LIMNOLOGY
and

Limnol. Oceanogr. 63, 2018, 731–740

OCEANOGRAPHY

C 2017 The Authors Limnology and Oceanography published by Wiley Periodicals, Inc.
V

on behalf of Association for the Sciences of Limnology and Oceanography
doi: 10.1002/lno.10663

Using isotope labeling to partition sources of CO2 efflux
in newly established mangrove seedlings
Xiaoguang Ouyang

,* Shing Yip Lee,a Rod M. Connolly*

Australian Rivers Institute – Coast and Estuaries, and School of Environment, Griffith University, Southport, Queensland,
Australia

Abstract
Carbon dioxide (CO2) flux is a critical component of the global C budget. While CO2 flux has been
increasingly studied in mangroves, better partitioning of components contributing to the overall flux will be
useful in constraining C budgets. Little information is available on how CO2 flux may vary with forest age
and conditions. We used a combination of 13C stable isotope labeling and closed chambers to partition CO2
efflux from the seedlings of the widespread mangrove Avicennia marina in laboratory microcosms, with a
focus on sediment CO2 efflux in establishing forests. We showed that (1) above-ground part of plants were
the chief component of overall CO2 efflux; and (2) the degradation of sediment organic matter was the major
component of sediment CO2 efflux, followed by root respiration and litter decomposition, as determined
using isotope mixing models. There was a significant relationship between C isotope values of CO2 released
at the sediment–air interface and both root respiration and sediment organic matter decomposition. These
relative contributions of different components to overall and sediment CO2 efflux can be used in partitioning
of the sources of overall respiration and sediment C mineralization in establishing mangroves.

Mangroves contain variably thick organic sediments and
are the most carbon (C) rich forests (Donato et al. 2011;
Sanders et al. 2016). The high C accumulation capacity of
mangroves has been recognized, and termed “blue C,” along
with saltmarsh and seagrasses (Mcleod et al. 2011; Duarte
et al. 2013; Ouyang and Lee 2014). However, studies of mangrove carbon dioxide (CO2) flux vary in the precision of
their partitioning. CO2 flux in mangroves may originate
from the canopy, woody debris, root, litter and sediment
organic matter (SOM), and is collectively called ecosystem
respiration (Ee), which has been usually studied separately as
canopy (above-ground parts, Ec) and sediment respiration
(the other components, Es).
Mangrove organic material such as leaf litter, if not
exported, becomes incorporated in the sediment through
decay and chemically modified by microbes inhabiting the

mangrove forest floor (Kristensen et al. 2008). In contrast to
the intensively studied and relatively established pattern of
C exchange between mangroves and nearshore ecosystems
(Lee 1995), the pattern of C gas flux released from mangrove
sediment is less clear, although there is an increasing interest
in this topic and C gas flux at the ecosystem scale (Lovelock
2008; Barr et al. 2010; Chen et al. 2010, 2012; Livesley and
Andrusiak 2012; Barr 2013; Leopold et al. 2013, 2015, 2016;
Bulmer et al. 2015). A key but poorly known aspect is the
partitioning of Es attributable to various components, i.e.,
root, litter, and SOM (including the microphytobenthos).
Laboratory microcosms have been used effectively in studies of mangrove energy pathways. For example, Bui and Lee
(2014) evaluated relative contributions of organic matter
from mangrove leaf litter and sediment to crab’s diet via laboratory microcosms. Zhu et al. (2014) conducted a microcosm study to investigate the fate of two abundant
congeners in polluted mangrove sediment. We use laboratory microcosms to partition different sources of Ee, and in
particular Es. The microcosms emulate field conditions with
seedlings and sediments collected from mangrove forests,
and then growing seedlings in the sediments. The study
expands the horizon of current studies (e.g., Lovelock et al.
2015), which measure the portions of Ee in mature mangroves and do not completely partition Es.
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Isotopic (d13C) values can be used to distinguish photosynthetic pathways, shifts of vegetation and C sources supporting food chains (O’Leary 1981; Ouyang et al. 2015).
Further, there is evidence that d13C values can differ among
mangrove tissues, although no consistent patterns of variation has yet been demonstrated (Bouillon et al. 2008a).
There is also evidence that the SOM pool in mangroves was
consistently enriched in 13C in relation to the mangrove litter in sites where litter was expected to be the sole input
(Lallier-Verges et al. 1998). This difference is likely due to a
rise in microbial and fungal residues (Ehleringer et al. 2000).
However, the d 13C values of mangrove live tissues and litter
are usually not distinguished. Boon et al. (1997) documented
that the d13C values of the pneumatophores of Avicennia, a
widely distributed species, were on some occasions depleted
in d13C in relation to leaves by up to 3.1&, while Vane et al.
(2013) stated that the difference between leaves and
pneumatophores was < 2&. Rao et al. (1994) noted little difference in d13C values (< 1&) between fresh and senescent
leaves for five tree species of Kenyan mangroves, but for four
other species, senescent leaves were significantly depleted in
relation to fresh ones. However, Lee (2000) suggested that
the direction and magnitude of this difference was opposite.
Natural C isotope signals, therefore, may not be able to differentiate sources from roots and litter, suggesting that isotopic labeling might be preferable.
The enriched 13C isotope technique has been used to identify food sources with similar 13C signatures in food web
research to overcome the drawback of natural 13C (Lee et al.
2011), and been used in other ecosystems (Galvan et al. 2008;
Luo and Zhou 2010; Lee et al. 2012; Oakes et al. 2012).
Similarly, it may be applicable in partitioning the sources of
CO2 flux if combined with the closed chamber technique (Luo
and Zhou 2010; Ouyang et al. 2017), which has been used to
measure CO2 flux. The microcosms outweigh field experiments,
for which it is difficult to perform isotopic enrichment in leaf
litter and sediments under field conditions.
It is suggested that a relatively low proportion of the
organic matter in leaves of Avicennia is lost by leaching,
while most of the labile portion is present as non-leachable
but easily decayed organic material. Avicennia leaves tended
to be decayed through microbial action relative to crab consumption (Robertson 1988). Although decomposition rates
of mangrove litter vary (Lee 1999), much of the important
biochemical action occurs relatively quickly, with half-life
period of just 10.5 d for Avicennia (Sessegolo and Lana 1991).
The relatively short half-life period for Avicennia has been
attributed to lower tannin content and higher initial N concentrations (Alongi 2009). Hence, it takes a short time to
investigate the composition of Es, attributable to leaf litter
and their incorporated fraction into sediment for Avicennia.
This study aims to distinguish Ec and Es, and focuses on
partitioning Es attributable to different components using
laboratory microcosms. As Es occurs at the sediment–air
interface, tides were not set as a controlling factor in our

