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Abstract
Sea-level rise (SLR) is one of the greatest future threats to mangrove forests. Mangroves have kept up with or paced past SLR  
by maintaining their forest floor elevation relative to sea level through root growth, sedimentation, and peat development. 
Monitoring surface elevation change (SEC) or accretion rates allows us to understand mangrove response to SLR and prior-
itizes resilient ecosystems for conservation or vulnerable ecosystems for restoration. We compared three methods to measure 
SEC and accretion in mangrove forests: 210Pb, surface elevation tables (SETs), and a terrestrial light detection and ranging 
system (compact biomass LiDAR—CBL). Lead-210 accretion rates were not significantly different than SET SEC rates and 
differences between the two methods (− 2 to 2 mm/year) were within the error of our measurements. Lead-210 only measures 
accretion in the upper meter of sediment and cannot capture deeper subsurface processes (e.g., subsidence, compaction) that 
SETs can. The lack of differences suggests the following: (1) surface processes in the active root zone are influencing forest 
floor elevation more than subsurface processes, (2) subsurface processes were not large enough to effect elevation, or (3) 
the SETs were not installed deep enough to capture subsurface processes. CBL SEC rates did not differ significantly from 
SET SEC rates. The larger spatial scale of the CBL scans resulted in significantly different SEC rates from some of the plots. 
This was due to the CBL measuring areas missed by the SET. The greater number of points measured by CBL (~ 30,000 vs 
36) increased precision and lowered standard error. The traditional SET/rSET method is currently 3–10 × cheaper than the 
210Pb or CBL method, respectively, and can accurately track changes in forest floor elevation. Costs of the use of LiDAR are 
likely to decrease in the future with the advent of newer and more cost-effective technology.
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Introduction

Mangrove forests and the many ecosystem services they pro-
vide are threatened by predicted increased rates of sea-level 
rise (SLR). Over the past few centuries, many mangroves 
have kept up with SLR by maintaining the surface elevation 
of their forest floor relative to sea level through accretion 
(Alongi 2008; Rogers et al. 2019). Accretion is a process 
that involves root growth, sedimentation, resistance to soil 
compaction, and peat development (Krauss et al. 2014). 
The survival of today’s mangroves is unclear as they face 
current or accelerated rates of SLR predicted to occur in 
the future. Will they be able to increase belowground pro-
ductivity such that they can keep up with SLR? Will they 
respond to rising seas with shifts in their forest community 
structure creating novel ecosystems with better elevation 
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control? Furthermore, how will they respond to SLR in the 
presence of human activities that have increased over the 
last two centuries? For example, overharvesting of mangrove 
trees, conversion to other land uses, or roads and bridges 
that alter hydrological/sediment inputs or induce coastal 
squeeze negatively influence the natural response of man-
groves to SLR (Kauffman et al. 2017; Krauss et al. 2010; 
Sharma et al. 2020; Woodroffe et al. 2015). All of these 
threats increase mangrove vulnerability to SLR. Monitoring 
surface elevation change (SEC) in mangroves can allow us 
to understand how they are responding to SLR, how vari-
ous other anthropogenic stressors influence that response, 
and identify resilient ecosystems that can be prioritized  
for conservation or vulnerable ecosystems that may require some  
form of restoration.

Two methods are commonly used to track mangrove 
response to SLR around the world: surface elevation 
tables (SETs) (Webb et al. 2013) and naturally occurring 

radionuclides (e.g., 210Pb, 137Cs; Ranjan et al. 2011). The 
SET precisely measures mangrove forest floor elevation 
change over short periods of time (months to years) relative 
to the top of a series of permanently installed steel pipes 
(Table 1). Rods have replaced pipes over the last decade 
to provide better vertical stability (rSETs: Cahoon et al.  
2002) (Fig. 1a). Measurements are made in four directions  
for a total of 36 readings (black circles in Fig. 1b). Because 
the pipes/rods are installed through the entire depth of the  
mangrove sediment, the SET/rSET is thought to have no 
bias in elevation change rates as it captures processes occur-
ring throughout the depth of the mangrove soil (Table 1;  
Cahoon et al. 2002; Krauss et al. 2010). Traditional SET/
rSET measurements rely on 36 points that require hours to  
measure and are prone to human error as pins need to be 
reset on the exact same point of the forest floor each time 
the SET/rSETs are read. Marker horizons (MH) are often 
deployed around SET/rSETs to track surface sedimentation 

Table 1  Comparison of the three methods used to measure accre-
tion or surface elevation change. Initial cost reflects equipment (alpha 
detectors, SET arm, SET rods, CBL) needed to use technique in a plot. 
Costs do not include accessing the field plots or labor required to col-
lect/process data. Once equipment has been purchased, the only costs 

incurred for future measurements of plots/cores would be to access 
the field plots or for labor required to collect/process data. The 210Pb 
method would also require the costs of the chemicals ($100). All costs 
are based off US prices  (USD), which likely vary across regions or 
countries

* One core in this study was ten 2-cm intervals from 0 to 20 cm and ten 4-cm intervals from 20 to 60 cm
** Assuming 20 1-m long stainless-steel rods are installed in the plot

