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sea-level rise

Amon Kibiwot Kimeli****, Shawlet Cherono?®, Patience Baya®,
Margaret Mathinji®, Judith Auma Okello?, Nico Koedam?,
Hildegard Westphal“*®* and James Gitundu Kairo®

tFaculty of Geoscience, University of Bremen, Bremen, Germany, ?Biogeochemistry and Geology
Department, Leibniz Centre for Tropical Marine Research (ZMT), Bremen, Germany,
3Oceanography and Hydrography Department, Kenya Marine and Fisheries Research Institute,
Mombasa, Kenya, “Faculty of Biology, Vrije Universiteit Brussels, Brussels, Belgium, *Physical
Sciences and Engineering (PSE), King Abdullah University of Science and Technology (KAUST),
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Mangrove ecosystems are often called “makers of land” due to their ability to
promote deposition, trap, and augment sediments. Accurate location- and
region-specific elevation information is required to assess and mitigate threats
to mangroves caused by their vulnerability to sea-level rise. The provision of
land building services by mangroves is primarily sediment-dependent. It is
therefore influenced by local factors, including sediment availability and supply.
In the present study from Kenya, we measured and examined the variations in
surface elevation in mangroves at variable distances from the creek channel
using a combination of surface-elevation tables and horizon markers for three
years. Elevation changes varied with distance from the creek channel (p < 0.05),
with both surface loss and gains recorded. Elevation changes varied between
-80 mm (most significant subsidence) and 42 mm (highest accretion) in
stations closer to the creek, while farther from the creek (~200 m away),
elevation changes ranged between -68 mm (most significant subsidence) and
29 mm (highest accretion). However, net surface elevation changes over the
three years showed that shallow subsidence occurred in both stations closer to
the creek (-45 + 7.2 mm) and those farthest from the creek (-20 + 7.1 mm). At
the same time, an average of 18 mm of sediments were accreted above the
horizon markers translating to ~9 mm yr™* of accretion, a rate larger than both
the current global rates of sea-level rise (~3.1 mm yr™*) and local measured rates
of sea-level rise (3.8 mm yr'?) in Mombasa, a tide-gauge station nearest (~100
km) to the study site. Cumulatively, sediment elevation changes in Vanga
indicate that they are outpacing the current rates of sea-level rise. However,
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they could be vulnerable to predicted and accelerated rates. It, therefore, calls
for more holistic management and monitoring of the dynamics within the
mangrove forests and adjacent terrestrial hinterlands.

KEYWORDS

sediments, accretion, mangroves, Vanga, Kenya, sea-level rise, elevation,
shallow subsidence

Introduction

Mangroves are halophytic coastal plants that occupy a highly
dynamic environment between the high and low watermarks in
tropical and subtropical regions. Mangroves provide numerous
ecological and economic services, including fish breeding
habitats (Barbier, 2011; Igulu et al, 2014; Woodroffe et al.,
2016; Saintilan et al.,, 2020), sediment traps and blue carbon
sinks (Polidoro et al., 2010; Okello et al., 2013; Lang’at et al.,
2014; Okello et al., 2020) and physical buffers against coastal
erosion, wave action, flooding, and Tsunamis (Dahdouh-Guebas
2005; Mazda and Wolanski, 2009; Ellison, 2015; Phan
2015). However, mangroves and other critical coastal

et al.,
et al,
habitats, including temperate marshes, coral reefs, and
seagrasses, are confronted by naturally and anthropogenically
induced challenges. One of the imminent threats to mangroves is
the rising and predicted sea-level rise (SLR) acceleration due to
climate change’s consequential effects. This is inevitable as
mangroves occupy a highly variable habitat sensitive to

Eustatic sea level changes
(both rising and falling)

High tide

upward or downward sea-level change (Figure 1). For
example, mangroves can be vulnerable due to low tidal range,
e.g., the mangroves of Doula Cameroon, coastal subsidence for
mangroves of Tikina Wai, Fiji (Ellison, 2015), and lack of space
to migrate to due to human settlement, e.g., in the mangroves of
Gazi, Kenya (Di Nitto et al., 2014). However, mangroves are less
vulnerable in some regions due to favourable but localized
dynamics, e.g., an uplifting coastline for the mangroves of
Rufiji, Tanzania (Ellison, 2015). As reported in other studies,
mangroves can indirectly moderate the effects of SLR and thus
prevent possible loss of mangrove forests due to submergence
2014; Lovelock et al., 2015; Ward et al., 2016;
Friess and McKee, 2021). Their complex root structure