laboratory microcosms. 13C enrichment combined with the
closed chamber technique was used to partition different
sources of CO2 efflux in microcosms with Avicennia marina
seedlings simulating newly established stands. Our proposed
method has the advantage of partitioning Es without disturbing the sediment compared with directly measuring different
components of Es, e.g., the measurement of root respiration
from detached roots (Lovelock et al. 2015).

Experimental materials and methods
Laboratory microcosms
Seeds of A. marina (a cryptoviviparous species) and sediments were collected in June 2015 from the mangrove forest
on Tallebudgera Creek (28860 2200 S, 1538260 4900 E) in southeast
Queensland, Australia. The developing seedlings comprise
cotyledons with fine roots at one side but no branching
stems. Ninety healthy seeds were picked and planted in six
glass chambers (40 3 30 3 50 cm) containing local sediment
of 10 cm depth (see Fig. 1) and maintained at 248C ( mean
local ambient temperature) under fluorescent lighting in a
constant temperature room. Another chamber just contained
sediment without seedlings, established for the measurement
of ESOM. From the mangrove forest where the seedlings grew,
sediments were collected, mixed and then put in the chambers. The initial volumetric water content of sediment is
32.6% 6 4.1% (mean 6 SD), and sediment chlorophyll a concentration is 845.7 6 212.4 lg L21 (mean 6 SD). Seawater was
collected near the mangrove forest and injected in each
chamber in equal quantities every 2 d to keep the sediment
moist but not flooded. After injection, water either evaporated, or percolated through the sediment and could be
absorbed by the seedlings for growth. After 1 month when
leaves grew out of the cotyledons, polypropylene nets (1 cm
mesh size) were hung in three of the chambers (over the sediment but under the cotyledons) to collect leaf litter. The
netting was not set in the other three chambers. This net
design prevented incorporation of leaf litter into the sediment, thus allowing separation of the contribution of leaf
litter from Es. When seedlings had 4–6 leaves by August
2015, they were enriched with 13C using methods modified
from Bui and Lee (2014) and Bromand et al. (2001). A bottle
containing 25 mL of 1 M NaH13CO3 (99 atom% 13C, Cambridge Isotope Laboratories) was put in each chamber before
the chamber lid was tightly sealed. One milliliters of 1 M
HCl acid was added to the bottle every 2 d for 45 d through
a glass pipette passing through the lid of the chamber to
generate 13CO2 in situ. A small fan (D 5 8 cm) was turned on
for 30 min after the addition of acid to promote even dispersion of 13CO2 within the growth chamber. At the end of the
experiment, the seedlings grew to near the top of the chambers and were  40 cm height and the diameter of stems was
0.5 cm. After sampling at the end of the experiment, the
plots were dug up and the roots were found to grow to the
bottom of the chambers and some roots continued to extend
horizontally in the sediments.
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Fig. 1. Experimental setup in the three stages of the experiment.
SOM (ESOM) (Fig. 2). The closed chamber technique was used
to partition Ec and Es, with Ee 5 Ec 1 Es. Nets were set in three
of the six chambers to collect leaf litter, allowing d13C to partition sediment CO2 into Er and ESOM. The difference of CO2
efflux from sediments in chambers with and without nets,
measured by the closed chamber technique, estimated El.
The labeling experiment exposed the above-ground portion of seedlings to the 13C-labeled tracer inside the glass
chambers. Photosynthesis incorporates 13C-labeled CO2 into
carbohydrate immediately following exposure. The labeled
carbohydrate within labile C pools is utilized for respiration
over time, assimilated by structural substances of plant tissues via growth, then allocated to the rhizosphere, and transferred to SOM. Samples of mangrove tissues, sediment, and
respired CO2 were collected for the analysis of d13C to trace
the fate of labeled C. Relative quantities of 13C were
employed to show partitioning of photosynthetically fixed C
into various functional processes on the grounds of the mass
conservation principle.
Ee and Es of each chamber were combined to partition Ec.
Meanwhile, an isotope mixing model was used to estimate
average d13C of Ec.