Method Pros Cons Initial cost for measurement of one 
plot/one core*

210Pb - Long-term record that can measure accre-
tion rates over the last century

- Capable of determining rates at the sub-
decadal scale

- Only need to carry a corer into the man-
grove to collect samples

- Measurement represents one point in the 
plot

- Takes weeks to process cores
- Influenced by biomixing
- Cannot capture negative rates (shallow 

subsidence)
- Short window to do field work as cores 

must be collected at low tide when there is 
no water on the forest floor

$11,000 USD
- Chemicals ($100 USD)
- 10 Alpha spectrometers 

($10,000 USD)
- Sediment coring equipment 

($900 USD)

SET/rSET - Captures belowground processes
- Capable of measuring rates at a finer time 

scale resolution (months to years)
- Measurements can be tied into a SLR datum 

for the most direct comparison between 
SEC and SLR

- Longer window to do work as measure-
ments can be taken when there is water on 
the forest floor

- Only measures 36 points
- Human error in placing pins, need same 

person to read each year
- Inconsistent surface references from earlier 

SET may complicate comparisons between 
sites

- Measurement of plot can take hours
- Requires carrying heavy equipment (genera-

tor, jack hammer, rods) into mangroves to 
install rods

$5500 USD**
- rSET arm ($1500 USD)
- rSET rods, receiver, driver 

($1500 USD)
- Jack hammer ($1000 USD)
- Generator ($1000 USD)
- Misc. equip ($500 USD)

CBL - Scans 0.3 ha plot in minutes
- High precision, low human error
- Captures belowground processes
- Capable of measuring rates at a finer time 

scale resolution (months to years)
- Measurements can be tied into a SLR datum 

for the most direct comparison between 
SEC and SLR

- Large data sets to analyze
- Inconsistent surface references from earlier 

SET may complicate comparisons between 
sites

- Short window to do field work as cores 
must be collected at low tide when there is 
no water on the forest floor

- Requires carrying heavy equipment (genera-
tor, jack hammer, rods) into mangroves to 
install rods

$17,500 USD
- rSET equipment ($5500 USD)
- CBL unit ($12,000 USD)
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or accretion rates (SAR). When these two measures are used 
together, subsurface change can be determined from SET/
rSET measurements (Cahoon and Lynch 1997). MH have 
traditionally been feldspar, though other materials such as 
brick dust or sand have also been used. MH are typically 
deployed by sprinkling a 1-cm thick layer over 50 × 50-cm 
plots. A core is then taken and the sediment layer above the 
MH is measured (Callaway et al. 2013). While this has been 
an effective method used in salt marshes and mangroves 
along the east coast of the USA, it has not worked well in 
Pacific Island mangroves. Krauss et al. (2010) were not able 
to recover interpretable cores 9–15 months after deployment. 
This was due to biotic activity (e.g., sesarmid crabs, mud-
skippers) dispersing the feldspar layer. As a result, feldspar 
had to continually be deployed until it was eventually aban-
doned (Krauss et al. 2010). Newer methods using window 
screen have developed and seem like a promising alterna-
tive, especially in the presence of biotic activity (Swales and 
Lovelock 2020).

Lead-210 measures accretion, or the thickness/height of 
material added to the soil column above a given reference 
point (e.g., Robbins and Edgington 1975; Smoak et al. 2013). 
Lead-210 is a decay (daughter) product of the Uranium-238 
(238U) series. Radon-222 (222Rn) gas produced from 238U in 
the earth’s core degasses to the atmosphere. Here, it radio-
actively decays to 210Pb, which attaches to particles in the 
atmosphere that are deposited onto the earth’s surface at a 

constant rate through precipitation events (Robbins 1978). 
Sedimentation in coastal ecosystems results in the deposition 
of externally produced or “excess” 210Pb onto the sediment 
surface that starts to decay radioactively once buried and is 
no longer replenished from the atmosphere (Fig. 2). Using 
the laws of radioactivity decay and either the constant rate 
of supply (CRS) method (Appleby and Oldfield 1978) or the 
rapid steady-state mixing model (RSSM) (Robbins 1975), 
sediment cores can be dated up to 100 years using 210Pb. 
Accretion rates (mm/year) are then determined by dividing 
the soil depth intervals by their age. Excess 210Pb is rarely 
present below 1 m of soil and cannot be used to capture sub-
surface processes occurring below the core depth. Cores are 
expensive to analyze (~ $1000 USD/core) and require several 
weeks to process (Table 1).

