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Global climate change interacts with regional alterations of land use in coastal basins
and promotes rapid changes in the biogeochemistry of the coastal zone. These changes
are generally stronger in extreme environments such as polar and semiarid regions. In
these environments, biogeochemical changes result in a greater transfer of pollutants
from the continent to the sea with resultant contamination of marine biota. In semiarid
regions, there is a reduction in continental runoff and bulk pollutant transport, but
paradoxically, there is an increase in the export of more bioavailable pollutants, resulting
in higher contamination of the marine biota. In tropical latitudes, mangroves dominate
coastal and estuarine environments and respond rapidly to environmental changes. The
semiarid coast of Brazil is strongly affected by climate change. A major environmental
response is altered hydrodynamics, generally involving decreasing continental runoff to
the ocean, caused by reducing annual rainfall and damming of rivers. Also, strengthening
of marine forcing due to heat accumulation in the South Atlantic Ocean and rising sea
level pushes shelf and coastal waters into estuaries. Basin and oceanic processes
undergo positive feedback, which causes an increase in the water residence time in
estuaries, an extension of saline intrusion landward, accumulation of sediments in the
inner reaches of estuaries, and the expansion of mangrove areas, particularly over
the past 50 years. Expansion of mangroves means an expansion of sulfate reduction
metabolism, which produces large amounts of dissolved organic carbon, characterized
by a high capacity for forming organo-metallic complexes of high environmental
significance. Dissolved and particulate Hg concentrations and fluxes are greater from
the river to the estuary than from the estuary to the sea, producing an accumulation of
particulate Hg in the estuary. Particulate Hg export may occur only during extremely rainy
periods, and Hg is eventually deposited is shelf sediments, displaying low bioavailability.
Export of dissolved, reactive, and DOC-bound Hg is practically nonexistent during rainy
periods but increases by two orders of magnitude during the progressively longer dry
periods. These highly bioavailable forms of Hg will enter food webs in the lower estuary
and coastal areas, increasing contamination of the biota and human exposure to Hg.
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INTRODUCTION

Mercury is a very toxic and persistent pollutant affecting the
environment at a global scale through extensive accumulation
in biota and enhancing human exposure through food
consumption. Anthropogenic emissions of Hg are aggravated
by significant natural emissions and remobilization processes
of the deposited Hg in soils and sediments, and these are
magnified by regional and global changes. As a result,
widespread environmental and health issues have been
largely associated with Hg pollution, resulting in international
recognition of the relevance of understanding Hg remobilization
processes and their response to global environmental changes
(UNEP, 2019).

Mercury export from continents to the ocean depends
on various drivers of natural and anthropogenic origin
that are located along river basins and affect the river
flows and watershed runoff. The final outflow to the sea
also depends on the biogeochemical behavior of Hg along
estuarine gradients (Leitch et al, 2007) and on processes
taking place at the continental shelf-open ocean boundary
(Fitzgerald et al, 2007). Apart from the relatively large
natural environmental variability typical of the continent-
ocean interface, changes in land use and global climate
have been increasing or decreasing the Hg fluxes from
continents to the sea dependent on location (Kopprio et al,
2015). However, there is a general consensus that extreme
environments are more prone to be affected by such drivers,
and the respective environmental responses are stronger
and more conspicuous (Seneviratne et al, 2012; IPCC,
2019). For example, while average global temperature has
increased by between 0° and 0.3° degrees per decade, the
Arctic region has experienced an augmentation in average
temperature between 0.5° to 0.8° degrees per decade
(Macdonald et al., 2005). Similarly, drought conditions are
becoming more extreme under already semiarid conditions,
such as in northeastern Brazil, where an intensification
in the number and duration of extended droughts from
1 to 3 per century during the 1,600 and 1,700 s to more
than 14 in the 2,000 s have been recorded (Marengo
et al, 2018). Therefore, more profound changes in Hg
fluxes to the ocean are also expected to occur in such
extreme environments.

During the past 25 years, a wide range of publications
have noted an intensification of continent-ocean pollutant
transfer to the Arctic due to environmental changes associated
with global warming, almost twice as fast in the Arctic
compared to other areas of the world. The major processes
involved are the melting of glaciers and continental ice,
causing increasing basin runoff (Dai et al, 2009) extended
periods with soil temperatures >0°C and increasing Hg export
from tundra, since the melting of permafrost increases the
availability of organically bound Hg (Obrist et al., 2017),
and increasing atmospheric deposition of Hg including
atmospheric Hg depletion events (AMDE), which results in
higher deposition, increasing the concentrations of total Hg
in surface snow (Kirketal,2006; Carignan and Sone, 2010).

