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While there is consensus that blue carbon ecosystems, such as mangroves, have an important role in 
mitigating some aspects of global climate change, little is known about mangrove carbon cycling under 
elevated atmospheric CO2 concentrations (eCO2). Here, we review studies in order to identify pathways for 
how eCO2 might influence mangrove ecosystem carbon cycling. In general, eCO2 alters plant productivity, 
species community composition, carbon fluxes, and carbon deposition in ways that enhance mangrove 
carbon storage with eCO2. As a result, a negative feedback to climate change exists whereby eCO2 adds 
to mangrove’s ability to sequester additional carbon, which in turn reduces the rate by which CO2 builds. 
Furthermore, eCO2 affects warming and sea-level rise (SLR) through alternate pathways, which coinfluence 
the mangrove response in both antagonistic (i.e., warming = greater carbon loss to decomposition) and 
synergistic (i.e., SLR = greater soil carbon burial) ways. eCO2 is projected to become a more prominent 
driver in the future before reaching a steady state. However, given the complexity of the interactions 
of biological and environmental factors with eCO2, long-term field observations and in situ simulation 
experiments can help to better understand the mechanisms for proper model initialization to predict 
future changes in mangrove carbon sequestration.

Introduction

Forests are known to be prominent drivers of Earth’s climatic 
environment [1–3]. Forest-based natural climate solutions have 
experienced a growing interest in recent years as a potential 
major contributor to meeting nationally determined carbon 
targets set forth by the 2015 Paris Agreement [4]. "Blue carbon 
ecosystems" are of particular importance in this context because 
of their extraordinarily high carbon sequestration capacity per 
unit area. Established blue carbon ecosystems are mangrove 
forests, tidal marshes, and seagrass beds [5]. Mangroves are 
much better studied and are well known for their high carbon 
sequestration rate in both biomass and sediments. Therefore, 
the restoration and management of mangroves are recognized 
as a key potential and self-sustaining forest-based natural climate 

solution to mitigate global climate change [6,7]. In addition to 
carbon sequestration, mangrove communities provide critically 
important habitat and feeding grounds for a range of inverte-
brates, water birds, and fish as well as other ecosystem services, 
including coastal protection, filtration, and trapping of pollut-
ants [8]. Mangroves are also sensitive to temperature change, 
elevated atmospheric CO2 concentrations (eCO2), sea-level rise 
(SLR), and extreme climatic events [9–11], in part because the 
rate of change that occurs in the coastal zone [12] is high and 
exacerbated by human activity.

Currently more focus is placed on the response of man-
groves to atmospheric warming and SLR, but the cause of these 
2 factors, namely eCO2, directly affects mangrove carbon cycling 
by increasing photosynthesis and influencing the allocation of 
carbon biomass to different plant and ecosystem pools. eCO2 
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also has indirect effects on a range of plant properties, such as 
nutrient stoichiometry [13–15]. CO2 has rapidly increased in 
the atmosphere since long-term instrumental measurements 
first began in the 1950s [16]. Depending on different Shared 
Socio-economic Pathways (SSPs), atmospheric CO2 is projected 
to rise to between 445 (SSP1-1.9) and 1135 (SSP5-8.5) ppm 
(parts per million) by the end of the 21st century [17].

The very likely, but not well-known, influence of eCO2 on 
mangrove carbon cycling contributes to the uncertainty of 
future blue carbon sequestration in mangroves, or the perma-
nence of carbon already buried. Early studies of mangroves’ 
responses to eCO2 focused largely on CO2 fertilization in seed-
lings, a concept that refers to the potentially beneficial effects of 
eCO2 on plant growth over short time intervals [18,19]. However, 
nearly half of the existing studies have focused on mangrove 
responses to the combined effects of other factors (e.g., atmos-
pheric warming and SLR) (Table 1). The lack of clarity on the 
links between species attributes and their responses to eCO2 
and additional environmental factors gives rise to failures in 
predicting growth and physiological responses to eCO2 or seed-
ling recruitment under eCO2 and other environmental condi-
tions [20–22].

Thus, predicting the responses of mangrove blue carbon stor-
age, the majority of which occurs in the soil, in future climate 
scenarios with eCO2 is complicated by the uncertainty of eco-
system responses [23]. As a feature of the anthropocene, eCO2 
is occurring simultaneously with other anthropogenic impacts 
(e.g., land use and land cover change, regulations of hydrology, 
and coastal development), which will also influence blue carbon 
sequestration.

However, only a few studies have been conducted on the effects 
of eCO2 at the scale of the mangrove community over the long 
term because of the difficulty in imposing eCO2 experiments in 
coastal environments (Table 1). Currently, there is a critical gap 
in our knowledge of how climate-associated environmental fac-
tors interact to affect mangroves and their carbon accounting.

Here, we focus on assessing how mangroves respond to eCO2, 
aiming to (a) discover the key processes in mangrove carbon 
cycling; (b) explore the combined effects of eCO2 and other 

anthropogenic factors on mangrove carbon sequestration; and 
(c) project the change in mangrove blue carbon storage under 
different eCO2 scenarios. Based on the Web of Science Core 
Collection of Clarivate Analytics, studies from 1980 January 1 
to 2022 April 30 have been conducted on TS = eCO2, TS = SLR, 
TS = Warming, TS = eCO2*SLR, TS = eCO2*Warming, TS = 
SLR*Warming, and TS = eCO2*SLR*Warming, locating a total 
of 74 papers involving mangrove response to eCO2 (Table 1). 
There were no restrictions on language, document type, data 
category, or a document’s year. To avoid misquotation, we read 
each paper (including gray literature) comprehensively and 
performed an integrated analysis of all data from the literature 
with original experimental data (only 9 papers). In order to 
understand the effects on the carbon sequestration capacity of 
mangroves under eCO2, we compared the differences among 
various parameters related to carbon sequestration capacity 
under different atmospheric CO2 concentrations. If the litera-
ture did not have original data about the mangrove responds to 
eCO2, they were not included in data analysis (Tables 2 and 3). 
However, we have also reviewed their relevant comments in 
the discussion section. This review also aims to identify critical 
knowledge gaps in ecosystem responses to eCO2, the closing 
of which would improve our understanding of a key aspect of 
mangrove blue carbon cycling.

eCO2 and Mangrove Carbon Cycling
Atmospheric CO2 concentrations ultimately determine the mate-
rial base for mangrove growth as carbon is extracted from CO2 
through photosynthesis. The largest carbon flux in a mangrove 
ecosystem is the CO2 exchange among plants, soil, and the atmos-
phere (CO2 flux in the vertical direction) (Fig. 1), with CH4 
maintaining a smaller footprint as a carbon source per se. A 
large proportion of CO2 fixed in primary production is released 
into the atmosphere by canopy respiration, while the rest of the 
fixed carbon enters into the mangrove forest carbon cycle in 
the form of wood, roots (and their exudates), and foliage growth 
and decomposition [24]. Carbon in litterfall (foliage, small 
branches, and reproductive structures) is partly captured and 
fixed in the sediment but also decomposed or exported out of 
the mangrove ecosystem [25]. The export of carbon occurs via 
the lateral flux of detritus, dissolved inorganic carbon or organic 
carbon [26,27], and some of this carbon provides a permanent 
contribution to stored carbon within the ocean [28]. Soil and 
live belowground root respiration, as well as CH4 emissions from 
surface sediments release a portion of carbon directly back 
to the atmosphere. Indeed, CH4 emissions from mangroves, 
previously assumed to be negligible, are actually an important 
conduit for carbon loss when assessed by their influence on 
atmospheric warming [29], especially among mangroves with 
lower salinity as a permanent or seasonal condition. Under cur-
rent climate conditions, the carbon budget of mangrove above-
ground biomass has been well sorted [30,31]. However, carbon 
flux process at the soil–atmosphere interface is more complicated 
to capture for the purposes of modeling or assigning large-area 
flux values. Additionally, there are few long-term, ecosystem-
scale studies that have simulated the effects of eCO2 on mangrove 
communities [32]. Because eCO2 has the potential to influence 
carbon cycling and long-term storage, long-term and large-scale 
studies of the effects of eCO2 on mangrove communities have 
great significance for projecting carbon fluxes under eCO2 at 
large temporal and spatial scales.

Table 1. Number of Web of Science core collection references of 
global change studies in coastal wetlands that were published 
between 1980 and 2022. Based on the Web of Science Core 
Collection of Clarivate Analytics, studies from 1980 January 1 to 
2022 April 30 have been conducted on TS = eCO2, TS = sea-level 
rise (SLR), TS = Warming, TS = eCO2*SLR, TS = eCO2*Warming, 
TS = SLR*Warming, and TS = eCO2*SLR*Warming.