A terrestrial light detection and ranging system (com-
pact biomass LiDAR—CBL) serves as a third novel method 
to measure SEC. To the best of our knowledge, CBL has 
rarely been used in this application (Rouzbeh Kargar et al. 
2020) and offers a broader sampling capacity, greater pre-
cision, and lower error. A modified SET/rSET arm was 
developed to attach a CBL scanner to the top of the SET/
rSET described above. The CBL rotates horizontally 180° 
to provide a 270 × 360° scan of the entire radius forest 
plot, which can be up to 3 m in radius. Each scan sam-
ples 30,000–100,000 points (Fig. 1b) from the entire for-
est plot in minutes. Surface elevation change can then be 

Fig. 1  Example of a SET/rSET 
system capturing elevation 
change throughout the entire 
depth profile of the mangrove 
and b the spatial resolution of a 
CBL scan (color) vs an SET (36 
black symbols). For the CBL 
scan, warmer colors represent 
elevation gain and cooler colors 
represent elevation loss. There 
are several areas that were 
captured by the CBL but missed 
by the SET
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measured by comparing the elevations of each point over 
time (e.g., every 6 months, every year). Because the CBL 
uses a laser to make measurements, there is low human 
error. The CBL is also attached to the SET/rSET that has 
been installed throughout the mangrove soil profile and is 
thought to have no bias in elevation change rates and can 
capture belowground processes. The only major drawback 
aside from the initial cost of the CBL unit is that the CBL 
generates enormous data sets that require several weeks to 
process (Table 1).

Studies using either the SET/rSET or 210Pb methods 
have yielded different results. Accretion rates of mangrove 
forests determined from radionuclides (e.g., 210Pb, 137Cs) 
suggest that most mangroves are keeping up with current 
rates of sea-level rise (Fig. 3; Alongi 2008; Breithaupt et al. 
2018; MacKenzie et al. 2016), while SEC of mangroves 
determined from SETs suggests otherwise. Lovelock et al. 
(2015b) reported that nearly 70% of the mangroves moni-
tored with SETs are not keeping up with current SLR rates. 
Despite the different outcomes of the SET versus 210Pb stud-
ies, few attempts have been made to compare these methods 

side by side to determine potential differences in precision 
and accuracies and thus their ability to quantify mangrove 
response to SLR.

Monitoring mangrove response to SLR is a global 
issue. Mangroves that are keeping up with SLR and are 
considered resilient could be prioritized for conserva-
tion. Mangroves not keeping up with SLR and being  
considered vulnerable may require more active manage-
ment or restoration efforts. But what is the best method 
to monitor these mangroves? Micronesia mangroves were 
used as model systems to examine this due to their tem-
porally and spatial compact size and the long-term data 
sets available from them (Lovelock et al. 2015a). Results  
are likely applicable to other mangroves around the world.

The main objective of this study was to do side-by-
side comparisons of three different methods to determine 
their accuracy of measuring accretion and surface eleva-
tion change in mangroves. Results could help identify 
the most suitable and cost-effective method that could  
be used for future mangrove monitoring efforts. Specifi-
cally, 210Pb accretion rates were compared to SET SEC 
rates from the same 17 permanent mangrove monitoring 
plots on the island of Pohnpei in the Federated States of 
Micronesia to examine how these two methods might dif-
fer in monitoring mangrove response to SLR. Compari-
sons between 210Pb accretion rates and MH SAR were not 
possible due to a lack of MH SAR data from the sites 
(Krauss et al. 2010) coupled with the differences in tem-
poral scales captured by the two processes (i.e., decades to 
years, respectively). CBL SEC rates were also compared 
to SET SEC rates in eight of those plots to examine how 
these two methods might also differ in monitoring man-
grove response to SLR.

Fig. 2  Example of a 210Pb profile measured in a sediment core against 
cumulative mass (MacKenzie et al. 2016). The solid symbols repre-
sent externally produced and delivered excess 210Pb, while the hollow 
circles represent in situ produced supported 210Pb

Fig. 3  Comparison of accretion rate and RSLR. The dashed line repre-
sents a 1:1 line where both measures agree. The majority of the accretion 
rates are above this line suggesting these mangrove forest plots are keep-
ing up with RSLR. Data from Alongi (2008) and MacKenzie et al. (2016)
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Methods

Study Location

Triplicate forest plots were established in the fringe, river-
ine, and interior zone of the Enipoas and Sapwalap man-
groves on the high island of Pohnpei in September 1998 
(Krauss et al. 2010). Pohnpei (6° 51′ N; 158° 19′) is one 
of the four states of the Federated States of Micronesia 
located in the western Pacific and is a dormant volcanic 
island that is the tallest (790 m) and largest island (334  km2) 
in the Federated States of Micronesia. The island receives 
4775 mm of rainfall annually in coastal areas and up to 
7600 mm of rainfall in its mountains that feeds several riv-
ers/streams. The mean annual temperature is 31.9° (Lander 
and Khosrowpanah 2004). Mangrove forests covered 6426 
hectares of the island in 2018 (Woltz et al. 2022) repre-
senting nearly 20% of the total land area. There are eleven 
species of true mangrove trees found there that include the 
following: Bruguiera gymnorrhiza, Heritiera littoralis, 
Lumnitzera littorea, Nypa fruticans, Pemphis acidula, Rhiz-
ophora apiculata, R. x lamarckii, R. mucronata, R. stylosa, 
Sonneratia alba, and Xylocarpus granatum (Duke 1999).

Surface Elevation Tables

Aluminum pipes (7.6 cm in diameter) were driven into the 
soil as far as possible using a manual slammer and backfilled 
with cement. A notched insert tube was attached to the top 
of each pipe. A portable SET arm was then attached to the 
insert tube on each pipe during each measurement period, 
where nine brass or fiberglass rods were lowered through 
holes into the arm until they rested on the mangrove surface. 
Measurements were made in four separate directions per 
SET pipe for a total of 36 measurements made during each 
measurement period. Measurements occurred bi-annually 
through 2000 and then annually from 2002 to 2004 and from 
2015 to 2019 (Krauss et al. 2010; Lovelock et al. 2015b).