Also of significance is the changing pattern of atmospheric
Hg circulation over the Arctic, mostly associated with
accelerating Hg oxidation in a warmer atmosphere (Stern
et al, 2012). These processes are responsible for increasing
pollutant fluxes into the ocean and have been associated

with enhanced bioaccumulation in coastal food webs,
whereas warming temperatures and reduced ice cover
also trigger increased primary productivity, microbial

activity and, as a consequence, methylation of Hg in
sediments (Emmerton et al., 2013). This results in higher
exposure to Hg, at least in some upper trophic-level species
in the Arctic (Braune et al, 2005; Carrie et al, 2010;
Schartup et al., 2015).

Along the semiarid coast of Northeastern Brazil, the already
meager continental runoff of water is drastically decreasing.
Formerly, this diminution was due to river damming for
water consumption for a growing urban population and
for irrigated agriculture (Marins et al, 2002a) followed by
land use change, in particular conversion of gallery forests
to pasture and agriculture; more recently, a steady decrease
in annual rainfall has added its effect (Marengo et al., 2018;
Alvald et al., 2019). Offshore, increasing ocean forcing due
to heat accumulation over the continental shelf and further
into estuaries has been strongly affecting the hydrodynamics
of these aquatic environments (Dias et al, 2011, 2013a,
2016, 2018). Taking the Arctic scenario, where increasing
fluvial discharges drive elevated Hg concentrations in the
Arctic biota (Schartup et al., 2015), as a template, one would
expect a decrease of continent-derived pollutant transfer to
the ocean due to decreasing continental runoff in semiarid
NE Brazil and therefore, decreasing Hg concentrations
in the regional aquatic biota. Paradoxically, however, the
observed response of food webs in the NE Brazilian estuaries
and continental shelf is increasing contamination by Hg,
similar to what is being reported in Arctic biota, suggesting
increasing fluxes and/or bioavailability of this toxic trace
element. Therefore, decreasing continental runoft is causing
an increase in Hg bioavailability, and in this study, we propose
the mechanisms triggering higher Hg bioaccumulation.
In the Arctic, as well as in the semiarid region of NE Brazil,
the regional and global drivers responsible for increasing
continental runoff to the Arctic Ocean and diminishing fluvial
discharges to the Western Equatorial South Atlantic Ocean
are strengthening due to global warming. Unfortunately,
however, semiarid regions of the world are receiving much
less attention from the scientific community than Arctic
environments, notwithstanding the much larger human
population inhabiting and using biological resources in
semiarid regions. The present study reviews the results
obtained in a 15-year-long research program in the Jaguaribe
Estuary, in the semiarid NE Brazilian region. It discusses
the biogeochemical processes involved with this apparent
paradox, aiming to support mitigation and adaptation
measurements to avoid an increase to unacceptable levels
of the exposure risk to Hg of a population still largely
dependent on a diet based on natural aquatic resources for
its maintenance.
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CLIMATE AND HYDROLOGICAL
CHANGES IN SEMIARID BASINS OF
BRAZIL

Decreasing Annual Rainfall Due to
Climate Change, Including Extended
Drought

Whereas in higher latitudes continental runoft has increased in
the past 50 years, in particular along the Canadian and Siberian
basins draining into the Arctic ocean (Dai et al., 2009), in tropical
and equatorial latitudes the reverse seems to occur, in particular
under dry climates such as in NE Australia (Li et al., 2012)
and in semiarid NE of Brazil. Castellanos et al. (2017) showed
correlations between the increasing heat transfers from the
Agulhas Current with increasing rainfall along a narrow stretch
of the northeastern Brazilian coast. However, a few kilometers
from the coast, annual rainfall drops to about 50% of the annual
rainfall, and this reduction in precipitation has been observed
over the semiarid northeastern region of Brazil by several studies.
Moncunill (2006) reported a decrease in annual rainfall over
Ceara State of about 6% per decade (5.3 mM year™ ') between
1961 and 2003, with a few exceptions for areas where rainfall
is dependent on topography. Salati et al. (2007) estimated a
total annual rainfall decrease in the same region of about 11.6%
between 1991 and 2004. In the southern portion of the semiarid
region, Andrade et al. (2018) reported a decrease in annual
rainfall in the past 35 years of 4.9 mM year™!, quite consistent
with previous estimates. Godoy and Lacerda (2013) showed that
out of 60 municipalities in the Jaguaribe River basin in Ceard State
with a long historical annual rainfall record, 48 showed a negative
trend in the past 50 years Supplementary Figure S1.