Sample collection and analysis
In October 2015, samples were collected from the chambers
to partition Ec and Es, and to partition different sources of Es. A
SBA5 gas analyzer (PP system, U.S.A.) was employed to measure CO2 efflux with a rotary pump, allowing air circulation
within the closed loop. To begin with, CO2 from the closed
chambers was collected by 12 mL borosilicate vacutainers
(Labco Limited, UK), followed by CO2 efflux measurement.
Likewise, CO2 from two plots (replicates) of sediment in each
chamber was collected with 200 mL containers. The containers were inserted into sediment and remained for 10 min
before gas collection. Es from each replicate was measured
before a closed container was inserted in the sediment where it
remained for 20 min. Then a pooled sample of new live roots
from the seedlings was collected and frozen immediately. A
pooled sample of leaf litter from the chambers without nets
was collected and sealed in 5 mL polystyrene screw-cap vials.
Similarly, a pooled sample of the top sediment from 0 cm to
5 cm below the bottom of the litter layer was collected from
the chambers. The root samples were dried at 708C for 48 h
and then ground to pass through a 0.86 mm sieve. d13C value
of CO2 were measured by Cavity Ring-Down Spectrometry
(DS–CRDS) at James Cook University, Queensland, Australia.
The dried litter and sediment samples were individually
ground to pass through a 20-mesh sieve for 13C isotopic analysis. Sediment samples were acidified by 1M HCl until there was
no effervescence to remove carbonate matter. The d13C values
of mangrove roots, litter and sediment were analyzed by the
Stable Isotope Laboratory, Griffith University.

d13 Cen 5fsn d13 Csn 1fcn d13 Ccn
fsn 5

Esn
Een

fsn 1fcn 5100

(1)
(2)
(3)

Where Esn and Een are CO2 efflux from sediment and
chambers with nets, d13 Cen , d13 Csn ; and d13 Ccn are the d13 C
values of Een, Esn, and Ecn in chambers with nets, fsn and fcn
are the fraction of Esn and Ecn contributing to Een.

Methods and principles of CO2 efflux partitioning
Ee is composed of Ec and Es. Es consists of CO2 efflux from
root respiration (Er) and decomposition of litter (El) and
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Fig. 2. A conceptual diagram describing the components of Ee and Es. The net prevents leaf litter from accumulating on the sediment surface and
contributes to efflux in the with-net treatment. Ee – ecosystem respiration, Ec – canopy respiration, Es – sediment respiration, Er – CO2 efflux from root
respiration, El – CO2 efflux from decomposition of litter, ESOM – CO2 efflux from decomposition of SOM.

d13 Ce 5fs d13 Cs 1fc d13 Cc
fs 5

Es
Ee

(5)

fs 1fc 51
13

13

13

d13 Cs 5fr d13 Cr 1fSOM d13 CSOM 1fl d13 Cl

(4)

fl 5

(6)

fr 1fSOM 1fl 51

13

Where d Ce , d Cs ; and d Cc are the d C values of Ee,
Es, and Ec in chambers without nets, fs and fc are the fraction
of Es and Ec contributing to Ee, Es and Ee are CO2 efflux from
sediment and chambers without nets.
The d13C of Er, El, ESOM and Es were quantified to partition sediment Es into autotrophic (plant respiration) and
heterotrophic (decomposition) sources. The mixing model
below was applied to estimate the proportion of Er vs. Es.
d13 Csn 5frn d13 Crn 1fSOMn d13 CSOMn

(7)

frn 1fSOMn 51

(8)

Es 2Esn
Es

(9)
(10)
(11)

where d13 Cs , d13 Cr , d13 CSOM and d13 Cl are the d13 C values of
Es, Er, ESOM, and El in chambers without nets; fr ; fSOM ; and fl
are the fraction of Er, ESOM, and El contributing to Es. The
sampling strategy is described in Fig. 3.
The aforementioned mixing models are based on assumptions that d13C values of plant canopy, SOM, root, and litter
may approximate those of each component of Ec and Es. The
assumptions lie in the fact that: (1) there is no C isotopic
fractionation during heterotrophic microbial respiration (Lin
and Ehleringer 1997); (2) there is little C isotopic fractionation during the early decomposing stage of fallen plant substances (Balesdent et al. 1993; Dehairs et al. 2000). Based on
published litter turnover times, we limited the study period
to 2–3 months such that only the first litterfall contributes
to El, and afterwards there was little new litter formation

where d13 Csn , d13 Crn ; and d13 CSOMn are the d13 C values of Es,
Er, and ESOM in chambers with nets, frn and fSOMn are the
fraction of Er and ESOM contributing to Es.
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Partition Ee and Es

