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A B S T R A C T

A dated sediment core from an eutrophic mangrove area presented non-significant differences in carbon accu-
mulation rates before (55.7 ± 10.2 g m−2 yr−1) and after three decades of deforestation
(59.7 ± 7.2 g m−2 yr−1). Although eutrophication effects appear to compensate the loss of mangrove organic
matter input, the results in this work show a threefold lower carbon accumulation than the global averages
estimated for mangrove sediments. The effects of increasing eutrophication and enhanced sediment dry bulk
density observed after deforestation (~30% higher) did not result in higher carbon stocks. Moreover, the lower
TOC:OP (< 400) and C:N (~20) molar ratios, as well as increased nutrient accumulation, reflect the dominance
of phytoplankton-derived organic matter after deforestation, resulting in less-efficient sedimentary carbon sinks.
These results indicate that the organic material deposited from eutrophication may not compensate mangrove
deforestation losses on carbon accumulation in mangrove ecosystems.

The role of mangrove forests in accumulating high quantities of
carbon has become increasingly evident (Kristensen et al., 2008;
Breithaupt et al., 2012; Alongi, 2014). Although mangrove forests oc-
cupy ~1% of the global coastal area, these ecosystems are estimated to
accumulate up to 20% of the sedimentary coastal carbon (Donato et al.,
2011; Chmura et al., 2003; Ferreira and Lacerda, 2016). Mangrove trees
and shrubs are also known to be important in filtering and burial nu-
trients (Sanders et al., 2016), providing stability to waterlogged sedi-
ments and protecting coastal areas against tidal forces, heavy rains and
other hydrological pressures (Kathiresan and Bingham, 2001; Beard,
2006; Alongi, 2014).

However, current studies indicate that anthropogenic impacts on
mangrove forests, such as deforestation and eutrophication, may sig-
nificantly modify the carbon and nutrient accumulation rates and
stocks within these ecosystems (Sanders et al., 2014; Lee, 2017; Pérez
et al., 2017). These frequent anthropogenic impacts have had negative
effects on the role of mangroves as a carbon sink. Many studies have
determined the net loss of sedimentary carbon, and an increase in the
release of carbon to the atmosphere and oceans due to deforestation
(Lovelock et al., 2011; Breithaupt et al., 2012; Alongi, 2014; Bulmer
et al., 2015; Grellier et al., 2017; Pérez et al., 2017). Moreover, an-
thropogenic eutrophication influences the ability of mangrove ecosys-
tems to sequester carbon by enhancing carbon accumulation (Alongi

et al., 2005; Lee, 2017). This sequestration is related to increasing the
primary production and nutrient consumption (Kristensen et al., 2008;
Duarte et al., 2013), changing the sedimentary organic matter sources
(Sanders et al., 2014; Machado et al., 2016), increasing mangrove shoot
production and decreasing root production by altering the physiological
requirements (Lovelock et al., 2006, 2009).

Since the early 1950's, the mangrove-bound Guanabara Bay
(Southeastern Brazil) has been exposed to a high influx of urban sewage
and industrial effluents, which has accelerated the eutrophication
processes (Monteiro et al., 2012; Brandini et al., 2016; Cotovicz et al.,
2015). Furthermore, as a result of the urban development in the
catchment during the previous decades, several mangrove areas within
Guanabara Bay have been deforested (Kjerfve et al., 1997; Borges et al.,
2009). The aim of this research is to assess the effects of mangrove
deforestation on the carbon accumulation rates and stocks under the
influence of anthropogenic eutrophication. Although it is assumed that
deforestation may decrease the storage capacity of mangrove sedi-
ments, whereas eutrophic conditions may increase the carbon accu-
mulation rates, there are currently no studies that combined both de-
forestation and eutrophication effects on sedimentary carbon
accumulation.

This research was conducted in Guanabara Bay, located within the
metropolitan region of Rio de Janeiro (SE Brazil) (Fig. 1). The Bay
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covers 384 km2 of coastal area, a mean depth of about 5.7 m and, a
semi-diurnal microtidal regime with an annual mean of 0.7 m (Kjerfve
et al., 1997; Meniconi, 2012). The residence time of water for 50% of
the water volume renewal is approximately eleven days, with a com-
plex water circulation modulated by tides and geomorphology, with
water velocities of 0.3 ms−1 in the inner regions with a predominant
salt water circulation (Kjerfve et al., 1997). Furthermore, the Bay re-
ceives high quantities of untreated urban sewage, equivalent to ~

