle, Laguncularia racemosa, and Avicen-
nia schaueriana) were collected and placed in sterile bags 
(more details on sampling are described in reference 15). 
These plants are the only tree species present in this forest, 
have contrasting leaf chemistry, and are unevenly spread 
in the mangrove [16, 18]. Plant species identification was 
made by Juanita H. Solano and Rodrigo G. Taketani based 
on marked morphological differences between the species. 
Sediments from the top 0–10 cm layer were sampled with a 
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sterile spade and placed in a sterile bag. Brackish water was 
sampled in 1 L sterile glass bottles. Samples were collected 
from four locations on the sampled mangrove. Samples 
were kept in ice until arrival in the laboratory within 24 h, 
where they were immediately processed.

Microcosm experiment

Microcosms were constructed in sealed 500 mL polypropyl-
ene bottles with a polycarbonate three-way stopcock valve 
for the GHG quantification. Each microcosm consisted of 
100 g of sediment topped with 16 discs (1.7 cm diameter) 
of leaves from a single mangrove species (Rhizophora man-
gle, Laguncularia racemosa, or Avicennia schaueriana) and 
10 ml of sampled water (figure S1).

According to the prediction of IPCC2014 [19] for the 
region, the average temperature will rise by 2  °C (from 
27.5 °C to 29.5 °C), and pH will go from 7.05 to 6.74. Thus, 
for each plant species, four treatments were set to contrast 
the current temperature (T1) and pH (pH1) with the pre-
dicted increased temperature (T2) and lower (acidified) pH 
(pH2). Thus, the treatments were named T1pH1, T1pH2, 
T2pH1, and T2pH2, where T1pH1 had the current condi-
tions and can be considered the control and T2pH2 had the 
predicted values for 2100 IPCC2014 [19]. The tempera-
ture was maintained constant throughout the experiment in 
incubators, and the pH was adjusted with HCl 1M [20, 21]. 
Microcosms were destructive, set-in quadruplicates, and 
samples were taken at 3, 7, 15, 30, and 45 days.

Determination of organic matter decomposition

The decomposition rate of plant organic matter was deter-
mined by comparing the dry leaf disk weight before the 
experiment and the dry weight in each decomposition stage. 
To determine the dry weight, leaves were rinsed with sterile 
distilled water to remove sediment and set to dry at 45 °C 
for 72 h. The rate of decomposition (k constant) was deter-
mined at each sampling date, according to Olson [22]. The 
initial weight of each disk was considered as the average 
weight of ten leaf disks. Using the k constant, we were able 
to calculate the time to decompose 50% of the plant material 
(t50) according to Olson (1963).

Greenhouse gas quantification

Measurements of GHG were made every day for the first 
eight days and every other day after that. Samples were 
taken from the three-way valve with a 20 mL sterile syringe. 
Samples were taken at 0, 5, and 10 min to evaluate the gas 
flux. GHG were quantified in a TRACE 1310 (Thermo 
Scientific) chromatograph with a (TriPlus RSH) automatic 

injector. An electron capture detector was used for N2O 
quantification and a flame ionization detector for CO2 and 
CH4. A Hayesep Q® separation column was used at 100 °C 
and helium was used as the carrier gas. Gas flow was cal-
culated as described previously [23]. N2O and CH4 were 
converted to CO2 equivalents as described previously [19].

Sediment DNA extraction and sequencing

DNA present in 0.25  g of decomposing leaf disks was 
extracted using the DNA Extraction Kit - DNA Power 
Soil™ (MoBio Laboratories, Carlsbad, CA, USA) follow-
ing the manufacturer’s protocol. The amplification of the 
V6 region of the 16  S rRNA gene was performed using 
primers 967 F [24] and 1195R [25]. PCR [24] and sequenc-
ing [15, 18] conditions were described previously. DNA 
sequences were analyzed using Qiime [26] as described in 
the Brazilian Microbiome Project guidelines (https://www.
brmicrobiome.org/clusteringmeth). Samples were rarefied 
to the lowest sequence count (14,000) and further analyzed 
in Qiime and phyloseq [27]. Sequences are available on 
https://www.mg-rast.org/linkin.cgi?project=mgp97665.

Data analysis

All statistical analysis was performed in the R environment 
using RStudio. Analysis of variance (ANOVA) followed by 
Tukey HSD was performed with the package agricolae. All 
community diversity analysis was performed with the phy-
loseq and vegan packages [27, 28].