CO2 flux measurement

Isotope analysis

Gas sampling from the
container just contains
sediments, δ13Cg1

Gas sampling
from containers
(with net), δ13Cg21

Sediment sampling
from the container
just contains
sediments, δ13Cs1

Root sampling
from containers
(with net), δ13Cr2

Sediment sampling
from containers
(with net), δ13Cs2

Gas sampling from
sediments (containers
with net), δ13Cg22

Gas sampling from
containers (without
net), δ13Cg31

Measurement from sediments
(containers with net), Es1

Measurement from sediments
(containers without net), Es2

Measurement from containers
with net, Ee1

Measurement from containers
without net, Ee2

δ13Csn = frn δ13 Crn + fSOMnδ13 CSOMn

δ13Cs = fr δ13 Cr + fSOMδ13 CSOM + flδ13 Cl

Root sampling from
containers (without
net), δ13Cr3

Litter sampling
from containers
(without net), δ13Cl3

frn + fSOMn = 1
δ13Cen = fs δ13 Csn + fcnδ13 Ccn

Sediment sampling
from containers
(without net), δ13Cs3

fsn =

Esn
Een

fsn + fcn = 1

Gas sampling from
sediments (containers
without net), δ13Cg32

fl =

Es – Esn
Es

fr + fSOM + fl = 1
δ13Ce = fs δ13 Cs + fcnδ13 Cc
fs =

Es
Ee

fs + fc = 1

Fig. 3. A conceptual diagram describing the sampling strategy of the labeling experiment.
and decay in the chamber; and (3) there was a negligible difference between d13C values of sediment organic C in the
surface layer and that of sediment released CO2, and little
difference of d13C values among different soil size fractions
as suggested by Bird et al. (1996).

(MCMC) method, which generated simulations of plausible
values of isotopic source contribution to Ee in consistence
with the data. Before running MCMC, d13C of Ee was
assumed to be normally distributed (Moore and Semmens
2008) and verified for the normality assumption. The number of iterations of the Bayesian model was set at 5000.
R programming language was used to perform data analysis (R Core Team 2014). R package “SIAR” was applied to
conduct Bayesian modeling of uncertainties in isotopic
source contribution to total chamber respiration (Parnell
and Jackson 2013). Data were expressed as mean 6 standard
error (SE).

Data analysis
One-way analysis of variance (ANOVA) was used to examine (1) the difference in Ec, Es, and ESOM with or without
nets hanging over sediment; and (2) the difference in source
contribution to Es from chambers with nets. Before ANOVA,
the assumptions of normality and variance homogeneity
were verified by the Shapiro–Wilk normality test and Bartlett
test, respectively. Tukey’s HSD test was applied when a significant treatment effect was found. Linear regression analysis was conducted to examine the relationship between d13C
values of Es and both Er and ESOM. Paired-sample t test was
used to compare litter d13C values from chambers with and
without nets. Student’s t-test was performed to compare the
contribution of ESOM and Er to ES from all the samples.
Some previous studies investigated Ec and Es via CO2
efflux measurement or synthesis of different portions of Ee
(Alongi 2009; Lovelock et al. 2015; Troxler et al. 2015). This
prior information on the proportion of Ec to Es was incorporated into a Bayesian framework to estimate the likely range
of canopy or sediment contribution to d13C of Ee. Model fitting was undertaken by the Markov chain Monte Carlo

Results
Carbon dioxide efflux from chambers and sediment
There was a highly significant difference among Ee, Es,
and ESOM (ANOVA, p < 0.01, Fig. 4). Furthermore, Ee
(785.0 6 185.2 (SD) mmol m22 d21 with nets, 1160.8 6 323.9
mmol m22 d21 without nets) was significantly higher than
both Es (170.1 6 19.8 mmol m22 d21 with nets, 174.7 6 22.8
mmol m22 d21 without nets) and ESOM (79.8 6 17.8 mmol
m22 d21) (Tukey’s HSD test, p < 0.05). However, there was
no significant difference between Es and ESOM (Tukey’s HSD
test, p > 0.05).
Figure 5 shows the result of Bayesian inference in terms
of the posterior distribution of source contribution to Ee.
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Fig. 4. Ee, Es, and ESOM of A. marina. Bars labeled with different letters
have significantly different CO2 effluxes.

Contribution of the two sources had different probability
densities; the higher probability density occurs at > 50% contribution from Ec, but at < 50% contribution from Es.
The sources of CO2 efflux from the sediment surface
For both chambers with and without nets, ESOM contributed 61.8% 6 9.2% and was the main component of Es, followed by Er (31.8% 6 9.7%). The difference between ESOM
and Er was significant (Student’s t-test, p < 0.05). El contributed the least to Es. For chambers without nets, there was
significant difference in the contribution of different components to Es (ANOVA, p < 0.05). In particular, the contribution
of ESOM was significantly higher than that of both Er and El
(Tukey’s HSD test, p < 0.05) but no significant difference was
found between the contribution of Er and El (Tukey’s HSD
test, p > 0.05) (Fig. 6). Additionally, there was a highly
significant relationship between the d13C values of Es and
root (R2 5 0.59, p < 0.01), as well as SOM (R2 5 0.62, p < 0.01)
(Fig. 7).

Fig. 5. A matrix of histogram from the Bayesian model describing
uncertainties in the d13C source contributions of Es (a) and Ec (b) to Ee.

Isotopic 13C values of litter
Table 1 shows the d13C values of Ee, Es and different components. There was no significant difference in litter d13C
values between chambers with and without nets (paired-sample t test, p > 0.05).