Lead‑210

A single 1-m-long sediment core was collected from each 
plot in 2016 using an open-faced gouge auger and sectioned 
into continuous 2-cm intervals from 0 to 20 cm and 4-cm 
intervals from 20 to 60 cm. Sediment cores were typically 
collected 1–2 m from the SET plots. Sediment intervals were 
returned to the lab, dried to a constant mass at 60 °C, and 
weighed to the nearest 0.1 g. Sediment samples (including 
fine roots) were ground into a fine powder using a mortar and 
pestle and a Wiley™ mill and then sieved through a 2-mm 
mesh sieve to remove any large roots or shells. Lead-210 

activity was determined by measuring its decay product, 
Polonium-210 (210Po). Polonium-210 was extracted from 
ground sediment samples using hot acid digestion, plated 
onto copper discs, and then measured using alpha spectrom-
etry at the University of Wisconsin-Milwaukee School of 
Freshwater Sciences (MacKenzie et al. 2016). We chose this 
method over direct counts of 210Pb using gamma spectrome-
try because alpha spectrometry of 210Po (1) requires less sedi-
ment (< 0.5 g) than gamma counting (~ 10 g), (2) captures a 
better detection limit as 210Pb is a weak alpha emitter (below 
the 46.52 kEV limit of alpha detectors) and activities were 
generally low in our cores, and (3) requires less time to read 
100’s of samples (MacKenzie et al. 2016; Ranjan et al. 2011). 
Average activity of supported 210Pb produced from within 
sediments was determined by plotting total 210Pb activity 
versus depth and fitting a radioactive decay curve to the data 
in Sigma Plot v14.0 (Systat Software Inc., San Jose, CA). 
Average activity of supported 210Pb was then determined 
by averaging the values along the asymptote. Excess 210Pb 
was calculated for each interval by subtracting the average 
supported 210Pb activity from the total 210Pb activity. Each 
interval was then dated using the CRS method (Appleby and 
Oldfield 1978) and accretion rates (cm  year−1) were deter-
mined by dividing the depth interval (cm) by the number of 
years of that interval.

Compact Biomass LiDAR (CBL)

The surface elevation was scanned in the Enipoas (n = 1) and 
Sapwalap (n = 7) forest plots at low tide in 2017 and 2019, using 
a low-cost, rapid-scan terrestrial laser scanner (CBL; SICK 
LMS-151, SICK AG Waldkirch, Germany). The CBL used 
a 905-nm laser pulsing at 27 kHz and collected data across 
a 270° × 360° zenith × azimuth “hemisphere” (the 90° cone 
above the scanner remains unscanned). A brief overview of 
the approach is provided here; interested readers are referred to 
Rouzbeh-Kargar et al. (2020) for a more detailed description.

The scans were co-registered using a combination of 
manual and automatic approaches, by using structural tie 
points between the LiDAR point clouds, via a pairwise reg-
istration technique (Zai et al. 2017). The Iterative Clos-
est Point (ICP) algorithm was then used to align the point 
clouds more accurately (Besl and McKay 1992). The result-
ing point clouds were aligned with those from 2017, after 
registering all the plot scans for 2019 data, in order to avoid 
any spatial and angular displacement between the collected 
ground points. Point clouds were also downsampled since 
the areas closest to the scanner and directly at its nadir (0° 
zenith) were highly oversampled due to the oversampling 
bias of the scanner in these regions. The downsampling 
algorithm was based on the spherical sampling scheme of 
the CBL and considered higher weights for the points further 
from the scanner, while assigning lower weights to points in 
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closer proximity (Fafard et al. 2020). Noise points in the data 
(i.e., outliers that do not relate to any structure in the LiDAR 
point cloud) were then removed using the Statistical Outlier 
Removal (SOR) algorithm (Rusu et al. 2008).

Next, the points in the LiDAR point cloud were classi-
fied into ground and non-ground returns in order to generate  
plot-level digital elevation models (DEMs) using the CSF 
algorithm (Zhang et al. 2016). This algorithm yielded the 
first output for refinement to accurately detect ground LiDAR  
returns. However, conventional ground detection algorithms 
may not yield very accurate ground returns, mainly due to 
the structural complexity and increased shadowing (occlu-
sion) effects in CBL data. Root points were therefore visu-
ally identified that were classified as ground, while also 
filtering the detected ground returns based on their angu-
lar orientation in order to remove these erroneous points  
(Dewez et al. 2016).