Factor type
Factors

Coastal 
wetland

Mangrove
Salt 

marsh

Single 
factor

eCO2 87 74 100

SLR 1,718 1,284 1,845

Warming 387 495 343

Two factors

eCO2*SLR 47 23 45

eCO2*Warming 16 17 14

Warming*SLR 124 115 100

Multifactors eCO2*SLR*Warming 7 8 5
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Above-ground carbon sequestration
The growth response of individual mangrove plants is related 
to increased photosynthetic rates (Pn) of leaves under eCO2. 
Mangroves also respond to eCO2 by reducing stomatal con-
ductance, stomatal density, and other physiological or morpho-
logical characteristics that could serve to reduce Pn [33,34]. 
Jacotot et al. [18] found that the Pn of Avicennia marina and 
Rhizophora stylosa seedlings increased by 59% and 75%, respec-
tively, with eCO2 up to a concentration of 800-ppm CO2. In fact, 
stimulated Pn is a general trend when measured under eCO2 in 
mangroves, with increases ranging from 11% to 96% (Table 2).

For context, in herbaceous brackish wetlands, eCO2 improved 
leaf Pn or reduced photorespiration, photoinhibition, and evapo-
transpiration [35,36] and enhanced plant growth [18]. However, 
after long-term manipulation of eCO2, photosynthesis-related 
genes and Rubisco activity may be down-regulated to adapt to 
higher CO2 as has been observed in saltmarsh vegetation [37]. 
In terrestrial systems, eCO2 can reduce transpiration of C3 plants 
and improve leaf water use efficiency (WUE) [38].

In pot experiments, the WUE of mangroves increased by 
17% to 213% with eCO2 (Table 2), which was mainly caused by 
the increases in Pn [14,15]. This kind of leaf structural change 
substantially increases the WUE of leaves [39]. Indeed, from the 
available studies, it is likely that eCO2 will moderately improve 
the salinity tolerance of mangroves through enhanced WUE.

eCO2 influences the carbon-to-nitrogen ratio (C:N ratio) in 
plant tissue [18]. The C:N ratio of terrestrial plants increased 
by approximately 15% in eCO2 treatments [40], similar to obser-
vations in mangroves [41]. Jacotot et al. [18] showed that carbon 
fixation and the C:N ratio in roots and leaves increased remark-
ably with eCO2; in this case, they are driven by low nitrogen 
content in plant tissues. The eCO2 treatments also reduced leaf 
stomatal conductance, which limits transport of soil nitrogen to 
leaves in the transpiration stream [14]. In addition, phosphorus 

content in mangrove leaves decreased with eCO2 [39]. This phe-
nomenon was also linked to the decreased transpiration rates 
of leaves under eCO2. Declining transpiration rates and limited 
transport of phosphorus from roots to above-ground biomass 
are likely to have a important impact on the growth rate of man-
groves in response to eCO2, especially in phosphorus-limited 
habitats [15].

Specific leaf area (SLA), the leaf area-to-weight ratio, is an 
indicator of CO2-induced changes in growth and photosynthetic 
activity [42–44]. Variations in SLA were observed in some man-
grove species in the experimental eCO2 treatments (Table 2). 
Increases in SLA have been attributed to increases in the con-
centration of nonstructural carbohydrates within leaves [18], 
while an increase in nonstructural carbohydrates reduces SLA 
in terrestrial species [44]. In most controlled experiments, man-
grove SLA increased with eCO2 [18,33,45]. However, there are 
also opposite results in some studies with the same species, which 
may be related to the different time scales of studies, where shorter 
time scales may not be sufficiently long for changes in the SLA 
since this characteristic would be manifested in new leaf growth 
under said conditions [45]. Using herbarium specimens from 
a 167-year record, Reef and Lovelock [46] found declining SLA 
over time as CO2 concentrations have increased, inferring that 
primary productivity and growth of Avicennia marina (but not 
Rhizophora stylosa) have increased with eCO2 in the atmosphere. 
However, change in SLA with eCO2 probably does not occur 
where nutrients limit plant growth, as excess carbohydrates 
associated with increased photosynthesis were not transformed 
into plant tissue in terrestrial tree species growing under nutri-
ent limitation [47].

Complicating our understanding of how eCO2 affects man-
groves are several bidirectional effects that have been documented 
for halophyte growth [33,41,48,49]. Laboratory data revealed 
that some mangrove species showed enhanced growth, while 

Table 2. The effects of elevated CO2 on mangroves growth and carbon assimilation properties presented as the % change relative to values 
measured at ambient CO2 concentrations (marked as ambient or low CO2 concentrations).

Species
CO2 (ppm) ambient  

vs. elevated
Other Factors RGR BRGR SLA NPP Pn WUE Reference

Avicennia germinans 400 vs. 800 Nitrogen −3.7 −13.2 — — 37.3 235.6 [15]

Avicennia germinans 365 vs. 720 Nitrogen 15.2 — −4.8 — — — [41]

Avicennia germinans 400 vs. 800 Salinity — — 3.6 — 16.9 172.7 [39]

Avicennia germinans Instantaneous — — — — −14 — — [19]

Avicennia marina 400 vs. 800 Flooding 95.5 44.8 44.6 — 58.5 98.8 [14], [18]

Conocarpus erectus Instantaneous — — — — −8 — — [19]

Kandelia obovata 400 vs. 700 — 15.4 153.3 — — — — [42]

Laguncularia racemosa Instantaneous — — — — −27 — — [19]

Rhizophora apiculata 340 vs. 700 Salinity, humidity 35.9 — −6.2 — 40.5 14 [45]

Rhizophora apiculata Instantaneous — — — — −12 — — [19]

Rhizophora mangle 350 vs. 700 — 20.7 — 1.3 — 12.5 — [33]

Rhizophora stylosa 340 vs. 700 Salinity, humidity 42.3 — −0.3 — 46.2 52.2 [45]

Rhizophora stylosa 400 vs. 800 Flooding 47.5 3.5 7 — 58.5 59.6 [14], [18]

RGR, relative growth rate; BRGR, belowground relative growth rate; SLA, specific leaf area; Pn, photosynthesis rate. WUE (water use efficiency) indicates no 
data. Instantaneous indicates a short exposure to a high CO2 environment during measurement.
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others declined or exhibited little or no change (Table 2). In 
mangrove seedlings, the growth rates increased by 15% to 96% 
under eCO2 (Table 2). Jacotot et al. [18] found that the relative 
biomass growth rates of Avicennia marina and Rhizophora 
stylosa seedlings increased by 95% and 47%, respectively, under 
sustained CO2 concentrations of 800 ppm. In contrast, for 
Avicennia germinans in one study, growth was inhibited while 
in other studies it was not (Table 2). In addition, Manea et al. 
[22] suggested that Aegiceras corniculatum seedlings were insen-
sitive to eCO2, and growth was even suppressed. Interspecific 
differences in mangrove response to eCO2 may depend as strongly 
on species responses to various environmental stresses as they are 
to eCO2 per se [45]; given the 70 mangrove species or putative 
hybrids present globally [50], species × environment stress × 
eCO2 adjudication represents a large data gap. For example, 
R. stylosa increased growth at low humidity, while R. apiculata 
which occurs in the humid tropics did not [45].

Below-ground carbon sequestration
eCO2 improves seedling productivity by promoting growth, 
which may lead to increased carbon sequestration in mangrove 

ecosystems through below-ground adjustment, similar to above-
ground adjustment [14,18]. Indeed, mangroves depend more 
strongly on root growth than litterfall to build vertical eleva-
tions and adjust to SLR [51], which in turn vectors root-based 
carbon belowground into long-term storage. Mangroves vary 
in their relative dependence on minerogenic versus biogenic 
processes as well [52], and this relative dependence feedbacks 
to carbon sequestration potential among mangrove types [53]. 
Some mangroves rely completely on root productivity to sup-
port vertical soil adjustment (e.g., [54]). The large root biomass 
and complex structure of mangrove roots not only maintain 
the plant community in soft sediments but also intercept alloch-
thonous sediment for greater shoring [10].

Below-ground carbon sequestration in mangroves is divided 
into the production of roots and the burial of organic matter, 
which consists of autochthonous production, mainly from roots 
and litter, and the allochthonous supply of mineral sediment 
and carbon (Fig. 1). The mineral sediment supply is independ-
ent of eCO2, and the proportion of the overall below-ground 
carbon burial varies with the type of environmental setting 
of the mangrove ecosystem [53]. River- and tide-dominated 

Table 3. Studies conducted on mangrove responses to eCO2 condition showing the location, experimental setting, interacted factors and 
time scale.