Based on historical registers of extended droughts (at least
three consecutive years with annual rainfall below the historical
mean) in the semiarid NE region of Brazil in the past 400 years,
Marengo et al. (2018) observed a relationship with El Nifio-
Southern Oscillation (ENSO) through influencing the northward
migration of the Inter-Tropical Convergence Zone (ITCZ), due
also to the warming of the North Atlantic. Both large-scale
phenomena that ultimately control rainfall and wind speed are
strongly affected by global climate change (Maia et al., 2005).
Their historical analysis suggests intensification in the frequency
and duration of extended drought periods in the region, varying
from 1 to 3 per century in the 1,600 and 1,700 s to over 14 in the
2,000 s (Marengo et al., 2018).

Decreasing Freshwater Fluxes and
Fluvial Sediment Discharges to the
Estuary

The impact of observed reductions in annual rainfall is
maximized by regional environmental changes related to the
water resource management of semiarid regions. At the Jaguaribe
River basin proper, high water deficits are typical throughout
most of the year, with annual rainfall ranging from 400 to
1,000 mM or lower, whereas annual potential evaporation can
reach 2,500 mM. A major response to this water deficit is
the construction of thousands of dams and artificial reservoirs,

from innumerable small ponds in private farmlands to the
three huge public reservoirs of 2 to 7 x 10° m?® of storage
capacity. This storage capacity accumulates water during the
short (3-4 months) rainy seasons to supply human demands
during the long (8-9 months) dry periods (Medeiros et al., 2014).
Apart from reservoirs, damming also diverts, through waterways
and canals, a significant portion of the Jaguaribe river flow to
the metropolitan basin of the State’s capital city of Fortaleza,
reducing even further the freshwater discharge to the estuary.
Prior to major dam construction and basin diversion, there was
a covariance between rainfall and river flow. Afterward, there
was a decoupling of these variables, and high river flow occurs
only in very rainy years and generally depends on the opening
of the dam’s gates (Godoy and Lacerda, 2013). The accumulated
response to these multiple stressors on water resource availability
is a decrease in the average freshwater discharge to the ocean
through the Jaguaribe River, which varied from 60 to 130 m>.s~!
prior to the construction of major dams and diversion systems,
to about 20 m?.s~!, mostly regulated and artificially controlled
by the operation of major dams (Dias et al., 2013b).

Following the decreasing freshwater flow, sediment transport
capacity has also been sharply affected by the annual precipitation
decreases and the modification of watersheds. As a result,
sediment trapping inside the middle estuary increased, enlarging
river beaches and existing islands and sand banks and creating
new fluvial islands (Lacerda et al., 2007). The lack of a significant
continental sediment supply to the lower estuary resulted in the
erosion of river margins and of littoral deposits, which helps in
accelerating sediment accumulation inside the estuary (Godoy
and Lacerda, 2013). In this scenario, the sedimentation-erosion
equilibrium along the estuarine zone in most of the NE coast of
Brazil is strongly affected, in particular under semiarid conditions
(Jennerjahn et al., 2010; Medeiros et al., 2018).

Increased Marine Intrusion Into Estuaries
Increasing heat content in the Atlantic Ocean has been deduced
from instrumental records that report this ocean to have warmed
more intensively than any other ocean during the past 70 years
(Sutton and Hodson, 2005; Lee et al., 2011). There is a consensus
that the increase in the Meridional Heat Transport derives from
an increase in advective heat that converges into the South
Atlantic, mostly from the Indian Ocean, which contributes ~70%
of the total heat entering the South Atlantic through the Agulhas
Current, suggesting that the warm water from the Indian Ocean
plays a fundamental role in the northward water flow in the
upper branch of the Atlantic Meridional Overturning Circulation
(AMOC) (Dong et al., 2012).