The DEM interpolation was constrained to areas within 
each scanned plot that had adequate CBL point densities and  
did not include areas that had low point returns or highly 
variable LiDAR point densities. The resulting radii of inter-
polation ranged between 1.8 and 3.1 m among the various 
plots. The kriging interpolation technique (Trochu 1993) 
was used to interpolate ground returns to a 1 × 1 cm (x, y) 
grid resolution. A linear Nearest Neighbor Search (NNS) 
technique next was applied to the 2D grid of x and y coor-
dinates from the two DEMs (Zlot and Bosse 2009) in order 
to compare the exact same points from 2017 and 2019 data. 
Finally, the elevation (Z values) of the corresponding points 
of the two DEMs was subtracted to identify locations where 
either an elevation gain or loss had occurred between 2017 
and 2019 and its associated value. Extreme points (e.g., foot 
prints, fallen logs) were removed based on observations of 
the field crew or examination of plot photos. The average  
of the elevation change in each plot was then determined, 
and the consistency was assessed by comparing the LiDAR-
derived SEC with the field-measured elevation data col-
lected by SETs.

Statistical Analysis

Both accretion and surface elevation change (SEC) rates 
were calculated using the following methods. For SET data, 
cumulative surface elevation measurements were plotted 
over time and then linear regression analyses were used to 
predict SEC rates based on the slope of the line. For 210Pb, 
we chose depth intervals that spanned the same time period 
as the SET data (e.g., 1999–2017). Cumulative depth meas-
urements (i.e., 0, 20, 40, 60 mm) were then plotted against 
the age of that interval determined using 210Pb and the CRS 
method. Linear regression analyses were then used to pre-
dict accretion rates based on the slope of the line. All linear 

regression analyses were conducted using Sigma Plot 14 
(Systat Software, Inc., San Jose, CA).

Lead-210 accretion rates and SET SEC rates were com-
pared using the Bland and Altman Statistical method of test-
ing for agreement of clinical methods (Bland and Altman 
1986, 1999). This method is a graphical representation used 
to evaluate agreement between two tests. Interpretation 
depends on the predetermined conditions and requirements. 
Differences between 210Pb accretion and SET SEC were plot-
ted against the average of the rates from the two methods. 
Plotting against the average value vs plotting against either 
separate value avoids statistical artifacts that can be gener-
ated using the latter approach. The limits of agreements were 
equal to the upper and lower 95% confidence intervals. Mean 
values (bias) and the upper and lower limits of agreement 
were calculated using the SimplyAgree package (Caldwell 
2022) in R (R Core Team 2013).

Both methods were also compared using a mixed effects 
log-normal model that controlled for site, mangrove, and sub-
ject effects in the glmmTMB package (Brooks et al. 2017) 
in R (R Core Team 2013). We used a likelihood ratio test 
to compare models with and without a method effect. If the 
method effect was not significant, then the null hypothesis 
that these methods were providing equivalent measurements 
on average was not rejected, controlling for the other effects.

SEC rates were also compared between SET and the CBL 
measurements made in the eight plots described above in 
2017 and 2019. For SETs, SEC was calculated as the cumu-
lative change in elevation from 2017 and 2019. SEC rates 
were then compared using the same methods used to com-
pare 210Pb and SET above.

All variances reported are standard error (SE).

Results

Lead‑210 vs SET

Accretion rates from 210Pb were all positive values, ranged 
from 0.51 to 6.6 mm/year, and had goodness of fits (R2) 
greater than 0.9 (Fig. 4; Table 2). The high R2 values were 
attributed to there often only being 3 depth intervals that 
occurred over the same time span as the SET measurements. 
SET SEC rates ranged from − 0.74 to 5.45 mm/year, had 
several negative measurements, and had goodness of fits 
that were above 0.6, although Sapwalap Fringe had poor R2 
values of 0.30 and 0.05.

There were no significant differences between aver-
age 210Pb accretion rates (2.78 ± 1.48 mm/year) and SET 
SEC rates (2.59 ± 1.81 mm/year; Χ2(1, 16) = 0.43, p = 0.51; 
Fig. 5a). Disparity between 210Pb accretion rates and SET 
SEC rates was on average 0.2 ± 1.7 mm/year (Fig. 5b). Scat-
tering of values around the mean suggests there is no bias 
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(Fig. 5b); 210Pb does not always over or under predict accre-
tion rates compared to SET SEC rates. The majority of plots 
(15) fell within the calculated levels of agreement, where 
210Pb accretion rates ranged from being 1.90 mm/year below 
to 2.32 mm/year above the SET SEC measurements and 
are within the standard deviation of the differences. This 

suggests that these two methods are in agreement with each 
other and could potentially be used interchangeably.

CBL vs SET

CBL SEC rates ranged from − 6.9 to 6.0 mm/year, while 
SET SEC rates ranged from − 6.0 to 7.28 mm/year (Fig. 6; 
Table 3). Standard deviation from CBL measurements was 
an order of magnitude lower than SET measurements.

There were no significant differences between the aver-
age CBL SEC rate (− 0.065 ± 4.32 mm/year) and SETs 
(0.53 ± 4.95 mm/year; Χ2(1, 7) = 0.75, p = 0.39; Fig. 7a). 
CBL SEC rates were on average 0.6 ± 2.0 mm/year below 
SET SEC rates, with 6 of the 8 plots falling within the con-
fidence limits of the bias (Fig. 7b). While there are fewer 
points to compare than the 210Pb vs SET, the majority of 
plots had differences that were less than zero, suggesting that 
CBL SEC rates were generally lower than SET SEC rates. 
Most plots (7) fell within the calculated levels of agreement, 
where CBL SEC rates ranged from being 3.2 mm/year below 
to 2.0 mm/year above the SET measurements. Again, most 
of the differences are within the standard deviation of the 
average differences, which suggests that these two methods 
are in agreement with each other and could potentially be 
used interchangeably.