(Krauss et al.,

attenuates current flow velocities and enables sediment
deposition, consolidation, and accretion (Furukawa and
Wolanski, 1996; Krauss et al.,
inherently adapted to relative sea-level changes. This is further

2014). Mangroves are thus

evident from mangrove resilience observed for paleo sea-level
fluctuations, covering extensive time scales dating back to the

Mean sea-level

Isostatic land level changes
(both subsidence & uplift)

FIGURE 1
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Diagram showing the regional and localized dynamic processes controlling both the short- and long-term mangrove surface elevation.
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late Oligocene (Soares, 2009; Collins et al., 2017; Woodroffe,
2018; Sugden, 2020). A combination of subsidence, sediment
supply, enhanced tidal range and availability of space favor’s the
mangroves of the South China Sea (Collins et al.,, 2017).
Although SLR is an imminent threat to mangroves, sea-level
drop (SLD), observed in the past, could also be detrimental to
mangroves. SLD could be occasioned by land subsidence, a
localized and primarily regional process (Figure 1).

Mangrove habitats have developed strategies to cope with
SLR and SLD (Woodroffe et al., 2016). However, SLR could be
less difficult to mitigate than SLD, mainly because SLR is gradual
and would give time for a gradual response, adaptive measures,
and other response/feedback mechanisms (Rogers, 2021). On
the contrary, due to tectonic subsidence, SLD would be sudden,
and mangroves would have no time to respond or adapt
adequately. Research by Collins et al. (2017) has shown that
mangroves can keep pace with localized tectonic subsidence of
up to 3 mm yr''. They attributed this to enhanced tidal range
coupled with sediment supply, the reworking of sediments and
the availability of accommodation space. SLR and SLD have
varied effects on mangrove habitats (Gilman et al., 2008;
Neubauer, 2008; Polidoro et al., 2010; Ellison, 2015; Ward
et al., 2016). High rates of SLR would lead to the submergence
of mangrove habitats and subsequent loss of entire ecosystems
(Ellison, 2015). For example, with SLR rates of 20 mm yr’l, the
Indo-Pacific mangroves are predicted to be submerged by as
early as 2070 and 2100 with less than 2 m and 4 m tidal ranges,
respectively (Lovelock et al., 2015). Due to local subsidence, SLD
would enhance the tidal range, allowing for more sediment
supply, deposition, and increased tidal velocities that would
assist in reworking sediments to suitable sizes (Collins
et al., 2017).

Any mangrove loss would result in a cascade of ecological,
environmental, and economic losses of local and global
magnitudes (Barbier, 2011). Some of the losses would include
the loss of livelihoods (Hamza et al., 2020), wave and tsunami
buffers (Dahdouh-Guebas et al., 2005) and ecological benefits
(Barbier, 2011; Igulu et al,, 2014). The loss of mangroves would
also herald the loss of carbon sinks (Kusumaningtyas et al., 2019;
Hamza et al,, 2020) and ecosystem engineering services
(Gutiérrez et al.,, 2012) that would be detrimental to
other habitats.

Climate-change-driven global mean sea-level (GMSL), as
derived from satellite altimetry, has been steadily rising since the
1960s and rose at an average rate of 3.2 + 0.4 mm yr ' between
1993 and 2009 (Nerem et al., 2018; Dangendorf et al., 2019). This
rise was comparable to in-situ measured rates of 2.8 + 0.8 mm yr~
! obtained for the same period in the tropical Pacific and the
Indian Ocean (Church and White, 2011). Mangrove habitat
migration, adaptation, and resilience towards current and
projected SLR scenarios depend on the elevation equilibrium
between mangrove surface elevation and rates of SLR (McKee,
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2011; Friess and McKee, 2021). One of the ways that mangroves
would respond to SLR has been predicted to be a migration to
higher grounds (Di Nitto et al., 2014). This would largely depend
on space availability to accommodate the migration (Rogers,
2021). Another is their indirect “engineering” through sediment
trapping and promotion of sediment accumulation. This would
enable mangroves to grow their surfaces with respect to SLR
(Mcivor et al.,, 2013; Ellison, 2015). The equilibrium between
mangrove surface elevation and the SLR rate depends on the net
balance between material inputs (siliciclastic and organic
material) and material removal via erosion and organic matter
decomposition (Neubauer, 2008; Ward et al.,, 2016).

Additionally, sediment compaction by sediment overload
results in water expulsion from the sediment column, leading to
compaction and elevation changes. Through the constant supply
of sediments and net accretion, it has been argued that
mangroves can keep pace with SLR and avoid submergence
(Sanders et al., 2008; Ward et al., 2016; Woodroffe et al., 2016).
Mangrove surface elevation is a direct function of several
biophysical processes, including the supply and deposition of
lithogenic and organogenic sediments. Sediments delivered by
fluvial systems and flood tides contribute to total sediment
accumulation within the ecosystem. The cumulative effect of
accretion, erosion, compaction, and subsidence (Figure 2) would
lead to a net surface elevation.