Species Study sites Methods
CO2 (ppm) ambient  

vs. elevated
Interacted factor Time scale Reference

Aegiceras cornicu-
latum, Avicennia 
marina

Australia Greenhouse 400 vs. 600 Salinity, 
competition

244 d [22]

Rhizophora stylosa, 
Avicennia marina

New Caledonia Greenhouse 400 vs. 800 Flooding period 365 d [14], [18]

Avicennia 
germinans

United States Greenhouse 380 vs. 700 Competition 308 d [90]

Avicennia 
germinans

Panama Greenhouse 400 vs. 800 Soil nutrient 132 d [15]

Avicennia 
germinans

Panama Greenhouse 280, 400, 800 Salinity 132 d [39]

Rhizophora stylosa, 
Avicennia marina

Indo-western 
Pacific Region

Museum 
specimens

280–400 Latitude 167 year [46]

Avicennia marina, 
Avicennia alba, 
Avicennia officinalis

Bangladesh Field, chamber 373.5-378 No interacted 
factors

913 d [105]

Avicennia 
germinans

United States Greenhouse 365 vs. 720 Soil nitrogen 
content

500 d [41]

Rhizophora mangle, 
Avicennia germi-
nans, Laguncularia 
racemose, 
Conocarpus erectus

United States Greenhouse, leaf 
chamber

340-360 361-485 No interacted 
factors

No data [19]

Rhizophora 
apiculata, 
Rhizophora stylosa

Australia Greenhouse 340 vs. 700 Salinity, humidity 98 d [45]

Rhizophora mangle United States Greenhouse 350 vs. 700 No interacted 
factors

408 d [33]
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mangrove ecosystems receive large allochthonous inputs of 
sediment and carbon, while these inputs are insignificant in 
carbonate settings, where root growth is the major contributor 
to below-ground carbon storage [55,56]. There are few studies 
on changes in root biomass in response to eCO2. Among these, 
eCO2 significantly increased the length, biomass, and carbon 
content in mangrove roots, but this response in mangroves was 
less than that in other woody plants [15]. In saltmarsh meso-
cosms grown for 5 months in simulated eCO2 (800 ppm) treat-
ments, the soil surface elevation was raised approximately 2 mm 
by below-ground root expansion, while the soil surface eleva-
tion under the ambient CO2 concentrations (400 ppm) decreased 
from shallow compaction [49]. Cherry et al. [57] also found that 
eCO2 could increase the root biomass of saltmarshes, which 
caused a seasonal increase in soil surface elevation. With eCO2, 
enhanced sequestration of organic carbon in mangrove soils is 
also expected.

eCO2 alters the subsurface processes inherent to mangroves 
through eCO2 effects on biomass growth and allocation and 
ecophysiological properties, such as root carbon concentrations 
and root density [58]. In response to eCO2, mangroves have 
higher carbon concentrations in roots and stems associated 
with an enhanced C:N ratio [18]. This may increase carbon 
sequestration in mangrove soils as the C:N ratio of plant tissue 
was negatively correlated with the decomposition rate of soil 
organic matter [59–62]. Therefore, changes in the composition 
of mangrove tissues under elevated CO2 may lower greenhouse 
gas emissions from soils and lateral carbon export to estuaries 

to improve the soil carbon storage capacity for mangrove 
ecosystems.

Further compelling is that microbial communities are abun-
dant in the thin layer of the rhizosphere of all wetland plants. 
These microbial communities have important functions in man-
grove ecosystems by controlling soil organic matter decompo-
sition and other biogeochemical processes (such as phosphorus, 
organic acid, and iron carriers) and underpinning ecosystem 
sustainability [63–65]. However, in at least one study, eCO2 was 
observed to have no significant impact on the rhizosphere bac-
terial community of Kandelia seedlings, but higher CO2 had a 
clear impact on the structure of the archaeal community pres-
ent within the soils, especially by influencing the presence of 
ammonia-oxidizing archaea [42], providing potential for eCO2 
priming of biogeochemical processes in mangrove soils. As car-
bon sources of rhizosphere microorganisms were manipulated, 
differences in their ability to use amino acids and carbohydrates 
led to changes in carbon metabolism [42].

Although eCO2 is likely to have a positive effect on growth 
for some mangrove species (all woody mangrove plants at C3), 
some of the models that project the future of mangroves using 
current atmospheric CO2 concentrations have predicted that 
rising temperatures will lead to decreased productivity, and 
mangroves are expected to disappear in some regions with increas-
ing global temperatures [66–68]. This apparent contradiction 
projects eCO2 versus increasing atmospheric temperatures as 
a relatively new complication. In the last decade, approximately 
10 studies reported results that eCO2 significantly increased 

Fig. 1. Elevated atmospheric CO2 effects on mangrove blue carbon sequestration and mangroves lateral distribution. SLR is sea-level rise; Rh means heterotrophic respiration; 
Ra means autotrophic respiration; + and − represent positive and negative effect.
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the Pn and relative growth rate (RGR) of mangrove seedlings 
(Table 2), which suggests that eCO2 may influence mangrove 
productivity and their global distributions. Elevated tempera-
ture was not a covariable in any of these experimental designs 
(Table 2). Including long-term larger-scale experimental studies 
along with ecosystem carbon flux models can help to increase 
the accuracy of models projecting mangrove growth and carbon 
sequestration in the future.

The Combined Effects of eCO2 with Multiple 
Environmental Factors

eCO2 response to offset SLR effects
Global warming, as a consequence of eCO2, raises the sea level 
from thermal expansion of the oceans and the melting of polar 
ice, which may threaten mangrove ecosystems when mangrove 
sediment accretion and surface elevation are in large deficit with 
SLR [69] and/or landward migration of the mangrove ecosys-
tems is prevented by steep morphological gradients, human set-
tlements, seawalls, and dikes [17,32,70]. However, SLR is a special 
concern for coastal management in this respect. Therefore, the 
combined effects of eCO2 and SLR have become a topic receiv-
ing the most attention when determining the response of man-
groves to eCO2, keeping in mind that SLR was the prominent 
driver of mangrove carbon sequestration over the Holocene in 
some parts of the world [71].

eCO2 directly promotes root growth and inhibits the decom-
position of organic matter. This response can increase the sur-
face elevation of wetlands to relieve the pressure of SLR if SLR 
is too high but may create a synergy if SLR is within the range 
of belowground adjustment, which has been demonstrated in 
saltmarshes [57,72]. The abundant structure of the above-ground 
roots can promote the interception or trapping of sediment and 
litter fall, further increasing soil volumes [73]. In mangroves, 
the promotion of sedimentation rates by above-ground roots and 
root zone expansion has a dual effect on mitigating the response 
to SLR [10]. Because of the positive influence of increasing 
allocation to belowground tissues and sediment trapping, the 
capacity of mangrove carbon sequestration will be generally 
enhanced under eCO2, while this advantage will decrease with 
SLR if there is no accommodation space landward [71]. The 
combined effects of eCO2 and SLR may contribute to mitigating 
climate change, if there is sufficient accommodation space for 
mangrove landward migration (Fig. 1), although some models 
suggest that this may not be the case [74].

However, only 20% of eCO2 studies focusing on coastal wet-
lands included the simulation of SLR (Table 1). One way to 
overcome the deficiency of experimental data is to integrate the 
time series datasets from field studies. Based on field data, a SLR 
tolerance threshold for saltmarsh responses to eCO2 was pro-
posed. Langley et al. [72] built a threshold model of tolerance 
to eCO2 and SLR for saltmarshes, which indicated that flood 
adaptation was generally larger than 3.9 mm year−1 in combi-
nation with elevated CO2 but will decreased by approximately 
1 mm year−1 when not considered in combination with elevated 
CO2. We need the similar models for mangroves to determine 
that they have the same phenomenon as saltmarshes.