Results

Degradation of plant material

The analysis of the remaining weight of the plant material 
showed that the rate of decay of each plant material was 
different (Fig.  1). Laguncularia racemosa had the low-
est decomposition rate (65.9%), followed by Rhizophora 
mangle (71.8%) and Avicennia schaueriana (74.1%). How-
ever, the rate of degradation and half-life followed the same 
pattern (Table  1), indicating that L. racemosa was more 
resistant to the degradation. The weight loss pattern was 
similar for all the plant species, i.e., most of the weight loss 
was observed in the first seven days (Fig. 1A, D, G). This 
observation is caused by the loss of soluble substances (e.g., 
carbohydrates and proteins) and the degradation of these 
molecules.

The decomposition of R. mangle and A. schaueriana 
showed a minor effect of the increased temperature (Fig. 1A, 
B, G, H). In addition, the degradation of Rhizophora slower 
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in the samples with increased temperature (T2) while Avi-
cennia was faster. This pattern, however, was not confirmed 
by ANOVA.

Greenhouse gases emissions

The CO2 flux of R. mangle was the highest between the eval-
uated microcosms (701.82 µg C cm− 2 day− 1), followed by 
A. schaueriana (399.73 µg C cm− 2 day− 1) and L. racemosa 
(382.64 µg C cm− 2 day− 1) (Fig. 2). Only the microcosms of 

Table 1  Comparison of the constant of decomposition (k) and the half-
life (t50%) of the leaf litter from Avicennia Schaueriana,Rhizophora 
mangle and Laguncularia racemosa in microcosms of mangrove sedi-
ments during leaf litter during 45 days of degradation. Letters over 
each treatment represent significant differences between treatments 
according to the Tukey test and an α of 0.05
Species k (g.g− 1.day− 1) t50%(days)

A. schaueriana 0.22a 4.4B

R. mangle 0.20a 5.7B

L. racemosa 0.16b 7.4 A

Fig. 1  Dry weight decay of the mangrove plant material. A,D, G - 
Average dry weight decay over time B, E, H– Average decay along 
each treatment. C, F, I– Photographic example of a representative 

decomposed leaf. Letters over each treatment represent significant dif-
ferences between treatments according to the Tukey test and an α of 
0.05
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The emissions of N2O were low, and the variation within 
samples higher than between samples which hindered com-
parisons between treatments.

Bacterial community associated with decomposing 
leaves

The bacterial community associated with the decomposing 
material was evaluated using 16 S rRNA sequencing. This 
showed no significant differences in the α-diversity between 
the different plant materials (figure S2). However, when 
each plant was analysed separately, the effect of time was 
significant in the Observed OTUs (Sobs) (but not for other 
metrics) according to ANOVA in R. mangle and A. shaueri-
ana. However, for L. racemosa, time and temperature were 
significant for Shannon’s index, and the interaction between 
time and temperature was also significant for Sobs, CHAO1 
and Faith’s PD.

These communities were mainly composed of Pro-
teobacteria (Gammaproteobacteria, Deltaproteobacteria, 
Alphaproteobacteria, respectively), Firmicutes, Actinobac-
teria, Chloroflexi and Bacteroidetes (fig. S3). However, 
along with the experiment, several changes were observed 
in these communities. In R. mangle, there is a decrease in 

Rhizophora presented a significantly different emission of 
CO2 according to Tukey’s HSD.

The flux of CO2 was higher in samples under increased 
temperature (29.5  °C) during the first ten days of incuba-
tion (Fig.  2). This peak in the emissions translated into a 
higher average in these microcosms (table S1), except for 
the R. mangle microcosms. The acidification produced a 
similar effect, leading to the increase in the average flow 
of CO2. After the first ten days, the fluxes were constant, 
and the variation among samples made it hard to distinguish 
between treatments.

The flux of CH4 also varied significantly between leaf 
sources. The microcosms containing leaves of A. shaueri-
ana and R. mangle produced the highest emission fluxes. 
(235.75 and 193.87 µg CO2eq cm− 2 day− 1, respectively), in 
contrast to the L. racemosa average (34.54 µg CO2eq cm− 2 
day− 1) and that of the control (Fig. 2 and table S1). Parallel 
to the carbon dioxide fluxes, the methane fluxes were higher 
in the first ten days in samples under increased temperature 
(Fig. 2). The effect of the increased temperature was a sig-
nificant rise in the average flux of emission in L. racemosa 
and A. schaueriana microcosms (table S1).