Localized and sudden or excessive input of sediments due to
storm surges, floods or tsunamis to a mangrove habitat would
disrupt this net equilibrium. The disruption would be
detrimental to the survival of mangroves (Okello et al., 2013;
Okello et al., 2020). For example, mangrove die-back and loss
attributed to massive and sudden sedimentation after the 1997-
1998 EI-Nifio event have been reported in Kenya (Kitheka et al.,
2002; Bosire et al., 2014) and in Vietnam (Fagherazzi and Bryan,
2017; Nardin et al., 2021). In general, sediment deposition has
been described as episodes of emplacement of sediment particles
to a surface. However, sediment accumulation is the net sum of
deposition episodes, a combination of deposition, resuspension,
and re-deposition (Cahoon and Lynch, 1997; Woodrofte et al.,
2016). Net mangrove surface elevation results from sediment
accumulation, erosion, land uplift, subsidence, peat production,
and root zone expansion (Krauss et al., 2010; Friess et al., 2019).
Shallow subsidence is caused by sub-surface processes, including
decomposition of organic matter, auto-compaction due to
weight of subsequent deposition, and dissolution of minerals,
which tend to shrink the volume of sediments (Cahoon and
Lynch, 1997; Krauss et al., 2010; Webb et al., 2013). Other
studies have shown that biotic processes - peat accumulation
controlled by belowground root growth, expansion, and
decomposition - can be the main driving factor of sediment
accretion and surface elevation changes (Krauss et al., 2008;
Kirwan et al., 2013; Crosby et al., 2016). Total sediment
accumulation in mangrove ecosystems can also vary in space
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FIGURE 2

Conceptual model of the biophysical processes that control the localized net surface elevation in mangroves. [+] indicating positive/incremental
(accretion) influence while [-] indicate a negative (subsidence, loss of surface elevation) influence.

and time, mainly due to varying mangrove root density and type
(Cahoon and Lynch, 1997; Lovelock et al., 2015), lateral and
longitudinal distances from the main river and creek channel
(Neubauer, 2008). Mangrove habitats’ vulnerability to sea-level
changes is extremely site-specific (Woodroffe, 2018). The
quantification of localized sedimentation rates and monitoring
of the same is required to assess the habitat stability of
mangroves and their possible responses to sea-level changes
(Neubauer, 2008; Adame et al., 2010; McKee, 2011).

To our knowledge, no in-situ data has been collected or
studies on vertical accretion or surface elevation change done
within the mangroves of Vanga (Kenya). Most studies in and
around the mangroves of Vanga have focused more on fisheries,
water quality, mangrove structure and socioeconomics (Ochiewo
etal, 2010; Kiteresi et al., 2012; Mungai et al., 2019; Fortnam et al.,
2020; Kimani et al., 2020). The mangroves of Vanga have suffered
a significant loss of cover than other adjacent mangrove areas in
Kenya and Tanzania (Mungai et al., 2019) and within the

37.0°E 37.5°E 38.0°E
| 1 I

38.5°E 39.0°E 39.5°E
| | 1

3.5°8 +

4.0°8 +

4.5°8 4

5.0°S

5.5°8 o

3.5°S

v

Tanzania

- 4.0°S

[~ 4.5°8

f-5.0°8

= SETs & MHs locations
J__! Proposed TBCA

B Mangroves

B3 vanga Village

~—— Umba River

[] Umba River catchment

[ 5.5°S

FIGURE 3

T T
IRSE 395

Location of the study area in Vanga, Kenya, showing the experimental plots perpendicular to the main creek channel.
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proposed transboundary conservation area (Figure 3). Due to
observed losses, Vanga has been designated as a hotspot of
mangrove loss, with an average annual loss of 25 ha (Mungai
et al, 2019). This change has been attributed to anthropogenic
activities, including harvesting and land-use changes. The loss of
mangroves has the cascading effect of diminishing the mangrove-
derived services including sediment trapping and retention,
consequently affecting sediment accretion rates and local
subsidence. However, natural factors such as sea-level change
and subsequent influence on sediment dynamics have been
assessed and considered. Therefore, this study aims to
investigate surface and subsurface elevation changes and
quantify current elevation change rates in the mangroves
of Vanga.