Ec is the main component of Ee, generally in agreement with
the global synthesis of mangrove C flow (Ec : Es 5  10 : 1).
Seedlings of A. marina were found to have a root/shoot ratio
of  0.5 under freshwater treatment (Burchett et al. 1984),
which may support a relatively higher contribution from Ec
since higher shoot biomass respires more CO2 (i.e., Ec) than
lower root biomass (i.e., Er). Moreover, part of the decomposed C in sediment may be mineralized as inorganic C
(e.g., DIC) in porewater (Maher et al. 2013), and thus gives
rise to the difference between Ec and Es; a global synthesis of

Discussion
Partitioning ecosystem CO2 efflux
Es contributes a minor proportion (20.9% 6 4.1%) to Ee,
as is confirmed by the Bayesian inference. This suggests that
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Fig. 6. Relative contributions of different components to Es. Bars with
different letters are significantly different. Relative contributions of different components were compared in chambers without nets (lower case
letters) and all samples (upper case letters), including chambers with
and without nets.

mangrove C budget suggested that much of the C sinks in
mangroves are still unaccounted for, and dissolved inorganic
C in porewater may be a significant contributor to the unaccounted C (Bouillon et al. 2008b).
Further, the contribution of Es reported herein (mean:
20.9%) is about double that in mature forests ( 10%)
(Alongi 2009). Aboveground biomass of the newly established mangrove seedlings is very low compared to mature
forests. The aboveground biomass of A. marina seedlings
growing for less than 1 yr was found to be rather low
(14.4–58.2 g) (Downton 1982). However, for example, the
aboveground biomass of mature A. marina trees may reach
39.7–557.9 kg (tree diameter at breast height 10–35 cm), estimated from the allometric equation of biomass proposed by
Komiyama et al. (2008). The significantly lower aboveground
biomass of mangrove seedlings may account for the lower
contribution of Ec to Ee and thus higher Es to Ee, in contrast
to mature mangroves.

Fig. 7. Relationship between d13C values of Es and A. marina roots (a),
as well as SOM (b). The regression equation in (a): sediment CO2
log10d13C 5 0.43*root respiration log10d13C 1 2.12 (R2 5 0.59, p < 0.01).
The regression equation in (b): sediment CO2 log10d13C 5 0.62*SOM
decomposition log10d13C 1 2.36 (R2 5 0.62, p < 0.01).

Partitioning sediment CO2 efflux
This study suggests that Er of young A. marina is low compared with ESOM. This result is in contrast with the finding
that generally Er was higher than ESOM in mature mangrove
forests (Troxler et al. 2015). Er comprises CO2 respired by
roots as well as that released in the process of microbial
degradation of roots. The root biomass of A. marina seedlings
growing for less than 1 yr was found to be rather low

(14.8–51.2 g) (Downton 1982). However, for example, the
root biomass of mature A. marina trees may reach 18.9–
82.0 kg (tree diameter at breast height 10–35 cm), estimated
from the allometric equation of biomass proposed by
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Table 1. d13C values of chamber CO2, sediment CO2, SOM

to restoration after dieback or deforestation. When mature
mangroves are replaced by monospecific mangrove plantations, the contributions of Es to Ee and ESOM to Es increase
while the contributions of Ec to Ee and Er to Es decrease in
the short term. This study highlights the necessity to construct a temporal trajectory of ecosystem CO2 efflux and
CO2 efflux from the sediment–air interface in mangrove ecosystems. Future studies may separate the contribution of
microphytobenthos from ESOM to further partition the role
of microphytobenthic respiration from sediments (Leopold
et al. 2013; Bulmer et al. 2015; Grellier et al. 2017; Ouyang
et al. 2017).
The developed technique offers a safe and simple alternative to the 14C isotope and dual stable isotope techniques
proposed by Luo and Zhou (2010). It may be applied to the
investigation of sources of CO2 efflux from other vegetation
and mature forests.

decomposition, and root respiration.
Number
of samples

d13C
values (&)

Sources

Components

Chamber CO2

Ee

6

245.3 6 77.7

Sediment CO2

Es

12

154.5 6 30.0

SOM decomposition
Root respiration

ESOM
Er

12
12

59.7 6 13.4
815.7 6 211.8

Litter decomposition

El

12

13.9 6 9.9

Komiyama et al. (2008). The high biomass of root systems of
mature trees definitely respire more CO2 than the lessdeveloped fine roots of establishing seedlings. In addition,
mature A. marina has pneumatophores and contributes to
CO2 flux from the sediment–air interface. Furthermore, the
high substrate supply of mature trees provides more energy
for microbial communities to decompose roots, in comparison with the low substrate supply of seedlings.
This study also highlights the lower contribution of litter
(12.8%) relative to roots to Es in systems dominated by
young trees. During the control experiment, litter production was very low, since isotopic fractionation must be minimized during the measurement period and thus the short
incubation period did not allow significant accumulated litterfall. The small isotopic fractionation of litter is confirmed
by the fact that there is little C isotopic difference of A.
marina litter that fell on the sediment surface in chambers
without nets, compared with litter segregated from sediments in chambers with nets. Therefore, the low litter production leads to low El, thereby contributing a lower portion
than Er to Es. This is in agreement with published data showing that Er contributed to approximately half of Es (Luo and
Zhou 2010).
In addition, our result implies that the d13C of Es
(154.5 6 30.0&) is closely related to d13C of Er (815.7 6 211.8&)
and ESOM (59.7 6 13.4&). In our laboratory microcosms, mangrove seedlings took up enriched 13C from CO2 generated by
the reaction between HCl and NaH13CO3. Subsequently, the
assimilated 13C was allocated to roots, the portion exuded by
which was subsequently incorporated into SOM. Thus part of
13
C in SOM is derived from the 13C of roots, explaining the
close association between d13C of Es and both Er and ESOM. The
incorporation of 13C from roots into the sediment is also mirrored by the highly enriched sediment d13C in chambers with
seedlings, while sediment d13C values are significantly lower in
chambers just containing sediment. This is consistent with earlier findings that mangrove roots can stimulate sediment sulfate
reduction via root exudates (Alongi et al. 1998; Kristensen and
Alongi 2006).
This study has implications for understanding the sources
of ecosystem CO2 efflux and CO2 efflux from the sediment–
air interface in global mangroves, especially those subjected

