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RESEARCH ARTICLE

Strong attenuation of high water levels observed in tropical mangroves
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Abstract
Mangroves are more and more recognized for nature-based mitigation of flood risks in low-lying coastal

zones, which host a disproportionately large part of the global population. Aerial roots, branches, and canopy
of mangrove trees exert friction on the water flow, thereby reducing the propagation of high water levels
through the forest. Field measurements of high water level attenuation rates are limited so far to mangrove for-
ests situated at higher-latitude subtropical settings, where aerial roots are much sparser and lower than in low-
latitude tropical mangroves. Here, for the first time, we measured high water level attenuation in a tropical
Rhizophora forest, where aerial roots are several meters high and water levels never exceeded the aerial root
height. Our measurements reveal attenuation rates between 42 � 9.8 and 46 � 9.8 cm km�1, which are the
highest attenuation rates ever recorded in a mangrove forest, but an exponential rate is more suited to quantify
high water level attenuation. In contrast to observations inside the mangrove forest, our observations showed
that the propagation of high water levels through a 20 km long tidal channel fringed by wide mangrove areas
was amplified, but that high water level amplification was reduced for higher tides with deeper flooding of the
fringing mangroves. Our results provide the first empirical assessment of flood protection by tropical Rhizophora
mangroves. As Rhizophora is globally the most common genus among mangroves, we propose that our reported
high attenuation rates should be incorporated in future assessments of nature-based flood risk mitigation by
mangroves.

Low-lying coasts host a disproportionately large part of the
global population but are increasingly threatened by sea-born
flood risks driven by processes such as storm surges, tsunamis
and extreme high tides (Fox-Kemper et al. 2021; Tebaldi
et al. 2021; Glavovic et al. 2022). By 2050, such extreme sea
level events are expected to occur 20–30 times more fre-
quently than in the recent past (Fox-Kemper et al. 2021) due

to global mean sea level rise, increasing storm intensity in

some regions, and local land subsidence. To mitigate these

risks in the (sub)tropics, mangrove conservation and restora-

tion are more and more recognized as nature-based solutions

for coastal protection (Glass et al. 2018; Gijsman et al. 2021;

Temmerman et al. 2023).
Empirical studies have shown that mangroves can reduce

storm and tsunami impacts by lowering economic loss and
casualties (Das and Vincent 2009; Dahdouh-Guebas et al.
2005; Kathiresan and Rajendran 2005; del Valle et al. 2020),
while modeling studies have further extended on the land-
ward reduction of extreme sea levels (Zhang et al. 2012; Deb
and Ferreira 2017; Chen et al. 2021; Pelckmans et al. 2024).
Yet, field measurements of high water level (HWL) attenuation
within and behind mangrove forests remain very scarce with,
to our knowledge, only three reports of measured attenuation
rates in the scientific literature (Table 1), hence limiting empir-
ical insights and the capacity to calibrate and validate
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predictive models against data. Attenuation is typically
expressed as vertical reduction in HWL per horizontal distance
traveled by the tide or surge (cm km�1). We can distinguish
two types of attenuation. First, when HWLs propagate
through continuous mangroves, the branches, aerial roots,
and canopy of mangroves exert friction on the water flow,
thereby reducing peak water levels when propagating (Mazda
et al. 1997). This is referred to as within-wetland attenuation
(Temmerman et al. 2023). In a coastal wetland zone with
mixed mangrove and marsh vegetation in Florida, Krauss et al.
(2009) measured HWL reduction of 9.5 cm km�1. In continu-
ous subtropical mangroves in New Zealand, dominated by
Avicennia marina, measured attenuation rates were
24 cm km�1 (Montgomery et al. 2018) and 36 cm km�1

(Horstman et al. 2021). Second, mangroves are often dissected
by tidal channels, which facilitate the propagation of tides
and surges, as compared to the surrounding higher-elevated,
densely vegetated mangroves. When rising water levels exceed
the channel banks, the water spreads out into the mangroves,
thereby reducing upstream water levels in the channels
(Horstman et al. 2013; Smolders et al. 2015). This is referred to
as along-channel attenuation, and typically presents much
smaller attenuation rates than within-wetland attenuation,
with values ranging between 0 and 12 cm km�1 (Krauss
et al. 2009; Montgomery et al. 2018; Horstman et al. 2021).