Discussion

210Pb vs SET

We found no differences between 210Pb accretion rates 
and SET SEC rates calculated over the same time period 
(1999–2017). Most sites had disparate readings of only 2 
to − 2 mm/year. While these differences may make a dif-
ference when compared to the RSLR Pohnpei has experi-
enced over this same time period (3.75 mm/year, Holgate 
et al. 2013; PSMFS 2023), they were within the error of our 
measurements as well as the level of acceptance defined by 
Bland and Altman (1986). There was no consistent differ-
ence between the measurements, which suggests they are 
both tracking similar mangrove responses to SLR. It is not 
clear if one method is better than the other at capturing man-
grove forest floor response, only that more sediment cores or 
SETs/rSETs per plot will increase the precision and accuracy 
of the measurements.

Other studies have also reported no differences between 
210Pb and SET measurements. Given that decadal surface 
accretion rates (SAR) were derived from SETs and centen-
nial SAR from 210Pb, Breithaupt et al. (2018) report differ-
ences of 0–2.5 mm/year. Average decadal and centennial 
SAR were not statistically different (p > 0.05). Similarly, 
sediment accumulation rates measured using SET and 210Pb 

Fig. 4  Comparison of accretion and surface elevation rates (mm/year) 
measured by 210Pb (black) and SETs (white), respectively. Rates were 
measured through linear regressions (see “Methods” section) and 
therefore variance could not be calculated

Table 2  Lead-210 (210Pb) accretion (acc.) rates, SET surface elevation 
change (SEC) rates, and the difference (diff.) between the two measure-
ments. The goodness of fit (R2) for both calculations is also reported to 
the right of each calculation

Plot 210Pb 
Acc. 
(mm/yr)

R2 (210Pb) SET 
SEC 
(mm/yr)

R2 (SET) Diff

ENI INT A 3.87 0.99 2.29 0.84 1.58
ENI INT B 0.51 0.99 2.23 0.85 − 1.72
ENI INT C 1.73 1.00 1.73 0.73 0.00
ENI RIV A 1.55 1.00 1.58 0.84 − 0.03
ENI RIV B 1.50 0.98 1.49 0.68 0.01
ENI RIV C 3.11 0.99 1.36 0.65 1.75
ENI FRN A 2.60 0.99 4.35 0.95 − 1.76
ENI FRN B 3.48 0.99 3.74 0.90 − 0.26
ENI FRN C 3.57 0.99 3.00 0.92 0.56
SAP INT A 2.00 0.98 4.77 0.96 − 2.77
SAP INT B 2.24 0.98 4.24 0.90 − 2.00
SAP INT C 6.61 0.95 5.55 0.96 1.06
SAP RIV A 1.36 0.91 − 0.74 0.39 2.10
SAP RIV B 2.32 0.89 2.97 0.87 − 0.65
SAP RIV C 5.04 0.92 4.75 0.92 0.29
SAP FRN B 2.51 1.00 0.91 0.31 1.60
SAP FRN C 3.29 0.87 − 0.26 0.05 3.55
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in New Zealand and Australia were not different (Rogers 
et al. 2014; Swales et al. 2015). Mean mangrove sediment 
accumulation rates varied by only 0.5–1.0 mm between 
210Pb and SET measurements. Cahoon and Lynch (1997) 
used both marker horizons and 210Pb to track accretion 
and SETs to measure elevation. Marker horizons and 210Pb 
accretion rates differed by 3–7 mm, while 210Pb accretion 
and SET elevation generally differed by a few mm. Alter-
natively, Parkinson et al. (2017) reported a much larger dif-
ference between 210Pb and SET measurements from Gulf of 
Maine and Gulf of Mexico salt marshes (~ 12 mm) and Gulf 
of Mexico mangroves (4 mm). However, it is not clear if 
these were side-by-side comparisons within the same plots 
or comparisons of data from across the same regions.

The naturally occurring radionuclide 210Pb and SET/
rSETs are often described as measuring two different pro-
cesses: accretion and surface elevation change, respectively. 

While both are reported as mm/year or cm/year, accretion/
surface accretion is defined as the thickness or height of 
material added to the soil column above a given reference 
plane. Surface elevation change is the change in wetland 
surface height relative to a vertical horizontal reference 
plane. For early (pipe) SETs, the original measurement 
was the reference, while more recent installments/measure-
ments have standardized the starting elevation to a verti-
cal datum (Cahoon et al. 2002). Surface elevation includes 
both accretion and subsurface processes such as decompo-
sition, mechanical compaction, and subsidence (Cahoon 
et al. 2002). Given that these two methods are often attrib-
uted to measuring two different metrics, when compared 
side by side in this and other studies, they produce results 
that only differ by a few mms and that are within the error 
of the measurements. This suggests that either subsurface 
processes such as subsidence or compaction were having 