References
Alongi, D. M. 2009. The energetics of mangrove forests.
Springer.
Alongi, D. M., A. Sasekumar, F. Tirendi, and P. Dixon. 1998.
The influence of stand age on benthic decomposition and
recycling of organic matter in managed mangrove forests
of Malaysia. J. Exp. Mar. Biol. Ecol. 225: 197–218. doi:
10.1016/s0022-0981(97)00223-2
Balesdent, J., C. Girardin, and A. Mariotti. 1993. Site-related
d13C of tree leaves and soil organic matter in a temperate
forest. Ecology 74: 1713–1721. doi:10.2307/1939930
Barr, J. G. 2013. Modeling light use efficiency in a subtropical
mangrove forest equipped with CO2 eddy covariance. Biogeosciences 10: 2145–2158. doi:10.5194/bg-10-2145-2013
Barr, J. G., V. Engel, J. D. Fuentes, J. C. Zieman, T. L.
O’Halloran, T. J. Smith, and G. H. Anderson. 2010. Controls
on mangrove forest-atmosphere carbon dioxide exchanges
in western Everglades National Park. J. Geophys. Res. Biogeosci 115: G02020. doi:10.1029/2009JG001186
Bird, M. I., A. R. Chivas, and J. Head. 1996. A latitudinal gradient in carbon turnover times in forest soils. Nature 381:
143–146. doi:10.1038/381143a0
Boon, P. I., F. L. Bird, and S. E. Bunn. 1997. Diet of the intertidal callianassid shrimps Biffarius arenosus and Trypea australiensis (Decapoda: Thalassinidea) in Western Port
(southern Australia), determined with multiple stableisotope analyses. Mar. Freshw. Res. 48: 503–511. doi:
10.1071/MF97013
Bouillon, S., R. M. Connolly, and S. Y. Lee. 2008a. Organic
matter exchange and cycling in mangrove ecosystems:
Recent insights from stable isotope studies. J. Sea Res. 59:
44–58. doi:10.1016/j.seares.2007.05.001
Bouillon, S., and others. 2008b. Mangrove production and carbon sinks: A revision of global budget estimates. Global Biogeochem. Cycles 22: GB2013. doi:10.1029/2007GB003052
738

Ouyang et al.

Partitioning CO2 efflux in mangrove seedlings

Aquat.
Bot.
89:
128–137.
doi:10.1016/j.aquabot.
2007.12.006
Kristensen, E., and D. M. Alongi. 2006. Control by fiddler
crabs (Uca vocans) and plant roots (Avicennia marina) on
carbon, iron, and sulfur biogeochemistry in mangrove
sediment. Limnol. Oceanogr. 51: 1557–1571. doi:10.4319/
lo.2006.51.4.1557
Kristensen, E., S. Bouillon, T. Dittmar, and C. Marchand.
2008. Organic carbon dynamics in mangrove ecosystems:
A review. Aquat. Bot. 89: 201–219. doi:10.1016/
j.aquabot.2007.12.005
Lallier-Verges, E., B. P. Perrussel, J.-R. Disnar, and F. Baltzer.
1998. Relationships between environmental conditions
and the diagenetic evolution of organic matter derived
from higher plants in a modern mangrove swamp system
(Guadeloupe, French West Indies). Org. Geochem. 29:
1663–1686. doi:10.1016/S0146-6380(98)00179-X
Lee, K. M., S. Y. Lee, and R. M. Connolly. 2011. Combining
stable isotope enrichment, compartmental modelling and
ecological network analysis for quantitative measurement
of food web dynamics. Methods Ecol. Evol. 2: 56–65. doi:
10.1111/j.2041-210X.2010.00045.x
Lee, K.-M., S. Y. Lee, and R. M. Connolly. 2012. Combining
process indices from network analysis with structural population measures to indicate response of estuarine trophodynamics to pulse organic enrichment. Ecol. Indic. 18:
652–658. doi:10.1016/j.ecolind.2012.01.015
Lee, S. Y. 1995. Mangrove outwelling: A review. Hydrobiologia 295: 203–212. doi:10.1007/BF00029127
Lee, S. Y. 1999. The effect of mangrove leaf litter enrichment
on macrobenthic colonization of defaunated sandy substrates. Estuar. Coast. Shelf Sci. 49: 703–712. doi:10.1006/
ecss.1999.0523
Lee, S. Y. 2000. Carbon dynamics of Deep Bay, eastern Pearl
River estuary, China. II: Trophic relationship based on
carbon and nitrogen stable isotopes. Mar. Ecol. Prog. Ser.
205: 1–10. doi:10.3354/meps205001
Leopold, A., C. Marchand, J. Deborde, C. Chaduteau, and M.
Allenbach. 2013. Influence of mangrove zonation on CO2
fluxes at the sediment–air interface (New Caledonia). Geoderma 202: 62–70. doi:10.1016/j.geoderma.2013.03.008
Leopold, A., C. Marchand, J. Deborde, and M. Allenbach. 2015.
Temporal variability of CO2 fluxes at the sediment-air interface in mangroves (New Caledonia). Sci. Total Environ.
502: 617–626. doi:10.1016/j.scitotenv.2014.09.066
Leopold, A., C. Marchand, A. Renchon, J. Deborde, T.
Quiniou, and M. Allenbach. 2016. Net ecosystem CO2
exchange in the “Coeur de Voh” mangrove, New Caledonia: Effects of water stress on mangrove productivity in a
semi-arid climate. Agric. For. Meteorol. 223: 217–232.
doi:10.1016/j.agrformet.2016.04.006
Lin, G., and J. R. Ehleringer. 1997. Carbon isotopic fractionation
does not occur during dark respiration in C3 and C4 plants.
Plant Physiol. 114: 391–394. doi:10.1104/pp.114.1.391