The significance of the Agulhas leakage was elegantly
demonstrated by modeling a scenario of a shutdown of this warm
waterway, which resulted in an overall decrease in temperature
and salinity in the South Atlantic, with anomalies in these
variables propagating and finally reaching the equatorial belt
within a decadal scale (Haarsma et al., 2011). As a consequence of
the heat accumulation, climate change stressors, and sea surface
temperature increase in particular, have resulted in a significant
increase in the cumulative anthropogenic impact on the region’s
ecosystems during this 70-years period that, apparently, has been
accelerating in the past decade (Halpern et al., 2015).
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More recently, Castellanos et al. (2017) concluded from a
model considering an increase in the Agulhas leakage that the
augmented transport may be related to higher latent heat flux
observed along the northeastern coastline of Brazil since 2003.
The increasing heat content in the South Atlantic has also been
associated with ice melting in polar regions (Joughin et al., 2012),
and since deep-ocean forcing alters momentum and buoyancy
by currents at the shelf break (Weisberg and He, 2003), it
also strengthens the forcing of central oceanic waters upon the
continental shelf. This results in the choking of coastal and
estuarine waters along the oriental Equatorial Atlantic as well
as along the northeastern coast of Brazil (Dias et al., 2013a).
Since continental shelves are buffer regions where estuarine and
ocean waters mix, altering the quality and quantity of materials
transported through this zone changes the chemical and physical
properties of shelf waters in this region (Dias et al., 2016;
Carvalho et al., 2017).

Dias et al. (2018) observed, through continuous monitoring
of current and state properties by mooring instrumentation,
that with the exception of unusual strong wet seasons when
precipitation may be well above the historical average, ocean
waters influenced by the direction of the velocity vectors between
the middle and the outer shelf invade the continental shelf,
moving coastal waters into estuaries and further inland, as
observed in the Jaguaribe River estuary. In this area, under these
typical conditions, water exchange between the estuary and the
continental shelf involves <5% freshwater (Dias et al., 2011,
2013a) since the majority of the freshwater is blocked in the
higher estuary. As a result, continental runoftf from the river
basin accumulates in the estuarine region rather than being
exported to the continental shelf. Also, groundwater salinity is
migrating further inland, as observed by radar mapping by Maia
and Lima (2004). This extensive saline intrusion hampers the
colonization of rivers banks by freshwater macrophytes, favoring
their substitution by mangrove species.

In summary, taking into consideration the modeling exercises,
which suggest a strengthening of the South Atlantic Ocean heat
transfer patterns, and the observed results from local and regional
studies, it seems reasonable to expect an increased choking of
the continental runoff into estuarine areas, resulting in longer
residence time of the fluvial inputs in the estuary prior to export
to the continental shelf. Conditions under this scenario are highly
maximized by decreasing annual rainfall and river fluxes, as
discussed above.

RESPONSE OF ESTUARINE
HYDRODYNAMICS AND
SEDIMENTATION

Lacerda et al. (2013) summarized the hydrodynamics of the
semiarid Jaguaribe River estuary in NE Brazil between 2005
and 2009, and Cavalcante (2019) expanded this database to
2012. The fluvial contribution reaching the upper estuary varies
according to season and results in large variations in continental
discharge to the coast. The volume of freshwater present in a
given instant in the estuary varied seasonally from <5% during

extreme drought periods to about 95% in extreme rainy years.
There was also a varying proportion of the freshwater volume
retained in the estuary (Dias et al., 2011). As a consequence, the
residence time of waters from the basin’s runoft in the middle
estuary also varied significantly between seasons. Under high
freshwater inflow, shorter residence times of <1 day were typical
at the upper and middle estuary, and freshwater fluxes to the
ocean were maximal and mostly positive, even during high tide,
as in the extreme 2009 rainy season. During rainy seasons, the
proportion of freshwater in the total estuarine volume present in
the middle estuary varied from 70% in normal precipitation years
to 95% in exceptional extreme rainy years.

Water residence times in the middle estuary varied from 0.5
days in extreme rainfall seasons (>300 mM) to a maximum
of 3 days in low-rainfall rainy seasons. For all rainy seasons
monitored, the average residence time was 0.8 days. On the other
hand, the water residence time in the middle estuary during
the dry seasons was much longer and varied from 0.2 days in
normal years to 13 days during extreme drought periods. For all
dry seasons monitored during this study, the average residence
time of the continental runoff waters at the middle estuary was
3.1 days. For comparison, Table 1 shows the average total fluxes
and resulting water balance during dry periods in the Jaguaribe
Estuary and a typical and similarly sized catchment in humid
eastern Brazil, the Contas River, Bahia State (Dias et al., 2011).