Fig. 5  Scatterplot of a 
residuals from the GLMM 
test comparing.210Pb accretion 
rates to SET SEC rates and b 
agreement showing the bias and 
upper and lower level of agree-
ments based on the Bland and 
Altman test (1986)
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a minimal impact on the measurements made in these sites 
(but see Saintilan et al. 2020), the original SET pipes were 
not installed deep enough to capture subsurface properties, 
or surface processes in the active root zone were important 
enough drivers to maintain surface elevation in these sys-
tems (e.g., Krauss et al. 2014; Osland et al. 2012). A study 
conducted in Pohnpei found that organic matter accumula-
tion from root growth was the most important factor driv-
ing accretion rates (MacKenzie et al. in review). Similar 
results were reported from Belize mangroves (McKee et al. 
2007). In Florida, soil elevation change in a mangrove after 
Hurricane Wilma was attributed to expansion of the active 
root zone (Whelan et al. 2009). While one could argue that 
these phenomena are only relevant to the handful of studies 
discussed above, it has been reported from several sites and 

from different types of mangroves. Clearly, more studies are 
needed to examine this.

CBL vs SET

CBL SEC rates were typically within 1 mm (0.2–1.1 mm) of 
the SET measurements made between 2015 and 2017. The 
only exceptions were Sapwalap Riverine A (4.3 mm) and C 
(2.2 mm) and Sapwalap Interior B (2.6 mm). This was due to 
elevation changes captured in the larger area scanned by the 
CBL that were out of the range and missed by the traditional 
36 SET pin measurements (i.e., Fig. 1b). Standard error from 
CBL SEC measurement was also 10–70 × lower than SET 
SEC measurements.

The CBL method significantly decreases the labor and 
time requirements in the field to measure SEC data com-
pared to more traditional SETs/rSETs (minutes versus hours) 
used around the world (Webb et al. 2013). Moreover, CBL 
increases SEC measurement accuracy by measuring a 
greater number of points within the forest plots and reduces 
human error associated with the replacement of SET pins 
during re-measurements. For example, the SET method  
uses 36 points per plot for SEC measurement, all of which 
are assessed by lowering the pins down until they are resting 
on the forest floor surface. This approach introduces some 
bias and error when the operator deems the SET pins have 
made full contact with the underlying surface or if the opera-
tor pushes the pins into the sediment. Measurements where 
a SET pin is placed on the sediment surface in one year but 
that is placed on debris, sticks, or crab burrows that appear 
the next year may have to be thrown out. This reduces the 
accuracy of SET measurements that rely on 36 points to 
assess the entire plot around the SET that is captured by the 
CBL (Kargar et al. 2020). The CBL-based approach, on the 
other hand, is completely automated (unbiased) in its 3D 
scanning operation and yields upwards of 30,000 elevation 
points per plot. This increases the repeatability and reliabil-
ity of the CBL method compared to more traditional SET 
pin measurements. This also results in significantly lower 
error (Table 3).

The use of CBL for SEC measurements significantly 
expands localized SET plot measurements to a larger plot-
level scan radius (e.g., 1.8 to 3.1 m, only restricted by the 
LiDAR scanner engineering specifications). The larger area 
allows the CBL to capture changes in elevation that the SET 
pins can miss. This is evidenced by the large differences 
observed between SEC measurements made in the Sap-
walap Riverine A, Riverine C, and Interior C sites (Table 3). 
Another benefit of the CBL method over the SET method 
is that the scans can also be used to measure forest biomass, 
including complex root structures such as Rhizophora sp. 
prop roots that are not always included in traditional allo-
metric methods (Kargar et al. 2020).

Fig. 6  Comparison of average (± 1 SE) surface elevation rates (mm/
year) measured by Compact Biomass LiDAR (CBL; black) and SETs 
(white), respectively

Table 3  Average SEC rates (± 1 SE) for the compact biomass LiDAR 
(CBL) and surface elevation table (SET) measurements for each plot 
where measurements were made. Species represent the percent con-
tribution of each mangrove species to that forest plot measured and 
include Bruguiera gymnorrhiza (BRGY) and Rhizophora species 
(RHSP) that are comprised of R. apiculata, R. mucronata, and R. stylosa 

Plot Species CBL SEC (mm/
yr)

SET SEC (mm/yr)

BRGY (64%) 
ENI RIV C RHSP (33%) − 6.92 (0.08) − 6 (2.64)
SAP FRN B RHSP (60%) 2.97 (0.06) 3.36 (0.57)
SAP FRN C RHSP (60%) − 1.44 (0.15) − 2.45 (1.33)
SAP RIV A RHSP (67%) − 1.62 (0.25) 2.68 (18.55)
SAP RIV B RHSP (67%) − 1.14 (0.10) − 0.9 (1.78)
SAP RIV C RHSP (67%) − 3.1 (0.22) − 5.29 (13.94)
SAP INT A RHSP (60%) 6.01 (0.08) 5.59 (2.11)
SAP INT B RHSP (60%) 4.72 (0.10) 7.28 (3.66)
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Although potentially more efficient, there are drawbacks 
using the CBL method to assess mangrove forest SEC. The 
main drawback is that CBL measurements can only be per-
formed when the forest floor is exposed (e.g., low tide, after 
significant rainfall events), since the 905-nm laser of the  
CBL used in this work cannot penetrate the water, and as 
a result, the submerged ground surface cannot be detected. 
Future efforts could be improved by using LiDAR systems in 
which the laser wavelength range can penetrate water. Further-
more, complex root structure can inhibit the ground detection  
accuracy of the CBL sensor. Plots that had higher Rhizophora 
sp. densities typically had more complex prop root struc-
tures that resulted in higher standard errors (Table 3) and  
decreased consistencies when CBL SEC was compared to 
SET SEC rates (see Rouzbeh Kargar et al. 2020).