The few existing studies are limited to specific mangrove
settings that are not representative of the global extent of
mangroves, that is, they are limited to (1) mangroves domi-
nated by Avicennia marina (Table 1) and (2) mangroves
(or mangrove-marsh mixtures) at higher latitudes close to
their most northern or southern ranges. In Avicennia marina
mangrove forests, the vegetation-induced drag is mainly cau-
sed by a dense network of pneumatophores, typically less than
30 cm high (Chen 2016; Montgomery et al. 2018; Horstman
et al. 2021) (Supporting Information Fig. S2). Besides
Avicennia, Rhizophora species are considered one of the most
commonly found mangrove species globally (Ong et al. 2004;
Pil et al. 2011; Sandoval-Castro et al. 2012; Record et al. 2013;
Twomey and Lovelock 2024). Rhizophora species are character-
ized by a typical complex network of above-ground stilt roots,
which commonly extends one to several meters above the soil

surface and therefore likely exhibits the highest drag on
extreme water level propagation among mangrove species
(Figs. 1, 2c; Supporting Information Fig. S2) (Krauss
et al. 2003; Horstman et al. 2014). However, no studies have
reported attenuation rates over large areas of natural
Rhizophora-dominated mangroves, despite their global distri-
bution, nor are there published observations of attenuation
measurements in tropical, near-equatorial mangroves. Near-
equatorial mangroves can reach canopy heights up to three
times taller than those at higher latitudes (Simard 2019), with
stilt root density and height increasing accordingly, enhanc-
ing drag on water flow (Mori et al. 2022). Thus, published
attenuation rates may underestimate high-water-level attenua-
tion in tropical Rhizophora-dominated mangroves.

Hence, as summarized above, currently reported observa-
tions of HWL attenuation rates in mangroves, and how they
depend on within-wetland vs. along-channel attenuation
mechanisms, are limited to higher latitude subtropical set-
tings, where attenuation rates are expected to be on the lower
hand. To complement the limited empirical record, we mea-
sured HWLs per tidal wave in a tropical, near-equatorial
Rhizophora-dominated estuary in Ecuador for which we report
the observed HWL attenuation rates. Since aerial roots reach
several meters above the ground, water did not exceed the
aerial roots. Furthermore, we compare within-wetland attenu-
ation rates with along-channel attenuation rates on the forest
scale, that is, along a 20-km channel transect completely
fringed by large mangrove areas. As such, our study reports
the highest HWL attenuation rates ever documented in man-
groves, and it suggests potential trade-offs between within-
wetland and along-channel attenuation rates.

Methods
Study area

The observed high water attenuation rates in this paper
were measured in the Churute subestuary in Ecuador (Fig. 2a)
which covers � 20,000 ha and is located inside a protected
nature reserve (i.e., Reserva Ecol�ogica Manglares Churute). The
estuary is drained by a tidal channel network which is � 2 km
wide at its, branching inland into smaller creeks. These

Table 1. Overview of published studies that include measured HWL attenuation rates.

Author
Within wetland
attenuation

Along-channel attenuation
and transect length Vegetation Country

Krauss et al. 2009 3.2–9.4 cm km�1 4.2 cm km�1

14.1 km

Mangrove-marsh complex Florida

Montgomery et al. 2018 24 cm km�1

800 m

� 0 cm km�1

1100 m

Avicennia marina New Zealand

Horstman et al. 2021 36 cm km�1

� 500 m

12 cm km�1

� 500 m

Avicennia marina New Zealand

Pelckmans et al. High water level attenuation in tropical mangroves

2406

 19395590, 2025, 9, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.70131 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [29/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



channels dissect a continuous mangrove forest, dominated by
Rhizophora mangle (Fig. 2c), which on the reserve’s landward
boundaries is bordered landward by leveed aquaculture ponds.
The basin is fed by freshwater draining from the 300 km2

catchment of the Rio Churute. While discharge measurements
for this catchment are lacking, river discharge in the region is
subjected to a dry season (April–November) and a wet season
(December–March), with discharges varying up to eightfold
(INAMHI 2019). The Churute basin lies within Guayas delta,
which is a large river delta entering from the Gulf of Guaya-
quil (Fig. 2b). Tidal range at the delta’s mouth is � 2 m,
increasing to � 4 m upstream at the entrance of the Churute
subestuary.

Water level loggers
We deployed 11 water level loggers (Rugged Troll 100, In-

Situ) during a spring neap cycle during the dry season between
August and October 2022 in the main channel and in the
mangroves. Four loggers (M1–M4) were deployed at 45, 100,
220, and 400 m euclidean distance from the channel inside
the mangrove forest approximately 3 cm above the forest
floor. Since there are no small channels near the transect

(< 1 km), we assume that the tidal flow path is perpendicular
to the mangrove forest edge (Kobashi and Mazda 2005). Seven
loggers (C1–7) were deployed along a 20 km transect following
one of the main creeks of the Churute basin (Fig. 2a). All log-
gers were installed on the creek banks between the minimum
and maximum HWL during spring tides (Supporting Informa-
tion Fig. S3b).