The Sixth Assessment Report from Intergovernmental Panel 
on Climate Change (IPCC AR6) report (2021) presented 5 sce-
narios to predict global changes at the end of the 21st century. 
Here, we combined these models with a threshold model for 

mangroves to survive with eCO2 and SLR based on the assess-
ment of mangrove thresholds presented by Saintilan et al. [69]. 
A modified conceptual diagram is shown in Fig. 2. The black 
line approximates the relationship between eCO2 and SLR over 
the past 140 years. Among the SSPs, SSP1-1.9, SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5 were selected to represent 5 future 
climate scenarios. The eCO2 effect on surface elevation gain is 
conservative compared with that measured in the field exper-
iment [72], because of the uncertainties in extrapolating from 
short-term CO2 effects on soil elevation change to actual man-
grove elevation change in the field, which is influenced by 
subsidence, bioturbation, and other factors. When the rate 
of SLR under different scenarios exceeds the threshold of man-
grove tolerance to SLR, as indicated by the green dashed line, 
mangroves will degrade or die, which is all projected to occur 
in our simple model (Fig. 2). Thus, mangrove ecosystems will 
be threatened by SLR and even disappear with eCO2 in the 
future if mangroves cannot encroach inland. However, man-
groves were unable to encroach inland due to human alter-
ation of the landscape in many locations, such as where 
seawalls and dikes exist [75].

Increasing the allocation of biomass to root growth will 
accelerate soil elevation gain which can help mangroves resist 
SLR [10]. Species that have strong below-ground biomass growth 
under eCO2 could also lead to mangrove colonization of newly 
available sediment that may arise because of SLR and other coastal 
processes (Fig. 1). eCO2 can improve the RGR of mangroves 
(Table 2). The increment of RGR may also improve flooding tol-
erance of some species [14], which can help mangroves exposed 
to high levels of inundation, improving survival rates. In addi-
tion, eCO2 may concentrate nonstructural carbohydrates in leaf 
tissues [76], which could slow the decomposition of litter incor-
porated within the soil promoting greater contributions of 
organic matter to soil surface elevation gains (Fig. 1).

The combined effects of eCO2 and climatic factors
The different responses of mangrove species to eCO2 may also 
affect how communities respond to environmental pressures 
associated with alternate climatic change factors. A variety of 
environmental factors, such as soil salinity, nitrogen availability, 
and tidal inundation interact with eCO2 (Fig. 1). As halophytes, 
mangroves inhabit a moderate salinity environment, although 
salinity tolerance is variable by species. High salinity leads to 
a lower maximum growth rate for mangroves [77]. Global cli-
mate change is projected to strongly influence precipitation and 
evaporation, ultimately changing the salinity of estuarine and 
marine habitats and increasing the salinity pressure on man-
groves in regions where rainfall is reduced [20]. Although pho-
tosynthetic nitrogen utilization of leaves increased significantly 
under the combined effect of eCO2 and salinity, there was no 
significant increase in seedling growth by eCO2 when man-
groves grew under suboptimal salinity conditions (which salinity 
is not suitable for different mangrove species in their exper-
iments) [45,46]. With the combined effect of salinity, eCO2 had 
little influence on the RGR of mangroves at high salinity but 
enhanced the RGR at low salinity [45].

Global increases in CO2 have also led to increases in both 
air and seawater temperatures. Future increases in surface sea-
water temperature can help to further stimulate individual tree 
development as well as mangrove habitat expansion (where 
they are temperature limited), as temperature affects seedling 
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productivity with higher RGRs during warmer periods [78]. 
According to the often-used theoretical model of photosyn-
thesis, eCO2 influences the temperature response of photosyn-
thesis [79,80], increases leaf Pn, and promotes plant water use 
and net primary productivity [81]. Increasing temperature and 
eCO2 initially enhance microbial transformation rates of nitro-
gen and phosphorus in mangroves [13]. Under simultaneous 
warming and carbon “fertilization”, mangroves may expand 
more rapidly poleward especially given that much of that man-
grove expansion occurs in competition with, and at the expense 
of, C4 plant species (e.g., Spartina) distributions [11]. C4 spe-
cies are biochemically less able to make use of eCO2 through 
enhanced carbon fixation [72]. However, periods of high tem-
perature in tropical regions have also been associated with 
mangrove dieback (e.g., in northern Australia, [82]). To date, 
it is unknown how eCO2 will influence species responses to 
rising temperatures and associated declining leaf vapor pres-
sure deficits in the tropics, but declines in productivity and 
species diversity may occur.

The interaction of eCO2 and anthropogenic impacts
It is worth noting that the responsiveness of saltmarsh com-
munities to eCO2 is dependent on an ample nutrient supply [83]. 
The cycling of essential nutrients is also central to mangrove 
productivity. In the Anthropocene, the flow of nutrients, and 
other elements, beneficial or harmful to aquatic life into estu-
aries and the ocean has increased. Inflows enriched in nitrogen 
and phosphorus also present an opportunity for accelerated 
growth in mangroves, which are often nitrogen limited in coastal 

intertidal zones [84]. Mangroves respond to nutrient enrichment 
by increasing rates of photosynthesis [41]. Several studies have 
shown that the stimulatory effect of eCO2 on plant growth is 
limited by nutrients [15,85]. Therefore, eCO2 may have a pos-
itive biological impact on mangroves in areas with high nutrient 
availability. Previous experiments showed that the effects of eCO2 
on mangrove growth were greatly enhanced in the presence of 
additional nutrients [15]. Nutrient enrichment can also cause 
indirect effects on heterotrophic respiration by stimulating micro-
bial activity, which might offset biomass gains with eCO2. With 
nutrient enrichment, allocation to root growth can be reduced 
and above-ground biomass increased, thus increasing the vul-
nerability of mangroves to climatic disturbances [86]. Hence, 
with nutrient enrichment, the positive gains in above-ground 
biomass may be countered by the lack of root development to 
maintain autochthonous inputs to soils.

Over 70% of the studies we reviewed focused on mangrove 
responses to eCO2 combined with the effects of salinity, nutri-
ents, and competition, often with invasive species (Table 2). In 
addition to climate change, human activities are often the main 
cause of species invasion [87]. In order to protect coasts from 
erosion the saltmarsh cordgrass, Spartina alterniflora, has been 
introduced to China and has encroached into mangroves [88]. 
The photosynthetic ability of C3 populations can be increased 
by elevated CO2, while C4 populations rarely benefit from addi-
tional CO2 [81,89]. Differences in the response of C3 (such as 
mangroves) and C4 (such as Spartina alterniflora) plants to eCO2 
may encourage further invasion by some C4 non-native species. 
This situation could even influence carbon sequestration in the 

Fig. 2. Conceptual diagram of the mangrove tolerance threshold under elevated atmospheric CO2 and sea-level rise under a range of SSPs (modified in [17,72]). The blue dotted 
line represents a threshold of fixed SLR at 6.1 mm year−1 for global threshold that threatens many mangroves [69]. The green dashed line represents the surface elevation 
change (SEC) rate of mangrove ecosystems under the combined effect of eCO2 and SLR, based on the data from controlled experimental studies [104]. The difference 
between the dotted line and the green dashed line indicates the potential influence of eCO2 on mangrove resistance to SLR. SSP1-1.9: Holds warming to approximately 
1.5 °C above 1850 to 1900 in 2100 after slight overshoot (median) and implied net zero. SSP1-2.6: Stays below 2.0 °C warming relative to 1850 to 1900 (median) with implied 
net zero emissions in the second half of the century. SSP2-4.5: The SSP2-4.5 scenario deviates mildly from a “no-additional climate-policy” reference scenario, resulting in 
a best-estimate warming around 2.7 °C by the end of the 21st century relative to 1850 to 1900. SSP3-7.0: A medium to high reference scenario resulting from no additional 
climate policy under the SSP3 socioeconomic development narrative. SSP3-7.0 has particularly high non-CO2 emissions, including high aerosols emissions. SSP5-8.5: A high 
reference scenario with no additional climate policy. Emission levels as high as SSP5-8.5 are not obtained by integrated assessment models under any of the SSPs other than 
the fossil fueled SSP5 socioeconomic development pathway.
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intertidal zone, particularly under the combined effects of eCO2 
with SLR or enhanced soil nutrients [90]. Although eCO2 is 
likely to be a key driver of woody plant growth, the complexity 
of interactions within mangrove environments leads to uncer-
tainties for projecting mangrove growth responses to eCO2 and 
other environmental factors in the future.

Global warming caused by eCO2 has allowed mangroves to 
migrate to higher latitudes and encroach into saltmarshes in 
some temperate regions across continents [22,91]. Future increases 
in surface temperature can help to further stimulate tree devel-
opment. eCO2 can also influence the temperature response of 
photosynthesis in mangroves [79,80], increase the Pn of leaves 
[81], and affect plant water use and net primary productivity.