350 T d−1 of organic matter discharges (Bidone and Lacerda, 2004),
resulting in predominantly anoxic and suboxic conditions in sediments
and bottom waters, respectively (Ribeiro and Kjerfve, 2001; Matos
et al., 2016). Furthermore, due to the urban development during the
several previous decades, mangrove deforestation has increased, mostly
Rhizophora mangle on the Northwestern area of the Bay, suffering a net
mangrove forest loss of ~170 km2. Also, the mangrove area extent is
~90 km2 within the Bay, of which ~43 km2 are located within

Fig. 1. Location of the sampling station within the Guanabara
Bay (red circle). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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Guapimirim mangrove forest (Kjerfve et al., 1997; Borges, 2006).
In February 2004, a 50-cm length sediment core was collected

during low tide in the Northwest inner portion of the Guanabara Bay,
within the Mauá mangrove region (22°43′15.7″ S; 43o11′44.3″ W)
(Fig. 1), which is characterized by highly eutrophic conditions in se-
diments and the water column (Kjerfve et al., 1997; Monteiro et al.,
2012; Cotovicz et al., 2015). The remote sensing data in the area shows
that the sampling station is within an area where mangrove defor-
estation occurred ~30 years before sampling (early 1970's) (Borges,
2006). Currently, this area is within an intertidal mudflat zone, and the
neighboring areas are also cleared mangrove ecosystems (Borges et al.,
2009) (Fig. 1). The sediment core was sectioned on-site in 2-cm inter-
vals from the core top to 10 cm, and then in 5-cm intervals to the base
of the core. Each subsection was analyzed for dry bulk density, total
organic carbon (TOC) and total nitrogen (TN). The results for organic
phosphorous (OP), used as an indicator of organic matter source (e.g.,
Briggs et al., 2013), grain size results and sediment accumulation rate
(SAR) for the same sediment core, were obtained from Borges et al.
(2009). The SAR is used to determine the sediment core ages and TOC,
TN and OP accumulation rates. The dry bulk density (DBD) was de-
termined as the dry sediment weight over the initial sediment volume
(g cm−3) (Ravichandran et al., 1995). A subsample of each core frac-
tion was acidified to remove carbonate material, then dried and ground
to powder. This material was analyzed for TOC, concurrently with the
analysis of TN in non-acidified subsamples, using an isotope ratio mass

spectrometer Thermo Finnigan Model Delta Plus XP with analytical
precision of C = 0.1%, N = 0.1%, following the methods described in
Naidu et al. (2000). Accumulation rates and stocks of TOC, TN and OP
were estimated for the whole record (0-50 cm), using SAR value (cm
yr−1) (Borges et al., 2009), dry bulk density (DBD, g cm−3), and TOC,
TN, OP, contents (g g−1), respectively. The following calculations were
performed to obtain these estimates:

Accumulation rates (g m−2 yr-1) = [SAR] × [DBD] × [TOC,
TN or OP content]

Stocks (g m−2) = [DBD]× [depth] × [TOC, TN or OP con-
tent]

The SAR for the studied sediment core was 0.24 cm yr−1 (Borges
et al., 2009), which is lower than that calculated for subtidal areas
within the inner area of the Bay (between 0.42 and 0.9 cm yr−1)
(Godoy et al., 2012; Monteiro et al., 2012). The lower SAR observed for
this study area may be a result of the hydrological regime, where the
sediments are only periodically flooded by microtides (Borges et al.,
2009). This lower SAR, in synergy with the losses in mangrove vege-
tation cover, may significantly contribute to hinder the carbon accu-
mulation rates within intertidal sediments as compared to those re-
ported for subtidal sediments within this highly eutrophic bay (from
120 to 700 g C m−2 yr−1) (Carreira et al., 2002; Monteiro et al., 2012).
It is worth noting that this mangrove intertidal area was deforested
decades ago (Borges, 2006), likely decreasing the sediment and carbon
trapping capability environment due to the lack of mangrove root

Fig. 2. (A) Content of total organic carbon (TOC), total nitrogen (TN)
and organic phosphorous (B) C:N molar ratios, TOC:OP ratios and
dry bulk density (DBD) (C) Accumulation rates (g m−2 yr−1) of
TOC, TN and OP. Grey shaded area shows the phase after defor-
estation. OP data were taken from Borges et al. (2009).
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structures (Smoak and Patchineelam, 1999; Kathiresan and Bingham,
2001; Pérez et al., 2017).