Materials and methods
Study site

This study was conducted within the mangroves of Vanga
Estuary (4° 39’ 18” S and 39° 13’ 20” E), ~100 km south of
Mombasa, Kenya (Figure 3). Vanga Estuary is a river-dominated
system with a total mangrove cover area of >3,000 ha (Mungai
et al,, 2019). The dominant mangroves in the estuary are
Rhizophora mucronata, Ceriops tagal, Sonneratia alba and
Avicennia marina. This mangrove patch is part of the Vanga-
Funzi mangrove block (Kiteresi et al., 2012; Mungai et al., 2019)
within the proposed transboundary conservation area (TBCA)
between Kenya and Tanzania (Figure 3). This region has annual

FIGURE 4

10.3389/fmars.2022.932963

mean precipitation >1000 mm (IUCN, 2003), and the estuary
experiences a semi-diurnal tidal influence. It also receives
terrigenous sediment and freshwater from the transboundary
Umba River year-round (Tesfamariam et al, 2021). It also
benefits from the deposition of autochthonous organic
sediments derived from in-situ production and the
accumulation of biogenic material (leaves and roots).

Set up for measurement of surface
elevation changes

Surface elevation changes were measured using surface-
elevation tables (SET) and horizon markers (MH). SETs are
mechanical, portable, or fixed (or a combination of both)
levelling set-ups designed to assist in measuring vertical
surface elevation changes (Cahoon and Lynch, 1997; Cahoon
et al., 2002; Krauss et al., 2010; McKee, 2011; Webb et al., 2013;
Callaway et al., 2015). SETs can account for positive (accretion)
and negative (shallow subsidence) elevation changes. MH
comprise many water-insoluble materials and is easily
distinguishable from sediments. They are used as references in
sediments against which periodic measurements of accreted
sediments can be made (Lang’at et al.,, 2014). This study used
crystal violet (Ammonium oxalate) powder as our horizon
marker mainly due to its local availability. In other studies,
white feldspar (kaolin) markers have been utilized (Krauss et al.,
2003; McKee, 2011; Lang’at et al., 2014).

On the contrary, MH does not account for sub-surface
processes but only measures positive elevation changes

Source: Amon Kimeli, 2017

(A) Conceptual illustration (not to scale) of the surface-elevation table and horizon marker and (B) the actual field set up (right) within Vanga
mangrove forest, Kenya. Elevation changes were measured along the wooden board levelled using a spirit level, and surface accretion changes
were measured based on the accreted sediments above the purple crystal violet horizon marker (see panel B).
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(accretion). A combination of both allows for determining both
surface accretion and subsidence. Due to the dense mangrove,
proximity to Vanga village and vulnerability to vandalism, a
sophisticated and relatively elaborate SET experimental set-up
(Cahoon and Lynch, 1997; Krauss et al., 2010; Callaway et al.,
2015) was not feasible in our study site. Therefore, an improvised
low-cost and low-maintenance experimental set-up (Figure 4) was
used in this study. The SET-MH were set up in 20 x 20 cm plots
within the mangrove stands. In two opposite vertices (Figure 4) of
the plots, 3m-long stainless-steel rods (6 mm in diameter) were
driven to refusal (e.g., bedrock). The rods were sunk below the
ground, and the length exposed above the surface was set at 25. All
the experimental SET-MH plots were set up perpendicular to the
main channel. Some of the plots (A stations) were close (~10-20
m) to the main channel, while others (C stations) were set up
farther away (~150-200 m) from the main channel. The distance
was to assess and apportion the influence that frequency and
depth of tidal inundation had on sediment elevation changes. The
assessment of the influence of mangrove species was not feasible
because the Vanga-Funzi mangrove is characterized by mixed
stands (Mungai et al., 2019). The lack of distinct zonation along
the salinity/tidal gradient posed the challenge of inhibiting the
setting up of SETs and MHs in specific species zone for
quantification of each species or functional root type influence
on mangrove surface elevation changes.

Twelve (12) height measurements from the mangrove
surface to the heights of the rods were made at twelve points
along a spirit-levelled wooden board placed diagonally across
each set of rods (Figure 4). The 12 measurements were averaged
to obtain a single measurement per plot. Subsequent SET
measurements were recorded over three years (between 2017
and 2021), taken every 3 to 4 months within the monitoring.
However, there were long periods between i) April 2018 and Feb
2019 and ii) July 2019 and August 2020 when elevation
measurements were not taken owing to unavoidable project
delays. Measurement of accretion above the MH was done by
carefully obtaining 2 x 2 cm cores (blocks) on the edges of the
plots using a sharp knife (Figure 4). The height (in cm) of
sediment above the MH was recorded, and the block returned to
its position (Lang’at et al., 2014). Due to the perturbation of
some MH by sesarmid crabs, it was impossible to obtain MH

cores and measurements.