Fig. 2  Flux of carbon dioxide and methane emissions in microcosms of mangrove sediments during leaf litter decomposition. Blue lines indicate 
the average emission in acidified pH (6.74), and Red lines in current pH (7.05)
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The PERMANOVA based on a Bray-Curtis distance 
matrix indicated that the differences observed over time 
were significant for all plant species (Table  2). However, 
only in L. racemosa, the temperature had a significant but 
low effect.

Gammaproteobacteria (66.86–38.95%) and an increase 
in Deltaproteobacteria (5.71–24.89%) and Anaerolineae 
(0.2–3.60%) (fig. S3). In L. racemosa, there was not only 
a decrease in Gammaproteobacteria (50.64–25.49%) but 
in Epsilonproteobacteria (5.86–1.28%) accompanied by an 
increase in Deltaproteobacteria (14.81–33.96%) and Aci-
dimicrobiia (0.58–1.50%) (fig. S3). While in A. schaueri-
ana, the decrease in Gammaproteobacteria (51.63–29.46%) 
and Clostridia (21.64–2.42%) occurred with an increase in 
Deltaproteobacteria (4.89–25.91%), Alphaproteobacteria 
(2.47–8.84%) and Anaerolineae (0.20–6.74%) (fig. S3).

The principal coordinate analysis (PCoA) based on Bray-
Curtis of the bacterial communities found in the decaying 
leaves indicated that these samples segregate based on plant 
species and time (Fig. 3). The PCoA based on the Bray-Cur-
tis distance matrix showed that samples from the beginning 
of the experiment were more different from each other than 
those samples from the end (45 days). This effect was not 
observed in the PCoA from weighted UniFrac. This PCoA 
showed that the samples from day 3 were similar. On day 
7, samples from Laguncularia and Rhizophora separated 
from the Avicennia. In all latter samples, the communities 
on all leaves were similar. This result indicates an essential 
function of taxonomic relatedness in the structure of these 
communities, i.e., despite the differences observed in the 
presence and abundance of specific OTUs in earlier samples 
(by Bray-Curtis), these are phylogenetically related.

The PCoA separating each plant material indicated an 
apparent clustering based on time (fig S4). No separation 
based on the treatment (temperature or pH) was observed. 
It showed that Vibrionales were correlated with the initial 
samples, and Desulfobacterales and Chromatiales were cor-
related with samples from the end of the experiment.

Table 2  PERMANOVA test based on Bray-Curtis distance matrix 
results on the effect of time, temperature and pH on the bacterial 
community in microcosms of mangrove sediments during leaf litter 
decomposition

Pseudo-F R² P*
Rhizophora mangle
Time 14.559 0.20345 0.001
Temperature 0.674 0.01169 0.855
pH 0.68277 0.01184 0.851
Time: Temperature 0.7969 0.01121 0.647
Time: pH 0.5744 0.00811 0.951
Temperature: pH 0.67255 0.0118 0.828
Laguncularia racemosa
Time 8.6506 0.13591 0.001
Temperature 1.8016 0.03172 0.042
pH 0.51982 0.00936 0.976
Time: Temperature 2.7612 0.03991 0.006
Time: pH 0.5443 0.00869 0.959
Temperature: pH 0.92389 0.01643 0.491
Avicennia schaueriana
Time 18.2720 0.23956 0.001
Temperature 1.0450 0.0177 0.372
pH 0.60384 0.0103 0.871
Time: Temperature 1.2835 0.01664 0.183
Time: pH 0.8063 0.01065 0.614
Temperature: pH 0.47727 0.00821 0.986
* - Values in bold indicate the significant differences were found in 
the tests

Fig. 3  Principal coordinate analysis (PCoA) in microcosms of mangrove sediments during leaf litter decomposition. (a.) PCoA based on Bray-
Curtis distance matrix; (b.) PCoA based on weighted-UniFrac distance matrix
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The community structure observed here was mainly 
composed of Proteobacteria, Firmicutes, and Actinobacte-
ria, which is very similar to previous reports [4, 15, 38–42].

The pH is considered a key factor shaping many micro-
bial communities everywhere and has been pinned as central 
in shaping mangrove microbiomes [39, 42–45]. However, 
the effects observed in the present study are only minor and 
focused on an increase in Alpha and Betaproteobacterias in 
the more acidic treatments, which coincides with the previ-
ous assumption that these organisms are indicators of lower 
pHs and are favored by it [46, 47].