Logger elevation and vertical reference
For all loggers, we measured the elevation to calculate water

levels from the measured water depths. For the loggers in the
mangrove forest (M1–M4) we measured the elevation, relative
to water level sensor C1 (Fig. 2a), by means of trigonometric
leveling (using a Sokkia SET-510 K total station) (Supporting
Information Fig. S3a). More information on the procedure is
given in Supporting Information Section S3.

Due to the large distances between loggers, elevation could
not be surveyed with a total station. Instead, we used a differ-
ential GPS (Trimble R8s) within 25 m of each logger, placing it
on rigid, canopy-free mangrove trunks or branches at the
forest–channel edge (Supporting Information Fig. S3b). GPS
deployment spanned at least 1 h, which allowed obtaining
cm-accurate coordinates through post-processing kinematic
adjustment. We measured the elevation difference between
the GPS location and the logger with trigonometric leveling
using a total station. The resulting water levels are referenced
to the WGS84 ellipsoid. The vertical uncertainty on these
ellipsoidal water levels is the sum of estimated GPS error and
the trigonometric leveling uncertainty, summed with water
level logger error, ultimately ranging between � 2.4 and
� 5.1 cm (Supporting Information Table S4).

The water levels observed at C1–7 will be referenced to the
geoid. The geoid is a level or equipotential surface of Earth’s
gravity field that represents the true horizontal. As gravity
only acts in the vertical direction, a geoid is well suited as a
vertical reference level to compare absolute water levels in
between locations (Slobbe et al. 2013). Here, we reference all
water levels to GEOID2021, being the most recent regional
geoid for Ecuador (de Matos et al. 2021) and refer to these
water levels as HWLG2021. However, the geoid adds a source of
uncertainty which for GEOID2021 can be as high as 0.92 m in
terms of the root mean square error. Nevertheless, over short
distances geoid height errors are typically strongly correlated
(e.g., Klees and Slobbe 2023) and as such, will cancel out when
comparing water levels between loggers and we can ignore
this contribution to the overall uncertainty budget of the mea-
sured water levels and attenuation rates. Alternatively, we pre-
sent water levels relative to a local neap tide HWL. For each
logger, the HWL on September 19, 2022 (a neap tide), was
subtracted from all measured HWLs. Thus, the highest water
level during that tide is defined as 0 cm above the local neap
tide (HWLNEAP). HWLs recorded by sensors inside the man-
groves (M1–M4) are referenced to an equipotential surface

Fig. 1. Illustration of Rhizophora species (a) with their associated stilt
roots, which can reach multiple meters above the mangrove forest floor,
and of Avicennia marina mangroves (b) with the associated pneumato-
phores, which typically reach less than 30 cm above the mangrove for-
est floor.

Pelckmans et al. High water level attenuation in tropical mangroves
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aligned with the zero level of logger C1, using elevation differ-
ences measured via a leveled total station.

Calculation of attenuation rates
For each tidal cycle that was surveyed, we extracted the

HWL per tidal wave from all loggers. Within-wetland atten-
uation rates are calculated as the landward increase or
decrease in HWL between M4 (inside the forest) and C1
(at the forest edge) divided by the euclidean distance
between M4 and C1. Along-channel attenuation rates are
calculated as the upstream increase or decrease in HWL
between C1 and C7 divided by the pathway length follow-
ing the channel between C1 and C7. Both within-wetland
and along-channel attenuation rates are referred to as
ΔHWL rates. If HWLs increase in a landward direction,
ΔHWL rates are positive and HWLs are amplified. If HWLs
decrease in a landward direction, ΔHWL rates are negative
and HWLs are attenuated. Errors on ΔHWL rates are

calculated as the sum of the water level errors for the two
associated loggers, divided by the distance in between
them, those being the Euclidean distance for sensors M1–
M4 and pathway length along the channel for sensors C1–
C7. Not all loggers were deployed over the exact same
period, but 47 HWLs were captured by all loggers in the
creek and 8 HWLs were captured by all mangrove loggers
(coverage periods are shown in Supporting Information
Fig. S5). Along-channel rates can be calculated on
HWLs referenced to both the GEOID2021 geoid or neap
tide, and therefore the used reference level is indicated in
subscript.