The net balance, meaning the difference between inputs and
outputs of water volumes to an estuarine system, infers the
system’s capacity for exporting or accumulating materials at
the continent-ocean interface. The observed averages shown in
Table 1 confirms a negative balance of water in the Jaguaribe
River, where the middle estuary retains 42% of the water volume
entering the system from the fluvial flux and the tides, acting as
an importer of water.

This water retention is likely caused by the major influence
of high tidal volumes and of a smaller input of freshwater
from the upper estuary and the river proper. In contrast, the
observed average inputs and outputs to the Contas River estuary
characterize a positive balance, with 90% the water volume
transferred to the middle estuary and then to the lower estuary,
typically exporting water and materials to the sea. This exporting
nature, which occurs both in ebb and flood periods, is caused by
the larger freshwater inputs relative to the weaker influence of the
smaller tidal contribution from a mesotidal regime.

EXPANSION OF MANGROVES:
INCREASING MANGROVE FOREST
COVER

Increasing Mangrove Forest Cover

Recent reviews on mangrove responses to climate change
highlight the main drivers of change in mangrove ecosystems to
be changes in salinity, wave regime, increase in the frequency
of extreme climatic events, and the quantity and quality of the
sediment loading (Giri et al., 2011; Ward et al., 2016; Jennerjahn
et al, 2017). Landward migration and increase in the area
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TABLE 1 | Net water balance in the Jaguaribe and Contas Rivers during ebb and flood tides in dry periods from ADP data.

Jaguaribe River (Brazilian Northeastern tropical semiarid coast)

Higher to
Middle Estuary

Edd tide
Flood Tide

+200
-159

Middle Estuary balance and water Lower to Middle

retention fraction of the total input Estuary
volume (continental plus oceanic)

—425 (42% of the total volume input; +788
net importer) -1,172

Contas River (Brazilian Eastern tropical humid coast)

Higher to
Middle Estuary
Ebb tide +214
Flood tide -117

Middle Estuary Lower to Middle

Estuary
+216 (<10% of the total volume input; +423
net exporter) -304

Outflows are represented in m° s~', adapted from Dias et al. (2011).

covered by these forests are the major responses of mangroves
to these drivers, and the extension of such responses is also
strongly influenced by the intensity of anthropogenic drivers,
in particular river damming and water diversion. Mangroves
displaying sediment accretion rates in pace with sea-level rise can
adapt by migrating inland following saline intrusion, as shown
in semi-arid coasts as in Brazil (Godoy and Lacerda, 2015),
Arabian countries (Saderne et al., 2018), Mexico (Lopez-Medellin
et al,, 2011), and Oceania (Alongi, 2015). Sediment input and
sedimentation rates are frequently higher than current rates
of sea-level rise, facilitating migration landward and allowing
the mangrove forests to adjust to sea-level rise (Alongi, 2008;
Lovelock et al., 2015). When sediment accumulation is similar to
rising rates of sea level, forest distribution remains unaltered, and
when the rate of sea-level rise exceeds the sediment accumulation,
mangroves are eroded by mean high tides that are higher than
the substrate elevation, in particular in low-lying limestone
islands, such as in the Caribbean, where negligible continental
runoff brings extremely small loads of allochthonous sediment
(Ellison and Stoddart, 1991). Notwithstanding the potential
capacity for adaptation, there may be, however, constraints to the
extent of mangrove adaptation to climate change. Destruction
of mangroves occurs in subsiding coasts, where deltaic islands
are eroded by sea-level rise, such as in the Sundarbans (Alongi,
2015). Intensification of sand dune displacement, encroaching
mangroves, has already been recorded in some arid and semiarid
environments; this was related to climate changes (Maia et al.,
2005; Lacerda, 2018) and poses a threat to mangrove resilience.
Evidence from past Holocene sea-level rise due to post-glacial
rebound, however, suggests that mangrove expansion can still
occur under much higher rates of sea-level rise than those
resulting from present climate change.