The textural composition of the sediment core exhibited a dom-
inance of silt and clay content (60–90%) (Borges et al., 2009), reflecting
a low-energy sedimentary environment with low physical erosion of the
sediment column (Wolanski et al., 1996; Furukawa et al., 1997). A
slight increase of fine particle contents from the 1900's to the 1970's
was also noted, which is in agreement with the beginning of urban
development along the Bay (Borges et al., 2009). The fine particle
contents further increased during 1970s likely as result of increased
urban runoff into the Bay (Borges et al., 2009; Monteiro et al., 2012).
The silt and clay contents decreased substantially towards the top of the
sediment core, (Borges et al., 2009), which coincides with the period of
deforestation within this study site. This suggests that the deforestation
process could have turned this area into a more erosive environment,
being exposed to hydrological processes such rainfall and tidal energy
(Alongi, 2008; Borges et al., 2009; Stokes and Harris, 2015).

Since the early 1900's, a slight increase in the TOC, TN and OP
content is noted along the sediment profile (Fig. 2A), associated with a
decrease in DBD, C:N and TOC:OP values (Fig. 2B). These sedimentary
records are consistent with the observed positive correlation between
TN accumulation rates and C:N ratios (Fig. 3A), evidencing the his-
torical increase of eutrophic conditions within the study site. These
results reflect the beginning of the urban development in the region
(Borges et al., 2009; Monteiro et al., 2012), as the result of sewage
release into the Bay, triggering an increase in primary productivity and
more labile carbon and nutrient deposition in comparison with that
observed before development (Alongi, 2014; Sanders et al., 2014).
Secondly, substantial increases in the TOC, TN and OP contents were
noted during the deforestation period (~10 cm depth, early 1970's)
(Fig. 2A). These peaks in carbon and nutrient contents may be related to

the deforestation, triggering a sudden input of organic carbon, nitrogen
and phosphorous to the sediments. It should be noted that after the
deforestation period, the TN and OP contents increased sharply (~6 cm
depth, early 1990's), which could be related to the eutrophic conditions
within the Bay, as a result of intensified primary production and con-
sequent deposition of non-terrestrial organic matter (Borges et al.,
2009; Monteiro et al., 2012). These results are in agreement with the
C:N molar ratios and TOC:OP (Fig. 2B) along the sediment profile,
suggesting a shift in organic matter source since the deforestation. The
dominance of sedimentary organic matter derived from terrestrial
plants (e.g. mangroves) typically present C:N ratios near than 30 or
greater, whereas TOC:OP ratios are close to 1000 or greater. In contrast,
the dominance of non-terrestrial organic matter (e.g. phytoplankton)
presents C:N ratios near 10, whereas TOC:OP ratios are between 100
and 500 (Ruttenberg and Goñi, 1997; Kaushal and Binford, 1999;
Meyers, 2003; Briggs et al., 2013). The transition from terrestrial de-
rived organic matter to non-terrestrial dominance was observed after
1970's, and intensifying in the early 1990's. These results are consistent
with the ~30% higher DBD values observed since the 1970's (Fig. 2B),
reflecting high sediment compaction likely due to the deforestation
process (Lovelock et al., 2011; Grellier et al., 2017).

The TOC accumulation rates calculated for the entire sedimentary
record (Table 1), were nearly three-fold lower than the current global
mean for mangrove ecosystems (~160 g m−2 yr−1) (Breithaupt et al.,
2012; Alongi, 2014). The TOC accumulation rates in this research ex-
hibited non-significant differences from when this area was forested to
deforested, following a general pattern along the sediment profile
(Fig. 2C). However, the TN and OP accumulation rates revealed higher
values after 1970's and during early 1990's (Fig. 2C), which may reflect
the higher deposition of phytoplankton-derived organic matter after
deforestation (Carreira and Wagener, 1998; Silva et al., 2007; Borges
et al., 2009). These results are in agreement with the negative corre-
lation between OP accumulation rates and C:N ratios (Fig. 3B), sug-
gesting the deposition of more labile and nutrient richer organic matter
(Meyers, 2003; Briggs et al., 2013). Therefore, the similar TOC accu-
mulation rates observed before and after deforestation (Table 1) suggest
that intensified eutrophic conditions replaced the terrestrial organic
matter input with non-terrestrial organic matter deposition in sedi-
ments of this intertidal region.