HWLs do not necessarily decrease linearly with distance
(Montgomery et al. 2018), as may be suggested by the com-
mon use of attenuation rates in cm km�1. Therefore, we also
describe within-wetland attenuation as an exponential decay,
similar to the quantification of wind wave attenuation by
Zhang et al. (2022):

Fig. 2. Map showing the Churute study area (a) with the location of the water level loggers placed on the channel banks (yellow markers) and water
level loggers in the mangrove forest (green markers). The study area (yellow rectangle) located in a protected area largely covered by mangroves in the
east of the Guayas delta (white rectangle), located in the Gulf of Guayaquil along the coast of Ecuador (b). Churute is predominantly covered by
Rhizophora mangle and its typical stilt roots (c).

Pelckmans et al. High water level attenuation in tropical mangroves
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K¼
� log HWLX

HWL0

� �

X
ð1Þ

HWLx ¼ HWL0�b�ð Þ� e�Kxþb� ð2Þ

where K is the decay or exponential attenuation rate (km�1),
HWLX is the high water level (cm) at a distance X from the
forest edge (m) for which we considered the HWL at 400m,
HWL0 is the high water level (cm) at the forest edge (0) and b*
is a constant forest floor elevation which was set equal to
235 cm (representative forest floor elevation; Fig. 3).

Numerical model to estimate mangrove-induced drag
Previous studies on within-wetland attenuation in man-

grove forests have estimated vegetation-induced drag using
measurements of above-ground root structures, stem
diameters, and stem densities (Montgomery et al. 2018;
Horstman et al. 2021). These parameters allow for the calcu-
lation of frontal area (aν), defined as the surface area in the
vertical plane perpendicular to water flow (Zhang et al.
2015; Yoshikai et al. 2022). Vegetation-induced drag scales
linearly with frontal area and the element drag coefficient
(Cd), which quantifies the drag exerted by a single man-
grove root or stem. This can be represented by a bulk drag
coefficient for mangroves (Mazda et al. 1997; Pelckmans
et al. 2023).

Cm ¼Cd�aν ð3Þ

In our study area, the complex structure of Rhizophora stilt
roots made it impractical to directly measure frontal area.
Instead, we estimated Cm using a numerical hydrodynamic
model (TELEMAC 2D) to simulate HWL propagation through
a continuous mangrove forest within a 200 m � 1000 m rect-
angular domain. The open boundary condition was defined
using water level data from station C1, and simulations were
run for all tidal events with available observational data (T1–
T4). For each event, Cm was calibrated to align modeled water
levels with observed data. Further details on the model setup
are provided in Supporting Information Section S6.

Results
Within-wetland attenuation

In the mangrove forest, all HWLs decrease when propagat-
ing deeper into the forest (Fig. 3a) between 17 and 19 cm over
400 m (Fig. 3b), corresponding to negative ΔHWL rates of
� 46.2 � 9.8 and � 42.7 � 9.8 cm km�1, meaning HWL atten-
uation (Fig. 4). In the first 100 m, there is no clear increase or
decrease. Between 100 and 220 m, the decrease is the stron-
gest before slightly weakening between 220 and 400 m, indi-
cating an exponential decrease of HWL with distance into the
forest. In the mangrove forest, there is no significant linear
relation (R2 = 0.096 and p value of slope coefficient = 0.417)
between ΔHWL rates and incoming HWL at the edge of the
forest (Fig. 4).

When high-water level (HWL) attenuation in the mangrove
forest is quantified using an exponential decay function, the

Fig. 3. High water levels referenced to GEOID2021 (a) and the difference between high water level along the channel and high water level in C1 (b) at
five locations with increasing distance into the forest. Each line represents a single high tide, exceeding the channel banks, between September 10, 2022
and September 15, 2022. Darker blue colors indicate higher incoming water levels at C1, while light green colors indicate lower incoming water levels at
C1 with water levels referenced to GEOD2021 (n = 7). The brown line and shade in (a) indicate the estimated mangrove forest floor elevation (height of
logger minus 3 cm).

Pelckmans et al. High water level attenuation in tropical mangroves
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decay rate (K) tends to decrease as the inundation depth at
the forest edge increases (Table 2). The observed K values
range from 1.42 to 4.12 km�1. Notably, for the highest tidal
events and at distances greater than 400 m into the forest, the
exponential model more accurately captures within-wetland
attenuation than a simple linear approximation in cm km�1

(Supporting Information Fig. S7). Estimated values of the
mangrove-induced drag coefficient (Cm) range between 1 and
3 (Table 2) with generally lower values for Cm for tides with
higher inundation depth. Simulated within-wetland attenua-
tion increases with higher Cm values. Further details on the
method for estimating Cm are provided in Supporting Infor-
mation Section S6.