Bromand, S., J. Whalen, H. H. Janzen, J. Schjoerring, and B.
H. Ellert. 2001. A pulse-labelling method to generate 13Cenriched plant materials. Plant Soil 235: 253–257. doi:
10.1023/A:1011922103323
Bui, T. H. H., and S. Y. Lee. 2014. Does ‘You Are What You
Eat’ apply to mangrove grapsid crabs? PLoS ONE 9:
e89074. doi:10.1371/journal.pone.0089074
Bulmer, R., C. Lundquist, and L. Schwendenmann. 2015.
Sediment properties and CO2 efflux from intact and
cleared temperate mangrove forests. Biogeosciences 12:
6169–6180. doi:10.5194/bg-12-6169-2015
Burchett, M., C. Field, and A. Pulkownik. 1984. Salinity,
growth and root respiration in the grey mangrove, Avicennia marina. Physiol. Plant. 60: 113–118. doi:10.1111/
j.1399-3054.1984.tb04549.x
Chen, G. C., N. F. Y. Tam, and Y. Ye. 2010. Summer fluxes
of atmospheric greenhouse gases N2O, CH4 and CO2 from
mangrove soil in South China. Sci. Total Environ. 408:
2761–2767. doi:10.1016/j.scitotenv.2010.03.007
Chen, G. C., N. F. Y. Tam, and Y. Ye. 2012. Spatial and seasonal variations of atmospheric N2O and CO2 fluxes from
a subtropical mangrove swamp and their relationships
with soil characteristics. Soil Biol. Biochem. 48: 175–181.
doi:10.1016/j.soilbio.2012.01.029
Dehairs, F., R. Rao, P. C. Mohan, A. Raman, S. Marguillier,
and L. Hellings. 2000. Tracing mangrove carbon in suspended matter and aquatic fauna of the Gautami–Godavari Delta, Bay of Bengal (India). Hydrobiologia 431: 225–
241. doi:10.1023/A:1004072310525
Donato, D. C., J. B. Kauffman, D. Murdiyarso, S. Kumianto,
M. Stidham, and M. Kanninen. 2011. Mangroves among
the most carbon-rich forests in the tropics. Nat. Geosci. 4:
293–297. doi:10.1038/ngeo1123
Downton, W. 1982. Growth and osmotic relations of the
mangrove Avicennia marina, as influenced by salinity.
Funct. Plant Biol. 9: 519–528. doi:10.1071/PP9820519
Duarte, C. M., I. J. Losada, I. E. Hendriks, I. Mazarrasa, and
. 2013. The role of coastal plant communities for
N. Marba
climate change mitigation and adaptation. Nat. Clim.
Chang. 3: 961–968. doi:10.1038/nclimate1970
Ehleringer, J. R., N. Buchmann, and L. B. Flanagan. 2000.
Carbon isotope ratios in belowground carbon cycle processes. Ecol. Appl. 10: 412–422. doi:10.2307/2641103
n, K., J. W. Fleeger, and B. Fry. 2008. Stable isotope
Galva
addition reveals dietary importance of phytoplankton and
microphytobenthos to saltmarsh infauna. Mar. Ecol. Prog.
Ser. 359: 37–49. doi:10.3354/meps07321
Grellier, S., J.-L. Janeau, N. D. Hoai, C. N. T. Kim, Q. L. T.
Phuong, T. P. T. Thu, N.-T. Tran-Thi, and C. Marchand.
2017. Changes in soil characteristics and C dynamics after
mangrove clearing (Vietnam). Sci. Total Environ. 593:
654–663. doi:10.1016/j.scitotenv.2017.03.204
Komiyama, A., J. E. Ong, and S. Poungparn. 2008. Allometry,
biomass, and productivity of mangrove forests: A review.
739

Ouyang et al.