Sea-level and estimated mangrove
surface elevation

Sea-level data was obtained from the Mombasa tide gauge — one
of the only two tide gauges along the Kenyan coastline with data
available for public use. The Mombasa tide gauge (~100 km north
of Vanga) was operationalized in 1986. The tide gauge is located at
Mwache Creek, Kilindini Harbor. The creek is geomorphologically
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different from the Vanga estuary. However, sea-level variations
along the entire Kenyan coastline are comparable (Kebede et al,
2010). It is currently part of the Global Ocean Observation System
(GOOS) network in the tsunami early warning system context. All
the data from the GOOS network are stored in the centralized data
repository of the GOOS network at the University of Hawaii Sea
Level Centre (UHSLC, https://uhslc.soest.hawaii.edu/).

Mean monthly and hourly sea-level data were obtained to
assess long-term sea-level and during-study variations. The
elevation of the study site with respect to sea level was
estimated barometrically using Van Essen® hydrostatic divers.
We obtained relative water levels by determining the hydrostatic
pressure differences derived from barometric diver measurements
and corrected them for atmospheric pressure. A diver (mini
DI701 Cera diver) submerged during tidal flooding and
measured water pressure. The Cera diver was tied to mangrove
roots close to the mangrove surface (approx. 3 cm) to minimize
the error when the divers were not submerged. There is also a
possibility of underestimating or overestimating water levels
above the mangrove surface in turbulent flood tides. However,
waves are typically attenuated in dense mangrove vegetation
(Furukawa and Wolanski, 1996; Ndirangu et al.,, 2017). This
minimizes the variations due to turbulence. The barometric
diver (mini D1801 Baro diver) was placed high enough in
mangrove branches to avoid inundation, including spring tide.
The D1801 Baro diver was used to measure only the atmospheric
pressure. The Baro diver’s readings were considered representative
of the study area since atmospheric pressure does not vary over
short distances. The two divers were both installed at station 14A
(Figure 3). The hydrostatic pressure is obtained by subtracting the
measured atmospheric pressure (obtained using the Baro diver)
from the measured water pressure (obtained from the Cera diver).
This can be transformed into a water column depth (in m) above
the mangrove surface. The high-water levels (HWL, in m)
measured by the tide gauge in Mombasa were correlated with
the calculated water depths at the mangrove sites at high tides. The
two daily high-water levels (HWL) referenced to the official chart
datum, the lowest astronomical tide (LAT) recorded by the tide
gauge, correlated with the corresponding high-water depths
measured within the mangroves the divers. Since the highest
pressure is recorded during high water levels, the corresponding
high diver pressure measurements represent the maximum water
depth. The average difference between the corresponding tide
gauge measurement (m LAT) and the water depth (m)
measurement from the divers gave an estimate of mangrove
surface elevation (m LAT) in the study area.

Data analysis

The average elevation measurements from the 21 SETs
(Figure 3) were obtained between Dec 2017 and April 2021.

frontiersin.org
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Variations in elevation changes were examined between sites
considering the distance from the creek and stations for
normality and significance differences using the Shapiro-Wilk
test and Two-Way ANOVA, respectively.

Results

Sea-level and estimated mangrove
surface elevation

The sea level has been rising at Mombasa (4° 4’ 12” S and 39°
23’ 47.65” E), ~100 km north of Vanga. Based on the tide-gauge
measurements, the MSL has been rising at a rate of 3.8 mm yr”'
(Figure 5), represented by the slope of the linear trend. The sea-
level has been referenced to the mean lowest astronomical tide
(LAT). The mean LAT derived from the tide gauge data is 0.81 m,
the average of all monthly mean low water (MLW). In comparing
water depths derived barometrically in the study (in Vanga) with
water levels recorded in the Mombasa tide gauge, the estimated
mangrove surface elevation in Vanga is 3.22 m above MSL. The
sharp drop in sea level between 2000-2003 could be the possible
effect of the decadal-scale 18.6-year lunar cycle (Euler effect)
which causes either a sharp fall or rise in sea level (Mckinnell
and Crawford, 2007; Baart et al., 2012). The 18.6-year lunar nodal
cycle is borne of the change in the inclination of the moon’s orbital
path to the plane of the Earth’s equator. The lunar orbital
oscillation changes range +5° relative to 23.5° tilt of the equator
relative to the ecliptic (Mckinnell and Crawford, 2007) with an
effect on the magnitude of the lunar diurnal tide. The change in
inclination modulates the tidal amplitudes and currents (Thiebot

10.3389/fmars.2022.932963

et al,, 2020), with the largest tidal variations experienced during
years of maximum lunar orbital declination at 28.5°.