Along-channel amplification
Along the 20-km channel transect, absolute HWLs consis-

tently increase upstream during all recorded high tides,
though the rate of increase diminishes with higher incoming
water levels and varies across transect sections (Fig. 5a). Over-
all, HWL increases range from 14 to 21 cm, corresponding to

ΔHWL rates of + 0.7 to + 1.1 cm km�1, indicating amplifica-
tion. In the first 6 km, HWLs rise by 8–11 cm (ΔHWL: + 1.3 to
+ 1.8 cm km�1). Between 6 and 13 km, HWLs decrease by up to
8 cm or remain nearly stable (ΔHWL: � 1.3 to + 0.1 cm km�1),
while in the final 7 km, they increase again by 17–24 cm
(ΔHWL: + 2.5 to + 3.4 cm km�1). When considering the HWLs
relative to the local neap tide HWL, they also increase but with a
lower increase between 0 and 8 cm. In the first 13 km, HWLs rise
under lower incoming tides (< 80 cm) but decline under higher
ones (> 80 cm; Fig. 5b). In contrast, HWLs in the final 7 km
increase regardless of incoming tide height.

ΔHWL rates across the transect increase with incoming
HWL up to 0.5 m above the neap tide level (2.1 m relative to
GEOID2021), after which they decline (Fig. 6). Rates shown in
Fig. 6 are based on measurements between loggers C1 and C6,
which recorded the most HWLs (n = 98). Relative to
GEOID2021, ΔHWL ranges from + 0.3 to + 0.7 cm km�1

(amplification), and from � 0.2 to + 0.3 cm km�1 relative to
the neap tide. For incoming levels above 0.54 m (neap tide
reference), ΔHWL decreases linearly with water level
(R2 = 0.89). Below this threshold, a weaker positive linear
trend is observed (R2 = 0.39).

Discussion
Nature-based solutions for sea-born flood risk mitigation

are receiving much attention in scientific literature (Glass
et al. 2018; Gijsman et al. 2021; Temmerman et al. 2023). Yet,
direct measurements of HWL attenuation within mangrove for-
ests are very scarce and limited to mangrove-marsh mixtures or
Avicennia mangroves near their most northern or southern
ranges. Here we present measured ΔHWL rates, for the first time
inside a near-equatorial Rhizophora dominated mangrove forest,
ranging between � 42.7 � 9.8 and � 46.2 � 9.8 cm km�1,
which are by far the strongest HWL attenuation rates ever mea-
sured within mangroves. However, along a 20-km long estua-
rine channel that is dissecting the Rhizophora mangrove forest,
we observed positive ΔHWL rates, meaning HWLs are not
attenuated but amplified, which is likely due to the funnel-
shaped geometry of the channel.

Within-wetland attenuation
We have measured within-wetland ΔHWL rates between

� 42 � 9.8 cm km�1 and � 46 � 9.8 cm km�1 (Fig. 4) while
previous studies measured between � 3.2 cm km�1 and
� 36 cm km�1 (Table 1). We attribute our high values to the

Fig. 4. ΔHWL rates inside the mangrove forest, plotted against incoming
water level at C1. ΔHWL rates are calculated as the difference in peak
water level for each high tide at C1 and M4 divided by the distance in
between (n = 9). Error bars represent uncertainty between attenuation
rates of different tidal waves (coming from logger uncertainty). Total
uncertainties on ΔHWL rates are 9.8 cm km�1 for each tidal wave.

Table 2. Calculated exponential attenuation rates (km�1, see Eq. 1) and estimated values for Cm based on numerical model calibration
for seven recorded tidal waves with varying inundation depth at the forest edge.