Along the semiarid coast of NE Brazil, mangroves are
expanding over recently developed river bars and islands,
a response to a decrease in rainfall and rising sea level,
maximized by river damming and water diversion (Lacerda
et al, 2007; Godoy and Lacerda, 2013, 2014, 2015; Godoy
et al., 2018) Supplementary Figure S2. Maia et al. (2006)
compared remote sensing images with map-based radar and
aerial photographs from 1978 (Herz, 1991) and showed a
mangrove area increase from 444 to 610 km?. Even considering

the different methodologies and instrumentation, which probably
overestimated this expansion by 30%, more recent comparisons
using modern remote sensing techniques (Godoy et al,
2018) have confirmed this trend in mangrove expansion in
northeastern Brazil (Nascimento et al., 2013) as well as for other
areas, particularly under semiarid conditions (Doile et al., 2010)
Supplementary Figure S4.

The expansion of mangroves is not a vegetation process
only but is a creation of different biogeochemical realms,
based on sulfate reduction over previous oxic areas. Under
the new chemical state, preservation of carbon is favored, as
are high production rates of dissolved organic matter (DOC)
as a by-product of the incomplete oxidation of sedimentary
organic matter by sulfate-reducing microorganisms (Kristensen
et al., 2008). Sulfate-reducing bacteria and other prokaryotes
are responsible for elevated Hg methylation rates in mangrove
sediments, also favored by the high concentrations of ferrous
ions in porewaters, intense burrowing crab activity and the
unique architecture of the mangrove root system (Correia and
Guimardes, 2016, 2017). This acts as a conveyor of highly
bioavailable trace elements complexed with DOC or as organo-
metallic species, such as methylmercury, from mangroves to the
open estuarine areas and eventually to the continental shelf.

BIOCHEOCHEMICAL RESPONSE AND
HG AVAILABILITY

Increasing the Production of Young
Organic Matter by Mangroves and
Augmenting Dissolved Hg

Concentrations and Fluxes

The fluorescence of the dissolved organic carbon (DOC)
along the Jaguaribe Estuary shows striking seasonal differences.
Fluorescence is highest in the wet months, the period with
lower concentrations of DOC. During this season, fluorescence
decreases only when it reaches the marine-influenced area
Supplementary Figure S3. In contrast, in the dry season,
fluorescence values are weaker along the entire estuary, and there
is an increase in the fluorescence of peak A, which represents
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young organic matter, which occurs in the mangrove-influenced
area of the estuary. This is clearly shown by the sharp increase
in the Ia/Ic ratio from station 4 to 1 (Figure 1B). This suggests
a higher production of young organic matter at the end of the
fluvial end-member of the estuary, where mangroves abound,
and its eventual flushing by tidal waters to the marine-influenced
area (Mounier et al., 2018). The “younger” nature of the organic
matter produced increases the metal complexing capacity of
the DOC, as shown by the Hg speciation in mangrove pore
waters (Figure 1A). This speciation supports the link between
young DOC production from mangrove-dominated areas and
increasing dissolved organic-bound Hg in pore waters in the
upper layers of the sediment. This strongly suggests DOC as the
major carrier of Hg out of the sediments to creeks and thence to
the lower estuary and finally to the sea (Mounier et al., 2001).

The seasonal enrichment in young organic matter produced
in the mangrove-influenced area of the estuary supports a
higher complexing capacity of DOC and increases Hg solubility.
Dissolved Hg concentrations found in the lower estuary of the
Jaguaribe River are higher during dry periods and dominate the
Hg fluxes, whereas, in the wet season, particulate Hg is the major
Hg fraction (Cavalcante, 2019). Concentrations measured during
the past decade through 12 tidal cycles in the dry season varied
from 1.2 to 12.3 ngl™!, representing an average of 82% of the
total Hg present in water. During the wet season, dissolved Hg
concentrations measured during the same period through 16
tidal cycles are much lower, varying from <0.18 to 1.4 ngl™!,
representing an average of only 13% of the total Hg present
in water. As a result, instantaneous dissolved Hg fluxes are
highest in the dry season (average 0.57 mg.s!; 89% of the total
instantaneous Hg flux), whereas, during the wet season, dissolved
Hg instantaneous fluxes averaged 0.03 mg.s~!, 2% of the total
instantaneous Hg flux (Figures 2A,B).