Partitioning CO2 efflux in mangrove seedlings

Rao, R. G., A. F. Woitchik, L. Goeyens, A. Van Riet, J.
Kazungu, and F. Dehairs. 1994. Carbon, nitrogen contents
and stable isotope abundance in mangrove leaves from an
east African coastal lagoon (Kenya). Aquat. Bot. 47: 175–
183. doi:10.1016/0304-3770(94)90012-4
Robertson, A. I. 1988. Decomposition of mangrove leaf litter
in tropical Australia. J. Exp. Mar. Biol. Ecol. 116: 235–247.
doi:10.1016/0022-0981(88)90029-9
Sanders, C. J., D. T. Maher, D. R. Tait, D. Williams, C.
Holloway, J. Z. Sippo, and I. R. Santos. 2016. Are global
mangrove carbon stocks driven by rainfall? J. Geophys.
Res.
Biogeosci.
121:
2600–2609.
doi:10.1002/
2016JG003510
Sessegolo, G., and P. Lana. 1991. Decomposition of Rhizophora
mangle, Avicennia schaueriana and Laguncularia racemosa
leaves in a mangrove of Paranagua Bay (Southeastern Brazil).
Bot. Mar. 34: 285–290. doi:10.1515/botm.1991.34.4.285
Troxler, T. G., and others. 2015. Component-specific dynamics of riverine mangrove CO2 efflux in the Florida coastal
Everglades. Agric. For. Meteorol. 213: 273–282. doi:
10.1016/j.agrformet.2014.12.012
Vane, C. H., A. W. Kim, V. Moss-Hayes, C. E. Snape, M. C.
Diaz, N. S. Khan, S. E. Engelhart, and B. P. Horton. 2013.
Degradation of mangrove tissues by arboreal termites
(Nasutitermes acajutlae) and their role in the mangrove C
cycle (Puerto Rico): Chemical characterization and
organic matter provenance using bulk d13C, C/N, alkaline
CuO oxidation-GC/MS, and solid-state 13C NMR. Geochem. Geophys. Geosyst. 14: 3176–3191. doi:10.1002/
ggge.20194
Zhu, H., Y. Wang, and N. F. Y. Tam. 2014. Microcosm study
on fate of polybrominated diphenyl ethers (PBDEs) in
contaminated mangrove sediment. J. Hazard. Mater. 265:
61–68. doi:10.1016/j.jhazmat.2013.11.046

Livesley, S. J., and S. M. Andrusiak. 2012. Temperate mangrove and salt marsh sediments are a small methane and
nitrous oxide source but important carbon store. Estuar.
Coast. Shelf Sci. 97: 19–27. doi:10.1016/j.ecss.2011.11.002
Lovelock, C. E. 2008. Soil respiration and belowground carbon allocation in mangrove forests. Ecosystems 11: 342–
354. doi:10.1007/s10021-008-9125-4
Lovelock, C. E., L. T. Simpson, L. J. Duckett, and I. C. Feller.
2015. Carbon budgets for Caribbean mangrove forests of
varying structure and with phosphorus enrichment. Forests 6: 3528–3546. doi:10.3390/f6103528
Luo, Y., and X. Zhou. 2010. Soil respiration and the environment. Academic press.
Maher, D. T., I. R. Santos, L. Golsby-Smith, J. Gleeson, and
B. D. Eyre. 2013. Groundwater-derived dissolved inorganic
and organic carbon exports from a mangrove tidal creek:
The missing mangrove carbon sink? Limnol. Oceanogr.
58: 475–488. doi:10.4319/lo.2013.58.2.0475
Mcleod, E., and others. 2011. A blueprint for blue carbon:
Toward an improved understanding of the role of vegetated coastal habitats in sequestering CO2. Front. Ecol.
Environ. 9: 552–560. doi:10.1890/110004
Moore, J. W., and B. X. Semmens. 2008. Incorporating
uncertainty and prior information into stable isotope
mixing models. Ecol. Lett. 11: 470–480. doi:10.1111/
j.1461-0248.2008.01163.x
O’Leary, M. H. 1981. Carbon isotope fractionation in plants. Phytochemistry 20: 553–567. doi:10.1016/0031-9422(81)85134-5
Oakes, J. M., B. D. Eyre, and J. J. Middelburg. 2012. Transformation and fate of microphytobenthos carbon in subtropical shallow subtidal sands: A 13C-labeling study. Limnol.
Oceanogr. 57: 1846–1856. doi:10.4319/lo.2012.57.6.1846
Ouyang, X., and S. Y. Lee. 2014. Updated estimates of carbon accumulation rates in coastal marsh sediments. Biogeosciences 11: 5057–5071. doi:10.5194/bg-11-5057-2014
Ouyang, X., F. Guo, and H. Bu. 2015. Lipid biomarkers and
pertinent indices from aquatic environment record paleoclimate and paleoenvironment changes. Quat. Sci. Rev.
123: 180–192. doi:10.1016/j.quascirev.2015.06.029
Ouyang, X., S. Y. Lee, and M. R. Connolly. 2017. Structural
equation modelling reveals factors regulating surface sediment organic carbon content and CO2 efflux in a subtropical mangrove. Sci. Total Environ. 578: 513–522. doi:
10.1016/j.scitotenv.2016.10.218
Parnell, A., and A. Jackson. 2013. siar: Stable isotope analysis
in R. R package version 4.2. Available from http://CRAN.
R-project.org/package5siar
R Core Team. 2014. R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Vienna, Austria. Available from http://www.R-project.org/

Acknowledgments
We thank Dr. Yisheng Peng (Sun Yat-sen University, China) for advice
on growing mangrove seedlings, Daniel Tonzing (Griffith University) for
assistance in building the chambers, and Niels Munksgaard (James Cook
University) for advice on collecting and analysing gaseous isotopes. Two
anonymous reviewers are acknowledged for their constructive comments
on the initial version.

Conflict of Interest
None declared.
Submitted 06 April 2017
Revised 16 June 2017; 26 July 2017
Accepted 31 July 2017
Associate editor: Luiz Drude de Lacerda

740