Elevation changes of the mangrove
sediment surface

From the periodic measurement from the installed SET, we
observed both accretion and elevation loss within the mangroves
of Vanga. In stations near the creek channel (A stations),
elevation changes over the three years varied between -80 and
20 mm (Figure 6), while those farther away from the creek
channel (C stations) showed variations ranging between -68.5
and 29.3 mm (Figure 7). However, cumulatively, A stations
exhibited mean loss of elevation ranging between -77.7 and -16.4
mm over the monitoring period with an average mangrove
elevation loss of -45.2 + 7.2 mm. On the other hand, C
stations experienced an average loss of mangrove elevation
between -76 and -2.2 mm with an average of -20 + 7.1 mm.

It was evident that mangrove elevation loss was pronounced
in stations closer to the main channel than stations farther away.
The elevation changes also showed significant variation between
sites i.e. A stations and C stations (F-value = 7.87, p = 0.03),
however, the variation between the individual stations although
discernible in relative terms, was not significant (F-value = 1.43,
p = 0.33). Two years (in 2019) after the placement of horizon
markers, the cored subsamples in selected un-perturbed MH
plots showed average positive sediment accretion above the MH,
ranging between 12.3 and 26.0 mm (Table 1).

This translated to an average surface accretion between 6.1
mm yr' (station 14A) and 13 mm yr™' (stations 2C and 5C). The
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Plot showing a rising (increasing) trend of sea-level in Mombasa derived from tide gauge data between June 1986 and December 2020. From
the linear trend, the sea level in Mombasa has been rising at 3.8 mm yr™*
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Mangrove surface elevation changes measure between Dec 2017 and April 2022 close to the main creek channel within the mangroves of
Vanga at (A) stations 2A, 5A, 9A, 13A, 14A and 15A and (B) stations 16A, 19A, 20A, 21A and 22A. The top x-axis represents the stations, while the
bottom x-axis is the monitoring time stamps. Error bars represent the standard deviation.

surface accretion in all stations exceeded the current rates of SLR
measured at the Mombasa tide gauge (Figure 5). For example, in
station 13A, up to 1.5 cm, equivalent to 15 mm of accretion, was
recorded (Figure 8). It represented a cumulative accretion of 7.5
mm yr', a value higher than the rate of SLR (3.8 mm yr)
recorded at the Mombasa tide gauge (Figure 5). The average
accretion of 18.0 mm, equivalent to 9 mm yr-1 was measured in all
the stations. The A stations showed lesser accretion (7.8 mm yr’l)
than the C stations (9.6 mm yr’l). The cumulative elevation loss in
A stations (-45.2 mm) and C stations (-20 mm) for three years
translates to a mangrove surface elevation loss of -15.1 mm yr™'
and -6.6 mm yr', respectively. Comparing these elevation changes
with the recorded accretion rates of 7.8 and 9.6 mm yr'', we can
deduce a net mangrove surface loss of 7.3 mm yr'' in the A
stations and a net elevation gain of 3.0 mm yr™ in the C stations.
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Discussion

Mangroves promote sediment trapping, accumulation, and
consolidation through their dense and complex root structures.
Mangroves are also considered ecosystem engineers (Gutierrez
et al, 2012). Through sediment and organic matter retention,
mangroves modify the physical environment and colonize new
habitats and platforms. This is vital for mangroves in the face of
SLR and as they migrate to higher grounds, but this is also
important for other flora and fauna. The mangroves of Vanga
have exhibited sediment retention evident by the positive (up to
9.0 mm yr’l, Figure 8) accretion above the MH. However, there is
also marked shallow subsidence attributable to subsurface
compaction, decomposition of buried OM (Gutiérrez et al,
2012; Lang’at et al., 2014) and possible collapse of fiddler
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FIGURE 7
Mangrove surface elevation changes rates between Dec 2017 and April 2021 farther away from the main creek channel within the mangroves of
Vanga at (A) stations 2C, 5C, 6C, 9C and 10C and (B) stations 13C, 14C, 15C, 19C and 22C. The top x-axis is the stations, while the bottom x-axis
is the monitoring time stamps. Error bars represent the standard deviation.

sesarmid burrows. This leads to loss of surface elevation comparable to Gazi Bay’s (~50 km north of Vanga), which
(Kristensen, 2007) and poses a considerable challenge for the reported up to -51 mm elevation loss (Langat et al., 2014).
mangroves of Vanga, especially with the current and predicted Similar elevation losses have been associated with mangrove
rates of SLR. The surface elevation loss within the mangroves of die-back and cover loss due to anthropogenic impacts (Krauss
Vanga of up to -45 mm is relatively high. However, it is etal, 2014; Lang’at et al,, 2014). Indeed, anthropogenic-driven loss

TABLE 1 Measured rates of surface accretion in the mangroves of Vanga, Kenya, for two years.