Development and Limitations  
of Research Methods

Many research efforts have been undertaken to discover how 
plants and ecosystems respond to eCO2, both in natural and 
managed systems. In terrestrial ecosystems, the primary effects 
of eCO2 on plants have come from studies on individual spe-
cies grown in controlled environments or enclosure facilities 
[92–98]. Due to technical limitations in the late 20th century, 
the measurements were focused at the leaf level and were car-
ried out in a leaf chamber with eCO2. These early experiments 
progressed to exposing potted plants in a small chamber/
greenhouse for short-term measurements as a way to study the 
physiological response of plants to eCO2. However, experiments 
to study the effects of eCO2 on coastal wetlands rarely included 
the variation in conditions of tidal environments [49]. Studies 
on mangrove responses to eCO2 have focused on the seedling/
sapling stages and have been conducted in microscale facilities 
(e.g., greenhouse or in situ growing chambers) while imposing 
some other environmental constraints [14,18,58,90]. These pre-
vious studies provided new knowledge on the mechanisms of 
carbon cycling at the individual plant level (Table 3). Controlled 
experiments were conducted on the seedlings/saplings in short-
term experiments (98 to 408 d) with limited species representa-
tion (e.g., species in Avicennia genus and Rhizophora genus) 
[14]. The influence of different interacting environmental fac-
tors commonly considered in experimental settings were salin-
ity, nutrition, flooding, and species competition (Table 3). The 
indices measured included photosynthetic characteristics, WUE, 
nitrogen use efficiency, and growth. There have been few studies 
conducted at the ecosystem scale, although some studies have 
deduced the response of mangroves to eCO2 since industrial-
ization with herbarium specimens (Table 3).

The conclusions from these experiments form the basis of 
our knowledge on the physiological responses of mangroves to 
eCO2, yet potential limitations occur when using the enclosure 
systems to simulate eCO2. For example, enclosures with eCO2 
simulation may amplify the down-regulation of photosynthesis 
and production [99] and may, through environmental modi-
fication, produce a “chamber effect” that exceeds the effect of 
elevating CO2. Chambers tend to be limited in size and may 
have restricted capacity to follow trees and crops to maturity 
using robust experimental designs [100]. Furthermore, growing 
plants in pots may restrict the rooting volume and suppress plant 
responses to eCO2 [49,101]. Mesocosms, which are defined here 
as large open-topped chambers, are relatively advanced research 
methods used to study ecosystem-scale responses to eCO2 in 

recent years [49]. These facilities are favored by scientists because 
they weaken the “chamber effect” caused by small spaces while 
allowing for control over a variety of environmental factors.

Along the same lines, large-scale free-air CO2 enrichment 
(FACE) experiments allow the exposure of mature plants to 
eCO2 in natural and fully open-air conditions. FACE designs 
allow temporal and spatial control of CO2 concentrations and 
have been used in crop and grass canopies and in homogeneous 
forests [102]. Limited data exist for long-term field manipula-
tion with FACE in forested ecosystems [103] but none in man-
groves. However, the impact of global climate change on the fate 
of mangroves is long-term, persistent, and important to under-
stand. Trajectories of mangrove blue carbon storage in future 
climate scenarios with eCO2 and SLR could be improved by 
development of methods suitable for large-scale and long-term 
field simulations of the effects of eCO2 on mangroves that can 
be utilized to inform predictions of future productivity and 
distribution of mangrove ecosystems.

Outlook
eCO2 are likely to play a major role in blue carbon cycling. 
However, the complex and variable climate conditions to which 
mangroves are exposed lead to uncertainty in trajectories of 
future carbon sequestration. As one of the world’s carbon stor-
age hotspots, mangroves offer a pathway for efficient blue carbon 
storage and can play a role in carbon mitigation and adaptation 
strategies. Despite such uncertainties associated with the effects 
of eCO2 on mangroves, especially due to the species-specific dif-
ferences and long-term effects for mangroves above-ground/
below-ground biomass, current knowledge indicates that many 
responses of mangroves to eCO2 can be positive in terms of car-
bon sequestration. Under eCO2, the litter biomass can increase 
and/or heterotrophic respiration and below-ground decay can 
decrease to support below-ground carbon burial. In contrast, 
the increase in autotrophic respiration and CH4 emissions with 
eCO2 may decrease future blue carbon accumulation potential 
(Fig. 1). However, many scientific questions remain to be addressed, 
and future research on the effect of eCO2 could include:

1. � Establish more experiments to understand the influ-
ence of eCO2 on below-ground biological processes, 
particularly including processes that lead to non-CO2 
greenhouse gas emissions. More fundamental research 
investigating interspecific differences of mangrove below-
ground processes in their responses to eCO2 could aid 
in reducing uncertainty in the impacts of eCO2 on man-
grove ecosystems.

2. � Increase knowledge of the combined effects of eCO2 
and other local environmental factors (e.g., hydrology, 
flooding, nutrient enrichment, and species competition) 
could reduce uncertainty in the impacts of eCO2 with 
varying anthropogenic and climate stressors.

3. � Increase the number of case studies on the impacts of eCO2 
on mangroves and on ecological processes using com-
bined simulation experiments and field observations. 
This could enable greater confidence in global-scale 
models that predict the size of mangrove ecosystem car-
bon sinks in the future.

4. � Invest in mesocosm-scale simulation experiments on 
the effects of eCO2, which could provide datasets for the 
prediction of mangrove seedling/sapling response in 
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the future. Investment in long-term eCO2 simulation 
experiments can help to reduce the uncertainty and 
improve the accuracy of prediction at an ecosystem 
scale. Additionally, long-term field observations that 
monitor carbon fluxes, e.g., eddy covariance and per-
manent plots, can help to calibrate predictive models. 
The accurate assessment of the carbon sequestration 
capacities and the potentials for future sequestration in 
mangroves under eCO2 scenarios can provide funda-
mental information for modeling.

5. � Strengthen science-policy linkages to develop the critical 
next steps in leveraging mangrove forest management 
for climate change mitigation efforts.

Multidisciplinary research teams and development of inno-
vative research methods can address the scientific directions 
recommended above. This research can integrate fundamental 
knowledge while broadening the community of practice of blue 
carbon science, which can contribute to management and new 
economic pathways to support carbon neutral strategies.

Acknowledgments
Funding: The National Natural Science Foundation of China 
(42076176 and U22A20584), the Natural Science Foundation 
of Fujian Province of China (2020J01048), the Fundamental 
Research Funds for the Central Universities of China 
(20720210075), and the Scientific and Technological Plant 
Projects in Xiamen (3502Z20226020) supported L.C. The U.S. 
Geological Survey Climate R&D Program provided support to 
K.W.K. The DSI/NRF Research Chair in Shallow Water Eco
systems (UID 84375) supported J.B.A. Competing interests: 
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared 
to influence the work reported in this paper. Any use of trade, 
firm, or product names is for descriptive purposes only and 
does not imply endorsement by the U.S. Government.

References

	 1.	 Anderegg WRL, Trugman AT, Badgley G, Anderson CM, 
Bartuska A, Ciais P, Cullenward D, Field CB, Freeman J, 
Goetz SJ, et al. Climate-driven risks to the climate mitigation 
potential of forests. Science. 2020;368(6497):Article eaaz7005.

	 2.	 Bonan GB. Forests and climate change: Forcings, 
feedbacks, and the climate benefits of forests. Science. 
2008;320(5882):1444–1449.

	 3.	 Thompson K. Forests and climate change in America: Some 
early views. Climate Change. 1990;3(1):47–64.

	 4.	 Griscom BW, Jonah B, Cook-Patton SC, Ellis PW, Leavitt SM, 
Guy L, Turner WR, Melissa C, Jens E, et al. National mitigation 
potential from natural climate solutions in the tropics. Philos 
Trans R Soc B Biol Sci. 2020;375(1794):20190126.

	 5.	 Lovelock CE, Duarte CM. Dimensions of blue carbon and 
emerging perspectives. Biol Lett. 2019;15(3):20180781.

	 6.	 Atwood TB, Connolly RM, Almahasheer M, Carnell PE, 
Duarte CM, Lewis CJE, Irigoien X, Kelleway JJ, Lavery PS, 
Macreadie PI, et al. Global patterns in mangrove soil carbon 
stocks and losses. Nat Clim Chang. 2017;7(7):523–528.

	 7.	 Macreadie PI, Anton A, Raven JA, Beaumont N, Connolly RM,  
Friess DA, Kelleway JJ, Kenndey H, Kuwae T, Lavery PS, et al.  

The future of blue carbon science. Nat Commun. 
2019;10(1):Article 3998.