The diversity indexes varied significantly in Rhizophora 
sp. and Avicennia sp. with an increase in Sobs over time. 
This increase was proposed to be linked with more recalci-
trant compounds such as lignin and cellulose [48]. Lagun-
cularia sp. also had a significant increase in diversity with 
time; however, there was also an effect of temperature. The 
effect of temperature is similar to previous observations [49] 
and is related to increased phylogenetic diversity due to a 
change in the relative abundance of Gammaproteobacteria 
and Actinobacteria. Despite the known differences in the 
leaf community composition between plants [18, 50], most 
of the microorganisms that will colonize after they fall come 
from the sediment [48].

The process of ecological succession during the decay 
of these leaves follows a clear pattern. Although there was 
a clear separation between plants and sampling time, there 
was no separation between different pH and temperatures. 
However, there was an evident effect on OTUs from Chro-
matiales, Clostridiales, and mainly Desulfobacterales dur-
ing decomposition. Desulfobacterales are sulphate reducers 
commonly observed in mangroves microbiomes [4, 6, 38, 
40, 51].

The changes observed in our experiment indicate that 
even with climate change, the critical factor for colonisa-
tion, degradation and GHG emissions is the plant species. 
Probably due to the chemical composition of the material. 
The changes in pH and temperature did not significantly 
influence the microbial community structure and degrada-
tion rate. However, temperature changes have increased the 
emission of CO2 and CH4 in the first ten days of decom-
position. Altogether, our data show that even though the 
microbial community structure in these decaying leaves was 
not affected, its activity was, and this alteration was likely 
related to the decomposition of soluble non-recalcitrant 
compounds. This highlights the complexity of the responses 
of microorganisms to the slight changes predicted to occur 
and that they can have significant global impacts if it hap-
pens equally throughout the mangroves.

In conclusion, our study shows role of environmental 
parameters in shaping greenhouse gas (GHG) emissions 
during the decomposition of organic matter in mangrove 

Discussion

In mangrove ecosystems, the organic matter that is not 
exported through tidal action is deposited on the sediment. 
Between 35 and 50% of it is soluble and readily available for 
the microbial community, while the lignocellulosic material 
is a recalcitrant [3, 29]. The decomposition rate varies due 
to environmental characteristics and plant composition [29–
31]. Thus, the variation observed between plant species can 
be attributed to the differences in the chemical composition 
[15, 16].

However, we could only detect a small but not signifi-
cant effect of pH and temperature on the degradation of this 
material despite the increase in GHG emissions in the first 
ten days. Therefore, the rapid loss of weight from the solu-
ble portion of the plant material must be responsible for the 
GHG emissions, and the lignocellulosic degradation must 
not be affected by the changes in pH and temperature.

The GHG emission was different between the three 
sampled species, which indicates that despite a background 
emission from the sediment, the addition of leaves signifi-
cantly affected the emission pattern. The differences also 
agree with previous results that showed that these emis-
sions varied according to the composition of the plant mate-
rial [32, 33]. In addition, the temperature was one of the 
parameters that affected GHG production due to a possible 
increase in the overall metabolic rate of the microorganisms 
[33], which may lead to positive feedback.

The increase in temperature was linked to an increase 
in the production of CO2 likely due to the stimulation of 
genes involved in decomposition from Proteobacteria, Fir-
micutes, Actinomycetes, Cyanobacteria and Fungi [34]. In 
another experiment, they observed an increase in CO2 and 
CH4 emissions in flooded soils with a 10 °C increase in the 
temperature [35]. The link between increasing temperature 
and GHG emissions is observed due to the differences in 
temperature between seasons; in summer, the emission is 
significantly higher in mangroves [9, 36].

The emissions of CH4, however, were only higher in 
Laguncularia sp. and Avicennia sp. This increase is related 
to a change in the flow of carbon and electrons, favoring 
methanogenesis [7, 32, 33, 36]. However, soils and sedi-
ments with more alkaline pH usually produce more meth-
ane than more acidic ones [33, 36], explaining the contrasts 
between plants and sampling times.

Despite the differences in CO2 and CH4 emissions pre-
sented above, the production of N2O did not differ between 
samples. The high concentrations of nitrogen in these sedi-
ments [4] might explain the contrasting emissions of this 
gas [7], and the competition with aerobes and sulfate reduc-
ers might explain the low emissions observed [37].
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