Inundation at forest edge 21 cm 22 cm 27 cm 29 cm 36 cm 37 cm 40 cm

K 4.12 4.56 2.86 2.37 1.75 1.62 1.42

Cm 2.5 3 1.5 1.5 1 1 1

Pelckmans et al. High water level attenuation in tropical mangroves
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Rhizophora’s dense network of rigid stilt roots (Fig. 2c)
which reaches multiple meters above the mangrove forest
floor, in contrast to previous studies on Avicennia marina,
where pneumatophores are commonly lower than 30 cm
high (Fig. 1; Montgomery et al. 2018). This dense network
of stilt roots corresponds to a high frontal area, that is the
surface area in the vertical plane perpendicular to the water
flow (Zhang et al. 2015; Yoshikai et al. 2022). As vegetation-
induced drag on water flow is typically considered to
increase linearly with the frontal area (Nepf 2012), the high
frontal area of Rizophora’s dense root network may explain
the high attenuation rates compared to previous studies.
Calibrated values for Cm range between 1 and 3 (Table 2),
which are substantially higher than previously reported
values for Avicennia sp., which range between 0 and 0.15
(Horstman et al. 2021; Montgomery et al. 2018). Typically,
Cd is assumed to be 1, and Cm corresponds with aν (see
Eq. 3). Therefore, the high calibrated values for Cm in this
study imply a higher aν for Rhizophora sp. compared to
Avicennia trees. Lopez-Arias et al. (2024) estimated aν by
counting stilt roots and measuring root diameters in
Rhizophora trees at distinctive heights above the forest
floor, and reported values ranging from 0.2 to 1.7 within

the bottom 50 cm above the sediment. Assuming Cm reflect
aν, our calibrated values for inundations greater than 22 cm
(Table 2) fall within the range observed by Lopez-Arias et al.
(2024). Reports on the attenuation of short-period wind-
driven waves show the strongest attenuation for
Rhizophora, compared to Avicennia and Sonneratia, which is
also attributed to Rhizophora’s higher frontal area (Quartel
et al. 2007; Horstman et al. 2014).

Calibrated values for Cm were larger during tides with lower
inundation depths. Root density, and therefore aν, is typically
greater closer to the forest floor (Lopez-Arias et al. 2024;
Horstman et al. 2014; Yoshikai et al. 2022). Furthermore,
while bottom friction is generally considered negligible com-
pared to vegetation-induced drag (Mazda et al. 1997), we sug-
gest that at lower inundation depths, microtopographic
features—such as crab burrows—also contribute substantially
to total drag, contributing to the higher calibrated values for
Cm at inundation below 27 cm.

While attenuation rates are typically expressed as HWL
reduction per kilometer, extrapolating to multiple kilometers
should be done with caution as the HWL reduction typically
decreases with distance into the forest (Fig. 3) and landscape-
scale elements such as channels could strongly affect within-

Fig. 5. Difference between high water level along the channel and high water level in C1 for the water level loggers deployed along the main channel
(C1–7), plotted against the distance along the main channel starting at C1. Each line represents a tidal wave. Absolute water levels are referenced to
GEOID2021 (a) and local high water during neap tide (b). Each line represents a single high tide between August 28, 2022 and September 20, 2022.
Darker blue colors indicate higher incoming water levels at C1 while light green colors indicate lower incoming water levels at C1 (n = 47).
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wetland attenuation rates (Montgomery et al. 2018). We also
report exponential attenuation rates (K; see Eq. 1 and Table 2),
which more accurately capture the modeled high-water levels
(HWLs), especially beyond 400 m into the forest (Supporting
Information Fig. S7). Higher K values represent stronger atten-
uation, while lower values indicate weaker attenuation. Unlike
linear attenuation rates, the exponential formulation accounts
for the decreasing reduction in HWL farther into the forest,
helping to avoid overestimation of attenuation at longer dis-
tances (e.g., beyond 500 m).

A useful way to interpret K is through the expression
1�e�K, which gives the proportion of HWL reduction after
traveling 1 km into the forest. For example, the highest decay
rate observed in this study is 4.12 km�1, corresponding to a
76% reduction in HWL over 1 km (from 40 to 10 cm).

During recorded high water events, inundation did not
exceed the height where stilt root density declines. Since
vegetation-induced drag decreases above the stilt roots (Maza
et al. 2017; Yoshikai et al. 2022), this is relevant. However, in
our study area, stilt roots extend several meters above the for-
est floor (Supporting Information Fig. S2), while extreme sea
level events are not expected to exceed 1.2 m (Belliard
et al. 2021), so a significant decrease in frontal area is unlikely.
Within-wetland attenuation in mangroves has also been