	 8.	 Menéndez P, Losada IJ, Torres-Ortega S, Narayan S, Beck MW.  
The global flood protection benefits of mangroves. Sci Rep. 
2020;10(1):Article 4404.

	 9.	 Chen L, Wang W, Li QQ, Zhang Y, Yang S, Osland MJ, Huang JL, 
Peng C. Mangrove species’ responses to winter air temperature 
extremes in China. Ecosphere. 2017;8(6):Article e01865.

	 10.	 Krauss KW, McKee KL, Lovelock CE, Cahoon DR,  
Saintilan N, Reef R, Chen L. How mangrove forests adjust to 
rising sea level. New Phytol. 2014;202(1):19–34.

	 11.	 McKee KL, Rogers K, Saintilan N. Response of salt marsh 
and mangrove wetlands to changes in atmospheric CO2, 
climate, and sea level. In: Middleton BA, editor. Global change 
and the function and distribution of wetlands. Dordrecht 
(Netherlands): Springer; 2012. p. 63–96.

	 12.	 Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, 
Ackerly DD. The velocity of climate change. Nature. 
2009;462:1052–1055.

	 13.	 Alongi DM. Impact of global change on nutrient dynamics in 
mangrove forests. Forests. 2018;9(10):596.

	 14.	 Jacotot A, Marchand C, Gensous S, Allenbach M. Effects of 
elevated atmospheric CO2 and increased tidal flooding on leaf 
gas-exchange parameters of two common mangrove species: 
Avicennia marina and Rhizophora stylosa. Photosynth Res. 
2018;138(2):249–260.

	 15.	 Reef R, Slot M, Motro U, Motro M, Motro Y, Adame MF, 
Garcia M, Aranda J, Lovelock CE, Winter K. The effects of 
CO2 and nutrient fertilisation on the growth and temperature 
response of the mangrove Avicennia germinans. Photosynth 
Res. 2016;129(2):159–170.

	 16.	 Keeling RF, Graven HD. Insights from time series of 
atmospheric carbon dioxide and related tracers. Annu Rev 
Environ Resour. 2021;46:85–110.

	 17.	 IPCC Climate Change. The physical science basis. Cambridge 
(NY): Cambridge University Press; 2021.

	 18.	 Jacotot A, Marchand C, Allenbach M. Increase in growth and 
alteration of C:N ratios of Avicennia marina and Rhizophora 
stylosa subject to elevated CO2 concentrations and longer 
tidal flooding duration. Front Ecol Evol. 2019;7:98.

	 19.	 Snedaker SC, Araujo RJ. Stomatal conductance and gas exchange 
in four species of Caribbean mangroves exposed to ambient and 
increased CO2. Mar Freshw Res. 1998;49(4):325–327.

	 20.	 Alongi DM. The impact of climate change on mangrove 
forests. Curr Clim Change Rep. 2015;1(1):30–39.

	 21.	 Krauss KW, Lovelock CE, Mckee KL, López-Hoffman L, 
Ewe SML, Sousa WP. Environmental drivers in mangrove 
establishment and early development: A review. Aquat Bot. 
2008;89(2):105–127.

	 22.	 Manea A, Geedicke I, Leishman MR. Elevated carbon 
dioxide and reduced salinity enhance mangrove seedling 
establishment in an artificial saltmarsh community. 
Oecologia. 2020;192(1):273–280.

	 23.	 Drake BG. Rising sea level, temperature, and precipitation 
impact plant and ecosystem responses to elevated CO2 on 
a Chesapeake Bay wetland: Review of a 28-year study. Glob 
Chang Biol. 2014;20(11):3329–3343.

	 24.	 Alongi DM. Carbon sequestration in mangrove forest. 
Carbon Manag. 2012;3(3):313–322.

	 25.	 Twilley RR. The exchange of organic-carbon in basin 
mangrove forests in a Southwest Florida estuary. Estuar Coast 
Shelf Sci. 1985;20(5):543–557.

D
ow

nloaded from
 https://spj.science.org on M

arch 20, 2023

https://doi.org/10.34133/ehs.0033


Gu et al. 2023 | https://doi.org/10.34133/ehs.0033 10

	 26.	 Bouillon S, Borges AV, Castañeda-Moya E, Diele K,  
Dittmar T, Duke NC, Kristensen E, Lee SY, Marchand C, 
Middelburg JJ, et al. Mangrove production and carbon sinks: 
A revision of global budget estimates. Glob Biogeochem 
Cycles. 2008;22(2):Article GB2013.

	 27.	 Santos IR, Burdige DJ, Jennerjahn TC, Bouillon S, Cabral A,  
Serrano O, Wernberg T, Filbee-Dexter K, Guimond JA, 
Tamborski JJ. The renaissance of Odum’s outwelling 
hypothesis in 'Blue Carbon' science. Estuar Coast Shelf Sci. 
2021;255:107361.

	 28.	 Maher DT, Call M, Santos IR, Sanders CJ. Beyond burial: 
Lateral exchange is a significant atmospheric carbon sink in 
mangrove forests. Biol Lett. 2018;14:20180200.

	 29.	 Rosentreter JA, Maher DT, Erler DV, Murray RH, Eyre BD. 
Methane emissions partially offset “blue carbon” burial in 
mangroves. Sci Adv. 2018;4(6):Article eaao4985.

	 30.	 Alongi DM. Carbon cycling and storage in mangrove forests. 
Annu Rev Mar Sci. 2014;6:195–219.

	 31.	 Rovai AS, Riul P, Twilley RR, Castaeda-Moya E,  
Rivera-Monroy VH, Williams AA, Simard M, Cifuentes-Jara M,  
Lewis RR, Crooks S, et al. Scaling mangrove aboveground 
biomass from site-level to continental-scale. Glob Ecol 
Biogeogr. 2015;25(3):286–298.

	 32.	 Jennerjahn TC, Gilman E, Krauss KW, Lacerda LD,  
Nordhaus I, Wolanski E. Mangrove ecosystems under climate 
change. In: Rivera-Monroy VH, Lee SY, Kristensen E,  
Twilley RR, editors. Mangrove ecosystems: A global biogeographic 
perspective. Cham (Switzerland): Springer; 2017. p. 211–244.

	 33.	 Farnsworth EJ, Ellison AM, Gong WK. Elevated CO2 
alters anatomy, physiology, growth, and reproduction 
of red mangrove (Rhizophora mangle L). Oecologia. 
1996;108(4):599–609.

	 34.	 Lovelock CE, Krauss KW, Osland MJ, Reef R, Ball MC. The 
physiology of mangrove trees with changing climate. In: 
Goldstein G, Santiago LS, editors. Tree physiology. Cham 
(Switzerland): Springer; 2016.; Vol. 6:p. 149–179.

	 35.	 Hymus GJ, Baker NR, Long SP. Growth in elevated CO2 
can both increase and decrease photochemistry and 
photoinhibition of photosynthesis in a predictable manner. 
Dactylis glomerata grown in two levels of nitrogen nutrition. 
Plant Physiol. 2001;127(3):1204–1211.

	 36.	 Robredo A, Pére Z-LU, Maza HSD, González-Moro B, 
Lacuesta M, And M-PA, Muñoz-Rueda A. Elevated CO2 
alleviates the impact of drought on barley improving 
water status by lowering stomatal conductance and 
delaying its effects on photosynthesis. Environ Exp Bot. 
2007;59(3):252–263.

	 37.	 Drake BG, Gonzàles-meler MA, Long SP. More efficient 
plants: A consequence of rising atmospheric CO2? Annu Rev 
Plant Biol. 1997;148(1):609–639.

	 38.	 Polley W, Johnson HB, Marinot BD, Mayeux HS. Increase 
in C3 plant water-use efficiency and biomass over Glacial to 
present CO2 concentrations. Nature. 1993;361(6407):61–64.

	 39.	 Reef R, Winter K, Morales J, Adame MF, Reef DL, Lovelock CE.  
The effect of atmospheric carbon dioxide concentrations on 
the performance of the mangrove Avicennia germinans over a 
range of salinities. Physiol Plant. 2015;154(3):358–368.

	 40.	 Gifford RM, Barrett DJ, Lutze JL. The effects of elevated [CO2] 
on the C∶N and C∶P mass ratios of plant tissues. Plant Soil. 
2000;224(1):1–14.

	 41.	 McKee KL, Rooth JE. Where temperate meets tropical: 
Multifactorial effects of elevated CO2, nitrogen enrichment, 

and competition on a mangrove-salt marsh community. Glob 
Chang Biol. 2008;14(5):971–984.