Station Mangrove species Avg. surface accretion (mm) Surface accretion (mm yr'l)
2C A. marina, C. tagal 26.0 +0.14 13.0
2A A. marina, R. mucronata 19.5 £ 0.07 9.8
5C A. marina, R. mucronata 26.0 £ 0.14 13.0
9C A. marina, C. tagal 18.5 + 0.21 9.3
13A A. marine, X. granatum 15.0 £ 0.00 7.5
14A A. marine, X. granatum 12.3 £ 0.57 6.1
14C A. marina, C. tagal 14.3 +0.21 7.1
22C A. marina, C. tagal 15.0 + 0.14 7.5
15C A. marina, R. mucronata 15.5 + 0.07 7.8

Frontiers in Marine Science 09 frontiersin.org


https://doi.org/10.3389/fmars.2022.932963
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kimeli et al.

hource: Amon Kimeli, 2018, *

FIGURE 8

10.3389/fmars.2022.932963

(A) Image showing the cored sediments with discernible sediment accretion in station 13A and (B) image showing the effects of crab mud
overturning and mixing (in some of the plots set up (e.g., in stations 9A, 16A, 22A).

of mangroves has been reported in Vanga (Mungai et al., 2019).
We could, therefore, partly attribute the localized subsidence to
the local mangrove loss. During this study, there was a short-lived
upstream disruption of Umba River flow and discharge
occasioned by road construction. The disruption was between
sampling periods and therefore presented no avenue for
monitoring or quantification of its influence. Disruption and
obstruction of natural river flow can cause a reduction in the
sediment load due to the trapping of sediments or redirection
(Okuku et al,, 2018). Therefore, it inhibits the benefits of sediment
supply to the downstream low-lying coastal habitats, including the
growth of mangrove surface elevation. In most African regions, it
has been reported that the sediments deposited are mainly
minerogenic (Balke and Friess, 2016). However, other studies
have reported the dominance of organic sediments (roots, leaves)
in other tropical regions (Neubauer, 2008; Krauss et al., 2014).
Indeed, the mangroves of Vanga receive more terrigenous
sediments (Kimeli et al,, 2021). We can, therefore, assume that
the disruption reduced the supply of minerogenic sediments and
led to the increased dominance of the autochthonous organic
sedimentation, predominantly root matter and aboveground
biomass, including leaf litter (Rogers et al., 2014; Woodroffe
et al, 2016). The dominance of organogenic sediment
accumulation and enhanced decomposition would have led to
pronounced elevation loss.

Accretion has also been reported to be relatively lower in
brackish/saline than freshwater (Neubauer, 2008). This broad
generalization has been attributed to saline water’s acceleration
of OM decomposition. On the contrary, freshwater promotes the
accumulation and preservation of OM, consequently translating
to increased mangrove surface elevation. Therefore, applying this
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generalized conclusion, the mangrove surface elevation loss in
Vanga could be qualified. However, this would require further
assessment and evaluation. Compared to C stations, the relatively
high elevation loss in A stations could result from saline waters
brought by flood tides reaching these stations during spring and
neap tides, accelerating the decomposition, unlike the C stations
being inundated only during spring tides. The experimental plots,
both A and C stations, were set up in mixed mangrove stands
(primarily a mixture of two or more). Different root morphology
could also influence elevation changes. For example, it has been
shown that prop roots have better capabilities in attenuating flow
currents and promoting settling suspended sediments from
estuarine waters; however, they are not as successful as
pneumatophores in maintaining sediment elevation for longer
periods (Krauss et al., 2003). In Vanga, the non-significance in
elevation changes between stations would support the findings of
(Krauss et al., 2003), that functional root types, root area and root
density may have minimal influence on elevation changes. We
further postulate that the effect of mixed stands in Vanga would
augment the influence of the different species. Although our study
did not evaluate sub-surface process including build-up of
autochthonous peat layer and growth of fine roots, they are also
controlling factors of elevation change in mangroves (Middleton
and McKee, 2001; Mckee et al., 2007).