In this research, the carbon and nutrient accumulation rates along
the sediment profile were substantially lower than what which was
reported for highly eutrophic mangrove sediments (Alongi et al., 2005;
Sanders et al., 2014). These low carbon and nutrient accumulation rates
observed within these sediments (Fig. 2C) are in line with the processes
relating to intensification of the early diagenetic process associated to
this eutrophic system. Several studies (e.g., Fontaine et al., 2004;
Guenet et al., 2010; Bianchi, 2011; Macreadie et al., 2012; Gontikaki
et al., 2015) have shown that sediments which receive a continuous
input of fresh and labile organic matter (e.g., phytoplankton-derived
organic matter within eutrophic estuaries) may significantly enhance
the response of microbial communities in terms of biomass and re-
spiration rates, accelerating the diagenetic decomposition of both, more
refractory and labile organic matter (e.g., those derived from mangrove
and phytoplankton). This eutrophication effect may possibly increase
the degradation of organic matter and remobilization of nutrients along
the sediment column (e.g., Matos et al., 2016), influencing negatively
on the accumulation rates. It is worth noting that in presence of high
microbial biomass, the whole activity of benthic communities may be
stimulated (e.g. microbenthos and meiobenthos), which may also ac-
celerate the early diagenesis and pore water exchange, even in sedi-
ments that have been deforested or degraded over long periods of time
(Giere, 2009; Sweetman et al., 2010; Maher et al., 2017). Our sampling
station meets the requirements to identify these processes, with a
transition from the dominance of refractory organic matter remnant
from mangrove vegetation to a dominance of more labile organic
matter deposition during the last decades.
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At a global scale, mangrove deforestation has increased at a rate of
almost ~1% per year, mainly due to urban and industrial development
(Giri et al., 2011; Kauffman et al., 2017). Several studies have suggested
that deforestation process may significantly reduce the carbon storage
capacity of sediments within estuarine ecosystems and, consequently
may increase the carbon export to the atmosphere, oceans and neigh-
boring coastal ecosystems (Lovelock et al., 2011; Breithaupt et al.,
2012; Atwood et al., 2017; Pérez et al., 2017). In this research, a high
peak of TOC accumulation rates was observed during the deforestation
period (early 1970's) (Fig. 2C), suggesting a sudden input of mangrove
material, as noted by the C:N (> 30) and TOC:OP (~700) ratios
(Fig. 2B). In contrast, after mangrove deforestation, the positive cor-
relation between the values of TOC:OP (< 400) and C:N ratios (~20)
(Fig. 3C) indicate an increase in phytoplankton-derived organic matter,
suggesting that the mangrove removal and the intensified eutrophic
conditions within the Bay may modify the dominance of organic matter
source to the sediments (Monteiro et al., 2012; Sanders et al., 2014).

Table 1 shows TOC stock comparisons between before and after the
deforestation periods (marked by the carbon peak at the 8–10 cm
depth, as described above). Although higher DBD values were observed
after deforestation (Fig. 2B), the TOC stock after this event (2004 to
1972, with 1989 g C m−2) was not higher than that calculated for the
period before deforestation (1964 to 1922, with 2321 g C m−2). How-
ever, the TN and OP stocks exhibited a different pattern (Table 1), with
higher values after the deforestation period, reflecting the higher phy-
toplankton deposition as result of the eutrophic conditions and man-
grove vegetation removal (Borges et al., 2009). These results are con-
sistent with the lower TOC:OP and C:N ratios observed during early
1990's (Fig. 2B), indicating a dominance of non-terrestrial organic
matter source (Meyers, 2003; Borges et al., 2009; Briggs et al., 2013;
Monteiro et al., 2012). These results suggest that the losses of mangrove
vegetation through deforestation may trigger a decline in the carbon
storage capacity of the sediment column in spite of intensified eutrophic
conditions within the mangrove ecosystem (Alongi, 2008; Grellier
et al., 2017; Kauffman et al., 2017).

In conclusion, the intensified eutrophic conditions established
within the Guanabara Bay, were not substantial enough to compensate
the negative effect of mangrove deforestation on carbon accumulation
and storage. Carbon accumulation rates were similar before and after
mangrove deforestation, being an order of magnitude below those re-
ported for mangrove averages and substantially lower than those re-
ported for eutrophic mangrove systems (Alongi, 2014). Furthermore,
the intensified eutrophic conditions changed the organic carbon source
to sediments in which more labile organic matter accumulation implies
a less efficient sedimentary carbon sink. This research provides a
baseline for the assessment of the effects of eutrophication and defor-
estation on organic carbon accumulation and storage capacity in
mangrove bound coastal regions.
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