	 42.	 Yin PQ, Yin MQ, Cai ZH, Wu GQ, Lin GH, Zhou J. Structural 
inflexibility of the rhizosphere microbiome in mangrove 
plant Kandelia obovata under elevated CO2. Mar Environ Res. 
2018;140:422–432.

	 43.	 Cornelissen JHC, Carnelli AL, Callaghan TV. Generalities 
in the growth, allocation and leaf quality responses 
to elevated CO2 in eight woody species. New Phytol. 
1999;141(3):401–409.

	 44.	 Poorter H, Navas ML. Plant growth and competition at 
elevated CO2: On winners, losers and functional groups. New 
Phytol. 2003;157(2):175–198.

	 45.	 Ball MC, Cochrane MJ, Rawson HM. Growth and water 
use of the mangroves Rhizophora apiculata and R. stylosa in 
response to salinity and humidity under ambient and elevated 
concentrations of atmospheric CO2. Plant Cell Environ. 
1997;20(9):1158–1166.

	 46.	 Reef R, Lovelock CE. Historical analysis of mangrove 
leaf traits throughout the 19th and 20th centuries reveals 
differential responses to increases in atmospheric CO2. Glob 
Ecol Biogeogr. 2014;23(11):1209–1214.

	 47.	 Kirschbaum MUF. Does enhanced photosynthesis enhance 
growth? Lessons learned from CO2 enrichment studies. Plant 
Physiol. 2011;155(1):117–124.

	 48.	 Lenssen GM, Lamers J, Stroeteng AM, Rozema J. Interactive 
effects of atmospheric CO2 enrichment, salinity and flooding 
on growth of C3 (Elymus athericus) and C4 (Spartina anglica) 
saltmarsh species. Vegetatio. 1993;104:379–388.

	 49.	 Reef R, Spencer T, Mӧller I, Lovelock CE, Christie EK, 
Mclvor AL, Evans BR, And Tempest JA. The effects of 
elevated CO2 and eutrophication on surface elevation 
gain in a European salt marsh. Glob Chang Biol. 
2017;23(2):881–890.

	 50.	 Duke NC, Ball MC, Ellison JC. Factors influencing 
biodiversity and distributional gradients in mangroves. Glob 
Ecol Biogeogr Lett. 1998;7(1):27–47.

	 51.	 Middleton BA, McKee KL. Degradation of mangrove tissues 
and implications for peat formation in Belizean island forests. 
J Ecol. 2001;89(5):818–828.

	 52.	 McKee KL, Krauss KW, Cahoon DR. Does geomorphology 
determine vulnerability of mangrove coasts to sea-level 
rise? In: Sidik F, Friess DA, editors. Dynamic sedimentary 
environments of mangrove coasts. Elsevier; 2021. p. 255–272.

	 53.	 Rovai AS, Twilley RR, Castañeda-Moya E, Riul P,  
Cifuentes-Jara M, Manrow-Villalobos M, Horta PA, 
Simonassi JC, Fonseca AL, Pagliosa PR. Global controls 
on carbon storage in mangrove soils. Nat Clim Chang. 
2018;8:534–538.

	 54.	 McKee KL, Cahoon DR, Feller IC. Caribbean mangroves 
adjust to rising sea level through biotic controls on change in 
soil elevation. Glob Ecol Biogeogr. 2007;16(5):545–556.

	 55.	 Jennerjahn TC. Relevance and magnitude of 'Blue Carbon' 
storage in mangrove sediments: Carbon accumulation rates vs. 
stocks, sources vs. sinks. Estuar Coast Shelf Sci. 2021;248:107156.

	 56.	 Twilley RR, Rovai AS, Riul P. Coastal morphology explains 
global blue carbon distributions. Front Ecol Environ. 
2018;16:503–508.

	 57.	 Cherry JA, McKee KL, Grace JB. Elevated CO2 enhances 
biological contributions to elevation change in coastal 
wetlands by offsetting stressors associated with sea-level rise. 
J Ecol. 2009;97(1):67–77.

D
ow

nloaded from
 https://spj.science.org on M

arch 20, 2023

https://doi.org/10.34133/ehs.0033


Gu et al. 2023 | https://doi.org/10.34133/ehs.0033 11

	 58.	 Arnaud M, Baird AJ, Morris PJ, Huck JJ. EnRoot: A 
narrow-diameter, inexpensive and partially 3D-printable 
minirhizotron for imaging fine root production. Plant 
Methods. 2019;15(1):101.

	 59.	 Hättenschwiler S, Gasser P. Soil animals alter plant litter 
diversity effects on decomposition. Proc Natl Acad Sci U S A. 
2005;102(5):1519–1524.

	 60.	 Jacob M, Viedenz K, Polle A, Thomas FM. Leaf litter 
decomposition in temperate deciduous forest stands with 
a decreasing fraction of beech (Fagus sylvatica). Oecologia. 
2010;164(4):1083–1094.

	 61.	 Zhang DQ, Hui DF, Luo YQ, Zhou GY. Rates of litter 
decomposition in terrestrial ecosystems: Global patterns and 
controlling factors. J Plant Ecol. 2008;1(2):85–93.

	 62.	 Zimmermann M, Meir P, Bird M, Malhi Y, Ccahuana A. 
Litter contribution to diurnal and annual soil respiration 
in a tropical montane cloud forest. Soil Biol Biochem. 
2009;41(6):1338–1340.

	 63.	 Bulgarelli D, Schlaeppi K, Spaepen S, van Themaat EVL, 
Schulze-Lefert P. Structure and functions of the bacterial 
microbiota of plants. Annu Rev Plant Biol. 2013;64:807–838.

	 64.	 Gomes NCM, Cleary DFR, Calado R, Costa R. Mangrove 
bacterial richness. Commun Integr Biol. 2011;4(4):419–423.

	 65.	 Zeng J, Zhao DY, Liu P, Yu ZB, Huang R, Wu QLL. Effects 
of benthic macrofauna bioturbation on the bacterial 
community composition in lake sediments. Can J Microbiol. 
2014;60(8):517–524.

	 66.	 Beaumont LJ, Pitman A, Perkins S, Zimmermann NE,  
Yoccoz NG, Thuiller W. Impacts of climate change on the 
world’s most exceptional ecoregions. Proc Natl Acad Sci U S A.  
2011;108(6):2306–2311.

	 67.	 Koch MS, Coronado C, Miller MW, Rudnick DT, Stabenau E,  
Halley RB, Sklar FH. Climate change projected effects on 
coastal foundation communities of the greater everglades 
using a 2060 scenario: Need for a new management 
paradigm. Environ Manag. 2015;55(4):857–875.

	 68.	 Osland MJ, Enwright N, Day RH, Doyle TW. Winter climate 
change and coastal wetland foundation species: Salt marshes 
vs. mangrove forests in the southeastern United States. Glob 
Chang Biol. 2013;19(5):1482–1494.

	 69.	 Saintilan N, Khan NS, Ashe E, Kelleway JJ, Rogers K, 
Woodroffe CD, Horton BP. Thresholds of mangrove survival 
under rapid sea level rise. Science. 2020;368(6495):1118–1121.

	 70.	 Church JA, Clark PU, Cazenave A, Gregory JM, Jevrejeva S,  
Levermann A, Merrifield MA, Milne GA, Nerem RS,  
Nunn PD, et al. Sea-level rise by 2100. Science. 
2013;342(6165):1445–1445.

	 71.	 Rogers K, Kelleway JJ, Saintilan N, Megonigal JP, Adams JB, 
Holmquist JR, Lu M, Schile-Beers L, Zawadzki A,  
Mazumder D, et al. Wetland carbon storage controlled by 
millennial-scale variation in relative sea-level rise. Nature. 
2019;567:91–95.

	 72.	 Langley JA, McKee KL, Cahoon DR, Cherry JA, Megonigal JP.  
Elevated CO2 stimulates marsh elevation gain, 
counterbalancing sea-level rise. Proc Natl Acad Sci U S A. 
2009;106(15):6182–6186.

	 73.	 Krauss KW, Allen JA, Cahoon DR. Differential rates of 
vertical accretion and elevation change among aerial root 
types in Micronesian mangrove forests. Estuar Coast Shelf Sci. 
2003;56(2):251–259.

	 74.	 Sandi SG, Rodriguez JF, Saco PM, Saintilan N, Riccardi G.  
Accelerated Sea-level rise limits vegetation capacity to sequester 

soil carbon in coastal wetlands: A study case in southeastern 
Australia. Earth’s Future. 2021;9(9):Article e2020EF001901.