The elevation loss recorded in this study is also within 11.2 to
2.5 mm yr', documented for similar ecosystems of fringe and
riverine mangroves (Krauss et al., 2014). It is projected that GMSL
will rise between 4.3 mm (2.9 - 5.9 mm) and 8.4 mm (6.1 - 11
mm) by the end of this century (2100) under the low (RCP 2.6)
and high (RCP 8.5) confidence scenarios, respectively (Shukla
et al, 2019). Comparing the projected GMSL with elevation
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changes within the mangroves, Vanga paints a picture of imminent
threat, but the threats can be mitigated with informed
interventions and adaptations. This threat is also reported for
similar habitats, including the projected loss of ~50% of Mngazana,
South Africa estuary mangroves with a 3.7 mm yr™' SLR rate (Yang
et al, 2014; Adams and Rajkaran, 2021), the reported loss of
>15,000 ha of mangroves due to SLR in Sundarbans (Rahman
etal, 2011; Bomer et al,, 2020). A regional assessment in Australia,
Singapore, Indonesia, Philippines, Malaysia, and Vietnam using a
network of comparable SET elevation measurements indicated a
~6 mm yr elevation deficit with respect to current and predicted
SLR rates (Alongi, 2008; Woodroffe et al., 2016). However, the
fundamental strength of the mangroves in Asia has been reported
to be the presence of multiple species of mangroves (Ward et al,
2016; Woodroffe et al, 2016) that increase resilience due to
interspecific interactions and organic matter input (Huxham
et al,, 2010). In the context of long-time scales, mangroves have
exhibited resilience and have hitherto adapted to various elevation
changes due to paleo sea-level fluctuations (Krauss et al., 2008;
Mcivor et al.,, 2013; Collins et al., 2017; Saintilan et al., 2020) and
land elevation changes occasioned by both shallow and
tectonically-driven deep subsidence (Collins et al., 2017). It is
evident by the observed mangrove colonization and contribution
to the net organic carbon budgets identified as far back as the
Oligocene (Collins et al, 2017) and more pronounced in the
Holocene (McKee, 2011; Mcivor et al., 2013). The inherent
resilience of mangroves to sea-level changes, even on open fringe
coasts, is borne from the indirect feedback mechanisms derived
from the increased tidal ranges, currents, sediment supply and
accommodation space (Rogers, 2021). For example, enhanced tidal
range and currents increase the reworking of sediments to sizes
suitable for mangroves and create numerous tidal channels that
increase rugosity suitable for sediment trapping (Collins
et al,, 2017).

The current and predicted rates of SLR are essential drivers for
policymakers, responsible for long-term adaptation measures,
conservation, and protection of coastal habitats and human
populations. Information derived from this study forms part of
the site-specific empirical data that would inform management
towards mitigating the effects of the rising SLR. It adds to the
growing but still minimal evidence and information of elevation
changes within the mangroves of Kenya and the wider Western
Indian Ocean region (Okello et al,, 2013; Lang’at et al.,, 2014;
Stringer et al., 2015). The information derived from this study will
also form part of a suite of baseline data that would inform the
setting up and demarcation of a transboundary conservation area
(TBCA) between Kenya and Tanzania (Figure 3). Most
management and conservation strategies, including restoration,
especially for mangroves, have hitherto focused on the ecological
aspects but minimally on sediments which is one of the critical
pillars for their success. To mitigate the effects of SLR, artificial
embankments and interventions to complement nature-based
adaptation and resilience have been suggested (Takagi, 2018;
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Dasgupta et al., 2019). These artificial embankments are
intended to increase the efficiency of tidal damping and velocity
attenuation and optimize the mangrove functionality of sediment
trapping and consolidation. However, some studies have also
cautioned on the long-term efficacies of artificial embankments
and dykes and other human-induced interventions (Romariach
et al., 2018; Zimmer, 2018).

Conclusions

Vanga has been identified as a hotspot for mangrove
degradation and loss. It has been mainly attributed to
anthropogenic factors. However, the effects of other biophysical
factors, including sediment accretion, shallow and deep subsidence
and expected SLR, have been minimally assessed. The current
study provides data and information on the elevation changes
within the mangroves of Vanga. It reveals that the current rates of
elevation changes outpace the current rates of SLR. However, it
also reveals the vulnerability of Vanga mangroves to submergence
and the threat of the projected accelerated SLR and the influence of
shallow subsidence. It also gives impetus to the need for a more
holistic look at the management and conservation of mangroves
by incorporating biophysical drivers like sedimentation within the
context of land-use changes, sources, and sinks. Further
monitoring is recommended to capture the elevation change
pulses that arise from flash floods, river flow disruption and
erosion. We also recommend that more multi- and inter-
disciplinary research on the Vanga ecosystem considers the
sediment sources, freshwater and sediment discharge, and
sediment budgets to build a complete picture.
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