shown to decrease for flood events with a longer inundation
(Montgomery et al. 2018). However, in macrotidal estuaries
such as Churute (� 4.5 m tidal range), the flood duration
would increase in case of extreme sea levels but remain limited
to a few hours instead, and as such we do not expect within-
wetland attenuation to substantially decrease due to longer
flood duration in case of extreme sea level events. The inunda-
tion depths in this study are limited to 40 cm and within-
wetland attenuation rates do not appear to substantially
increase or decrease with incoming water level, although the
relatively high uncertainty of the measured rates might hide
such a relationship. This lack of a relation contrasts with the
findings in Avicennia-dominated mangroves from Horstman
et al. (2021) and observations in temperate-climate tidal
marshes (Stark et al. 2015; Glass et al. 2018), who recorded
lower attenuation rates during inundation events with higher
inundation height. Both in Avicennia mangroves and in
marshes, the frontal plant surface area strongly decreases with
height already within the first 1 m above the soil surface,
which is not the case for Rhizophora in our study area (Fig. 2c).
The mangrove tree height in our study area ranges between
15 and 30 m, which is common in tropical mangroves closer
to the equator (Simard 2019) and as such, we do not consider
the canopy of branches and leaves to have an effect on attenu-
ation. However, as stilt root height and density have been
shown to increase with canopy height (Mori et al. 2022;
Méndez-Alonzo et al. 2015), we also expect a higher frontal
area of stilt roots compared to mangroves in the subtropics
and temperate regions, further explaining the relatively high
attenuation rates presented here. In any case, we expect that
Rhizophora mangroves with less dense or lower stilt roots
would attenuate HWLs less effectively, stressing the need for
HWL attenuation observations along the global variety of
mangrove types.

Along-channel attenuation
We show that HWLs increase when propagating through a

20-km long channel fringed by mangroves. The ΔHWLG2021

rates over the total channel transect range between + 0.7 and
+ 1.1 cm km�1, but when considering smaller subsections
over several kilometers, there is substantial variation, ranging
between ΔHWLG2021 rates of � 1.3 cm km�1 to + 3.4 cm km�1

(Fig. 5a). Our results point out that along-channel ΔHWLG2021

rates can vary substantially along a channel. Accordingly, to
evaluate whether along-channel HWL attenuation is relevant
for flood risk mitigation in specific geographic contexts, obser-
vations should cover channel lengths of several 10s of km,
instead of extrapolating observations over a subsection of a
few km to an entire estuary.

HWLsG2021 increased upstream for all recorded high tides.
Such an upstream increase in HWL is common in funnel-
shaped estuaries where the main channel converges upstream,
such as the Churute main channel (Van Rijn 2011;
Winterwerp et al. 2013; Eslami et al. 2019; Wang et al. 2019).

Fig. 6. ΔHWL along the 20-km transect following the channel rates plot-
ted against incoming HWL at C1. ΔHWL rates are calculated as the differ-
ence in peak water level for each high tide at logger locations C1 and C6
divided by the water path length in between (n = 98). Bottom and left
axes are referenced to the neap tide HWL, while the right and top axes
are referenced to GEOID2021. For incoming water levels higher than
0.54 m referenced to local neap tide (at which amplification is maximum),
there is a negative linear relation (R2 = 0.89, slope = �0.61 and
intercept = 0.56) indicated by the black line. Error bars on the ΔHWL
rates are too small to be visible, but note that uncertainty on ΔHWLG2021
rates is likely larger than for ΔHWLneap rates.
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When water levels exceed 2.1 m (referred to GEOID2021),
along-channel ΔHWL rates decrease significantly with increas-
ing water level. We argue that at this water level, water starts to
flood and laterally spreads into the fringing mangroves, either
through sheet flow or through small intertidal creeks
(Horstman et al. 2013). This can lower upstream HWLs and, as
such, result in lower ΔHWL rates and thus reduced amplifica-
tion along the channel, similar to what has been observed in
tidal marshes (Stark et al. 2015). The mangrove platform is
located around 2.35 m, referred to as GEOID2021, near C1,
while ΔHWL rates start to decrease with increasing water level
above 2.1 m, referred to as GEOID2021. We hypothesize that
the lowest mangrove areas and the small intertidal creeks are
located around 2.1 m, but no digital terrain model is available
for the study area to confirm this. We highlight that the discus-
sion above is based on a hypothesis, which can be further
explored in future research based on the setup of a hydrody-
namic model, which includes spatially covering measurements
of mangrove topography (for instance, derived from LiDAR
measurements).

The effect of the vertical reference has a large effect on the
along-channel attenuation rates (Fig. 6) and, as such, when
comparing along-channel attenuation rates between locations
and studies, the different used reference levels should be con-
sidered. Here we present along-channel attenuation rates
with two vertical references: a regional geoid
(i.e., GEOID2021) and a local neap tide. Spatial variations
in mean sea level (over the entire tidal cycle) such as an
upstream increase are included in the HWLsG2021 but are
not in the HWLsNEAP (Supporting Information Fig. S8).
Hence, attenuation rates based on HWLsG2021 include these
spatial variations together with spatial variations in tidal
amplitude. Attenuation rates calculated with HWLsNEAP do
not include spatial variations in mean sea level but only the
evolution of the tidal amplitude along the transect. The lat-
ter is better suited to assess the effect of mangroves, which
affect the tidal amplitude but cannot vertically shift the
entire tidal cycle. As the loggers were installed between high
and low water, we did not record full tidal signals along the
main channel.