	 75.	 Saenger P. Mangrove ecology, silviculture and conservation. 
Dordrecht (Netherlands): Kluwer Academic Publishers; 2002.

	 76.	 Poorter H, van Berkel Y, Baxter R, den Hertog J, Dijkstra P,  
Gifford RM, Griffin KL, Roumet C, Roy J, Wong SC. The 
effect of elevated CO2 on the chemical composition and 
construction costs of leaves of 27 C3 species. Plant Cell 
Environ. 1997;20(4):472–482.

	 77.	 Ball MC. Comparative ecophysiology of mangrove forest and 
tropical lowland moist rainforest. In: Mulkey SS, Chazdon RL,  
editors. Tropical forest plant ecophysiology. Boston (MA): 
Springer; 1996; p. 461–496.

	 78.	 Chapman SK, Feller IC, Canas G, Hayes MA, Dix N, Hester M,  
Morris J, Langley JA. Mangrove growth response to 
experimental warming is greatest near the range limit in 
Northeast Florida. Ecology. 2021;102(6):Article e03320.

	 79.	 Farquhar GD, Von Caemmere RS, Berry JA. A biochemical 
model of photosynthetic CO2 assimilation in leaves of C3 
species. Planta. 1980;149(1):78–90.

	 80.	 Lloyd J, Farquhar GD. Effects of rising temperatures and 
[CO2] on the physiology of tropical forest trees. Philos Trans 
R Soc B Biol Sci. 2008;363(1498):1811–1817.

	 81.	 Ainsworth EA, Long SP. What have we learned from 
15 years of free-air CO2 enrichment (FACE)? A meta-
analytic review of the responses of photosynthesis, canopy 
properties and plant production to rising CO2. New Phytol. 
2005;165(2):351–372.

	 82.	 Duke NC, Kovacs JM, Griffiths AD, Preece L, Hill DJE,  
van Oosterzee P, Mackenzie J, Morning HS, Burrows D. 
Large-scale dieback of mangroves in Australia’s Gulf of 
Carpentaria: A severe ecosystem response, coincidental 
with an unusually extreme weather event. Mar Freshw Res. 
2017;68(10):1816–1829.

	 83.	 Langley JA, Mozdzer TJ, Shepard KA, Hagerty SB, 
Megonigal JP. Tidal marsh plant responses to elevated CO2, 
nitrogen fertilization, and sea level rise. Glob Chang Biol. 
2013;19(5):1495–1503.

	 84.	 Feller IC, Lovelock CE, Berger U, McKee KL, Joyse SB,  
Ball MC. Biocomplexity in mangrove ecosystems. Annu Rev 
Mar Sci. 2010;2:395–417.

	 85.	 Zhu CW, Langley JA, Ziska LH, Cahoon DR, Megonigal JP. 
Accelerated sea-level rise is suppressing CO2 stimulation 
of tidal marsh productivity: A 33-year study. Sci Adv. 
2022;8(20):eabn0054.

	 86.	 Lovelock CE, Ball MC, Martin KC, Feller IC. Nutrient 
enrichment increases mortality of mangroves. Plos One. 
2009;4(5):e5600.

	 87.	 Giovos I, Katsanevakis S, Coll M, Piroddi C, Steenbeek J, 
Lasram FBR, Zenetos A, Cardoso AC. Human activities help 
alien species to invade the Mediterranean Sea. Front Young 
Minds. 2019;7:97.

	 88.	 Zhang YH, Huang GM, Wang WQ, Chen LZ, Lin GH. 
Interactions between mangroves and exotic Spartina in an 
anthropogenically disturbed estuary in southern China. 
Ecology. 2012;93(3):588–597.

	 89.	 Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A,  
Long SP, Ort DR. Elevated CO2 affects plant carbon, nitrogen, 
and water relations: Six important lessons from FACE. J Exp 
Bot. 2009;60(10):2859–2876.

	 90.	 Howard RJ, Stagg CL, Utomo HS. Early growth interactions 
between a mangrove and an herbaceous salt marsh species 

D
ow

nloaded from
 https://spj.science.org on M

arch 20, 2023

https://doi.org/10.34133/ehs.0033


Gu et al. 2023 | https://doi.org/10.34133/ehs.0033 12

are not affected by elevated CO2 or drought. Estuar Coast 
Shelf Sci. 2018;207:74–81.

	 91.	 Saintilan N, Wilson NC, Rogers K, Rajkaran A, Krauss KW. 
Mangrove expansion and salt marsh decline at mangrove 
poleward limits. Glob Chang Biol. 2014;20(1):147–157.

	 92.	 Battipaglia G, Saurer M, Cherubini P, Calfapietra C, 
McCarthy HR, Norby RJ, Cotrufo MF. Elevated CO2 increases 
tree-level intrinsic water use efficiency: Insights from carbon 
and oxygen isotope analyses in tree rings across three forest 
FACE sites. New Phytol. 2013;197(2):544–554.

	 93.	 Curtis PS. A meta-analysis of leaf gas exchange and nitrogen 
in trees grown under elevated carbon dioxide. Plant Cell 
Environ. 1996;19(2):127–137.

	 94.	 Curtis PS, Wang XZ. A meta-analysis of elevated CO2 effects 
on woody plant mass, form, and physiology. Oecologia. 
1998;113(3):299–313.

	 95.	 Kimball BA. Carbon dioxide and agricultural yield: An 
assemblage and analysis of 430 prior observations. Agron J. 
1983;75(5):779–788.

	 96.	 Terrer C, Phillips RP, Hungate BA, Rosende J, Pett-Ridge J, 
Craig ME, van Groenigen KJ, Keenan TF, Sulman BN,  
Stocker BD, et al. A trade-off between plant and soil carbon 
storage under elevated CO2. Nature. 2021;591(7851):599–603.

	 97.	 Wand SJE, Midgley GF, Jones MH, Curtis PS. Responses 
of wild C4 and C3 grass (Poaceae) species to elevated 
atmospheric CO2 concentration: A meta-analytic test 
of current theories and perceptions. Glob Chang Biol. 
1999;5(6):723–741.

	 98.	 Xu ZZ, Jiang YJ, Jia BR, Zhou GS. Elevated CO2 response of 
stomata and its dependence on environmental factors. Font 
Plant Sci. 2016;7:657.

	 99.	 Morgan JA, LeCain DR, Mosier AR, Milchunas DG. Elevated 
CO2 enhances water relations and productivity and affects 
gas exchange in C3 and C4 grasses of the Colorado shortgrass 
steppe. Glob Chang Biol. 2001;7(4):451–466.

	100.	 Mcleod AR, Long SP. Free-air carbon dioxide enrichment 
(FACE) in global change research: A review. Adv Ecol Res. 
1999;28:1–56.

	101.	 Arp WJ. Effects of source-sink relations on photosynthetic 
acclimation to elevated CO2. Plant Cell Environ. 
1991;14(8):869–875.

	102.	 Hendrey GR, Ellsworth DS, Lewin KF, Nagy J. A free-air 
enrichment system for exposing tall forest vegetation to 
elevated atmospheric CO2. Glob Chang Biol. 1999;5(3):293–309.

	103.	 Jiang MK, Medlyn BE, Drake JE, Duursma RA, Anderson IC,  
Barton CVM, Boer MM, Carrillo Y, Castaneda-Gomez L, 
Collins L, et al. The fate of carbon in a mature forest under 
carbon dioxide enrichment. Nature. 2020;580(7802):227–231.

	104.	 Chen L, Yang S, Lin G. Mangrove with global change in China. 
Fujian (China): Xiamen University Press; 2021. In Chinese,  
p. 73-86.

	105.	 Ray R, Chowdhury C, Majumder N, Dutta MK, 
Mukhopadhyay SK, Jana TK. Improved model calculation 
of atmospheric CO2 increment in affecting carbon stock of 
tropical mangrove forest. Tellus Ser B-Chem Phys Meteorology. 
2013;65:18981.

D
ow

nloaded from
 https://spj.science.org on M

arch 20, 2023

https://doi.org/10.34133/ehs.0033

	Changes in Mangrove Blue Carbon under Elevated Atmospheric CO2
	Introduction
	eCO2 and Mangrove Carbon Cycling
	Above-ground carbon sequestration
	Below-ground carbon sequestration

	The Combined Effects of eCO2 with Multiple Environmental Factors
	eCO2 response to offset SLR effects
	The combined effects of eCO2 and climatic factors
	The interaction of eCO2 and anthropogenic impacts

	Development and Limitations of Research Methods
	Outlook
	Acknowledgments
	References