Other previous studies have already noted the association

mangroves. Bergamaschi et al. (2012) showed that a large
production of dissolved Hg and Methyl-Hg occurs in the lower,
mangrove-dominated portion of estuaries, which results in a
tidally driven export of these dissolved Hg species. They have
also shown that the variability in the total Hg load reaching
the upper estuary has a small impact on the export of dissolved
Hg species to the sea and that the dissolved Hg flux and the
DOC fluxes to the sea are strongly associated. Lacerda et al.
(2001) observed larger transport of total Hg entering mangroves
during high tide and lower total Hg flux out of the mangrove
but observed a larger export of dissolved, reactive Hg out
of the system during low tide, suggesting in-situ production
of reactive Hg species under the biogeochemical conditions
present in mangroves. Marins et al. (2002b) measured a
significant decrease in particulate Hg in the fluvial flow after
passing mangrove areas but a simultaneous increase in the
dissolved Hg fraction.

The production of Hg-DOC complexes in the mangrove
environment in the lower Jaguaribe River estuary results in
greater Hg export to the continental shelf, particularly during
the dry season (Lacerda et al., 2013). Total Hg distribution
in continental shelf surface water off the semiarid coast of
Ceara State obtained from cruises during the dry seasons
of 2010 and 2012 shows hot spots of Hg concentrations
that are clearly associated with the Jaguaribe River Estuary,
notwithstanding the absence of any significant anthropogenic
Hg source (Lacerda et al, 2017; Lacerda and Marcovecchio,
2018). Concentrations in this area are similar, and sometimes
even higher, than those observed in another enriched area
off Fortaleza City, a major contributor of anthropogenic Hg
from urban and industrial sources (Figure 3A). This spatial
distribution pattern corroborated the greater dissolved Hg flux
during the dry season.

The distribution of Hg in continental shelf waters off the

between mangrove-derived DOC and Hg export from Jaguaribe estuary obtained in the cruises in the dry and wet
A B
4.5
0 05 1 15 2 25 3 35 . | Diysssson i
1 1 1 1 1 1 1
3.5 Wet season -§
£ 5 h:\ Hg (ng/l)
A ' 3.0
-
-
215 9 25
Q ]
o ] ;
b 1 = 20
o
£ 30 15
o ] B LA =
- & e L
2 ; 10— —¢-F-—v ¢ ¢, ¢
50 0.5
Lower Middle Higher
| BDGM OHgll-react OHg-org EIHg-totaTl
1 2 3 4 5 6 7 8 9
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(1996) and adapted from Mounier et al. (2018).
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seasons shows a clear domain of particulate Hg in the wet
season, similar to the pattern verified in the estuary, and
dissolved Hg concentrations significantly correlated with the
particulate Hg concentrations, suggesting that this fraction
originates from desorption of Hg from the particulate flux. In
the dry season, on the other hand, dissolved Hg concentration
doubles and is independent of the particulate flux, suggesting
direct export of dissolved species from the estuary (Figure 3B).
If dissolved Hg concentrations are normalized by the particulate

Hg concentrations, they are 15 times higher in the dry season than
in the wet season.

These higher fluxes and concentrations of dissolved Hg in the
dry season are a result of the longer residence time of water in
the estuary during this season and of the output of the mangrove
biogeochemistry based on sulfate reduction. Since residence
time is inversely related to fluvial fluxes and Hg production
is directly related to mangrove area, the observed response of
these two drivers to global changes and watershed use strongly
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FIGURE 4 | (A) Mercury distribution in aquatic organisms along the Jaguaribe River estuary, after Moura and Lacerda (2018). (B) Provisionary Hg Weekly Intake
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suggests an intensification of Hg bioavailability. Therefore, one
may assume that there will be increasing Hg content in the biota
and eventually human exposure to this pollutant.

Increasing Hg Availability Due to
Complexation With DOC in the Lower
Estuary Relative to Upstream Sections
and Consequent Increase in Human

Exposure

If the considerations above hold true, Hg concentrations in
aquatic animals would be higher in individuals at the lower
estuary than upstream in the watershed since they would respond

to a higher bioavailability of dissolved Hg in water. Higher
concentrations of dissolved Hg are observed in the lower estuary
relative to the upper estuary, and this pattern is more extreme
during the dry season. Many organisms of different taxa, trophic
level, and food preferences occurring through the estuarine
gradient respond to this high bioavailability. White shrimps,
Litopanaeus vannamei, the blue crab Callinectes danae, and the
fish Eugerres brasilianus, which respond to variations in dissolved
Hg in water and Hg content in their diet, are present in higher
concentrations in the lower estuary compared to the upper
reaches, where fluvial influence is strongest (Figure 4A). This
agrees with the dissolved Hg distribution along the estuary,
confirming higher Hg bioavailability in the lower portion
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of the estuary associated with the large export of Hg-DOC
complexes from mangrove areas. Additionally, an analysis of
the Hg incorporation relative to the size of individual shrimps
(L. vannamei) also showed an uptake rate of Hg that was 10 times
faster relative to the weight gain of the animals in the lower
estuary population compared to the population sampled at the
fluvially dominated area (Moura and Lacerda, 2018), confirming
higher rates of Hg bioaccumulation in the lower estuary relative
to upstream regions.