While our observations only include HWLs during an astro-
nomical spring-neap cycle, the increase in along-channel
attenuation with increasing incoming HWLs implies that
along-channel attenuation can be lower in case of extreme sea
level events. In the Churute area, such extreme sea level
events have resulted in incoming water levels 60 cm higher
than astronomical spring tide (Belliard et al. 2021; Pelckmans
et al. 2024). Extrapolating the linear relation shown in Fig. 6,
HWLs would be attenuated at a rate of � 0.9 cm km�1.
However, whether along-channel ΔHWL can be linearly
extrapolated remains very uncertain, and to confirm our
hypothesis, we the use of models which explicitly include the
vertical variation in mangrove drag to confirm this stronger
attenuation in case of extreme sea level.

The observed along-channel ΔHWLG2021 rates are positive,
indicating HWL amplification, while within-wetland ΔHWL
rates are negative, indicating HWL attenuation (Figs. 4, 6).
Noteworthy, we measured the strongest within-wetland
attenuation ever recorded while measuring along-channel
amplification (positive ΔHWLG2021 rates). In addition to the
important role of the funnel-shaped channel geometry, this
may be potentially explained as the high frontal area of
Rhizophora and consequently high drag slowing down the lat-
eral flow from the channels into the mangroves, and, as such,
the high drag of Rhizophora’s stilt roots would have a negative
effect on along-channel attenuation. In our study, we found
along-channel amplification, while Krauss et al. (2007) and
Montgomery et al. (2018) found along-channel attenuation.
This may suggest that there is a trade-off between within-
wetland and along-channel attenuation, determined by the
vegetation-induced drag of the mangroves, where a higher
frontal area of mangrove roots leads to stronger within-
wetland attenuation but weaker along-channel attenuation
and vice versa. Future modeling studies could confirm and elu-
cidate this potential trade-off by simulating within-wetland
and along-channel attenuation under varying vegetation-
induced drag scenarios.

Furthermore, our findings imply that mangrove platform
elevation is an important driver of along-channel attenuation,
which has also been shown based on hydrodynamic modeling
studies for salt marshes (Smolders et al. 2015; Stark et al. 2016)
or a large tropical delta with mangroves (Pelckmans et al.
2023). Nevertheless, mangrove platform topography is rarely
mapped due to the dense canopy prohibiting GPS surveys or
remote sensing (Gijsman et al. 2021). Here we show that trigo-
nometric leveling using a total station can be used to survey
mangrove topography along a transect. Moreover, state-of-
the-art remote sensing techniques such as high-density LiDAR
may potentially further allow topographic surveys of sub-
canopy mangrove topography. While previous studies have
elaborated on the vegetation-induced drag of mangroves
(Ohira et al. 2013; Chen et al. 2021; Chang et al. 2022;
Yoshikai et al. 2022), we believe that mangrove platform
topography is still an understudied key factor in HWL reduc-
tion by mangroves, which is essential to maximize the flood
risk mitigation capacity of mangroves.

Implications for nature-based flood risk management
Our observations stress the potential for mangroves to

attenuate extreme HWL events, especially when areas at risk
are separated from the coast or from estuarine channels by
continuous mangroves. When areas at risk are located
upstream along an estuarine or deltaic channel, fringing man-
groves can limit HWL amplification and reduce upstream
flood risks, but at rates much weaker than within-wetland
attenuation. With higher incoming HWLs, along-channel
attenuation is expected to become stronger. In any case,
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effective flood risk mitigation requires substantially long chan-
nel sections fringed by mangroves.

While previous studies have mostly focused on Avicennia
marina or subtropical mangrove-marsh mixtures, we present
observations in tropical Rhizophora mangroves, showing the
strongest attenuation rates recorded in mangroves so far. A
global species distribution study has identified Rhizophora
mangroves to be the most common mangrove species among
mangroves that are most exposed to tides and waves (Twomey
and Lovelock 2024). We suggest future studies that assess
flood damage reduction by mangroves to consider the appro-
priate attenuation rates for the dominant species, including
the strong attenuation rates presented in this study for
Rhizophora. More importantly, local, regional, and global stud-
ies that quantify the prevented financial and human loss by
mangrove flood risk mitigation (e.g., Menéndez 2020; Van
Coppenolle 2018) should not simply extrapolate within-wet-
land attenuation rates to entire mangrove forests or assume
continuous mangroves with uniform bed roughness but
instead include channel networks along which attenuation is
substantially lower.
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