A recent study also reported an increase in Hg bioavailability
and concentrations in aquatic organisms in the Parajba do Sul
estuary, a dry northern sector of the Rio de Janeiro coast in
Southeast Brazil (Azevedo et al., 2018). The authors concluded
that extended drought in recent years has promoted increases in
total mercury and methylmercury concentrations in fish from the
estuary and continental shelf.

A direct result of the observed increase in Hg availability and
therefore Hg concentration in the aquatic biota is the increasing
human exposure to this pollutant in populations consuming
estuarine resources rather than fluvial ones (Figure 4B). Costa
and Lacerda (2014) surveyed fish ingestion rates and major
species consumed, simultaneously quantifying their Hg content

along the Jaguaribe estuary. Their study reported 2- and 3-fold
increases in the provisional weekly Hg intake in populations
located along the marine-influenced area of the estuary relative
to the middle estuary and the fluvially dominated region.

The high Hg bioavailability thus occurs under a scenario of
reduced fluvial discharges, which promotes, by sedimentation, a
rapid expansion of mangrove cover, increases the water residence
time in the estuary, accumulates total Hg within the estuary and
produces large amounts of Hg organic complexes. Therefore,
decreased continental discharge increases rather than decreases
Hg contamination, an apparent paradox when compared to
what would be expected based on the observed results in
the Arctic Ocean, where increased fluvial discharges result in
increasing Hg fluxes to the ocean and bioaccumulation in the
Arctic Ocean biota.

CONCLUSION

As in the Arctic Ocean, where increasing Hg content in the
biota is linked to climate change linked to increasing continental
runoff of Hg, in the Brazilian semiarid area, global climate
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change also results in increased Hg content in aquatic biota.
However, the mechanisms are quite different, as it results
from decreases in continental runoff through a sequence of
events involving hydrodynamics and mangrove biogeochemistry.
Figure 5 summarizes the major findings from the study of
the Jaguaribe river estuary located in the semiarid coast of
Northeastern Brazil. The main impacts of decreasing annual
rainfall and strengthening oceanic forcing due to climate
change and of diminishing fluvial flows resulting from basin
alterations are increases in water residence times within the
estuary, increasing saltwater intrusion and sedimentation. These
hydrodynamic changes induce mangrove growth over new areas,
expanding metabolism-based dissimilatory sulfate reduction to
a larger portion of the estuary. There is an increase in DOC
export as a result of the incomplete respiration of organic matter
by anaerobes. DOC shows high complexing capacity for metals,
in particular Hg, which forms strongly bound complexes with
sulfidril groups.

Deposited Hg from continental origins accumulates and
undergoes chemical changes instead of being rapidly exported
in the particulate matter flux to the continental shelf. These
biogeochemical changes mainly involve the formation of Hg-
organic complexes with a higher bioavailability to aquatic food
chains, including human populations exploiting them. The
scenario described is most likely worsening, as global climate
change will continue to cause negative anomalies in annual
rainfall and thus reduce continental runoff even further into the
semiarid NE region of Brazil. In addition, extended droughts are
lasting longer, and heat accumulation is increasing in the South
Atlantic. Human water uses will also expand, including fast-
growing irrigated agriculture as well as urbanization, requiring
more damming and diversion within the watersheds of the
semiarid region. Therefore, Hg reactivity will possibly increase
to higher levels in the estuary and eventually be exported as
highly bioavailable Hg species to the adjacent estuarine waters
and the coastal sea, increasing the Hg load of the local biota and
consequently the Hg exposure risk of the local population.

Unfortunately, a link between global change and
environmental Hg concentrations and human exposure, which is
typically driven by multiple synergistic and antagonistic drivers
operating simultaneously, remains uncertain and threatens the
potential effectiveness of any eventual regulatory activities.
However, taking into consideration the Precautionary Principle,
as described by the Wingspread Consensus Statement of 1998,
the observed processes composing this Arctic Paradox raise real
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