The CBL approach represents an improvement over the 
manual method and could contribute to improved monitoring 
and management of these rapidly changing forest environ-
ments. This is especially true once user-friendly programs 
are developed to process the large data sets and the costs of 

the CBL decrease. Preliminary results from Distchilis spi-
cata dominated marshes suggest that vegetation density is 
too high to allow ground surface detection. We are currently 
testing this method in Spartina patens and S. alterniflora 
marshes on the US east coast.

Submergence Potential of Mangroves

To better understand the submergence potential of the man-
grove plots that were measured for this study, a wetland 
sea-level rise rate  (RSLRwet) was calculated (Cahoon 2015). 
 RSLRwet is the difference between the tide gage RSLR and 
the mangrove accretion or SEC rate, which estimates the 
direction and magnitude of the sea-level trend relative to 
the mangrove forest floor. Negative or zero  RSLRwet val-
ues indicate an elevation surplus and a mangrove that is 
keeping up with or pacing RSLR. Positive  RSLRwet val-
ues indicate an elevation deficit and a mangrove that is not 
keeping up with RSLR. Lead-210 and SET  RSLRwet rates 
indicate that only a few of the sites measured (four and five, 

Fig. 7  Scatterplot of a residuals 
from the GLMM test comparing 
CBL to SET SEC rates and b 
agreement showing the bias and 
upper and lower level of agree-
ments based on the Bland and 
Altman test (1986)
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respectively) are currently keeping up with RSLR (Table 4). 
These sites were not the same. Only two of the eight sites 
where  RSLRwet was determined from SETs and CBL were 
keeping up with RSLR and these were the same sites. The 
discrepancy between 210Pb and SET sites is due to 210Pb 
cores being collected from areas adjacent to the SETs as 
accretion and SEC rates can vary significantly within the 
same wetland (Breithaupt et al. 2012; Krauss et al. 2010; 
MacKenzie et al. 2016). While 210Pb, SETs, and CBL all 
appear to be proven methods to monitor the vulnerability 
of coastal areas to SLR, the number of samples required to 
effectively capture the spatial variability of accretion or SEC 
rates is much greater than what has generally been used in 
previous studies, including this one. More cores and SETs 
could help to improve our ability to predict mangrove vul-
nerability or resilience to SLR.

Conclusion

Of the three methods tested, the traditional SET/rSET method 
appears to be the most cost-effective method to track changes 
in forest floor elevation (Table 1). Despite the fact that SETs/
rSETs can only track mangrove response to SLR at the annual 
to decadal scale, this time scale may be more appropriate to 
examine the relationship among vertical accretion, elevation, 
and sea-level rise compared to the longer time periods 210Pb 
samples (Cahoon and Lynch 1997). The SET/rSET also has 
the capability of including subsurface processes when they 
occur, especially when paired with marker horizons (Cahoon 
and Lynch 1997), though this was not the case in this or other 

studies described above. Compared to SETs/rSETs, 210Pb can 
be costly to process, in terms of funding, human resources, 
and time. Lead-210 can yield important information about 
previous sediment events or previous responses of mangroves 
to changes in SLR (MacKenzie et al. in review; Rogers et al. 
2014; Smoak et al. 2013). If surface root zone processes 
are more important than subsurface processes in influenc-
ing mangrove SEC, then 210Pb accretion rates can be used 
to track the vulnerability of mangroves to SLR. The third 
method, CBL, was the most accurate and precise method to  
track changes in forest floor elevations but also relies on the  
SET protocol. However, the CBL method is currently much  
more expensive than SETs or 210Pb and results in large data  
sets that need to be processed. CBL is promising for its ease and 
efficiency, and as costs come down and accessibility increases, 
this method may be considered for incorporation into mangrove 
monitoring programs. Until then, making both SET and CBL 
measurements should be made together wherever possible can 
help to increase confidence that both methods are capturing  
similar changes in surface elevation of mangrove forests.
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Table 4  Wetland relative 
sea-level rise  (RSLRwet) 
rate determined from 210Pb 
accretion rates and SET and 
CBL SEC rates

Bold values represent an elevation surplus and a study site that is keeping up with or pacing RSLR
* SET SEC rates determined over the 2017–2019 time period

Plot RSLRwet (210Pb) RSLRwet (SET) RSLRwet (SET*) RSLRwet (CBL)

ENI INT A − 0.12 1.46 – –
ENI INT B 3.24 1.52 – –
ENI INT C 2.02 2.02 – –
ENI RIV A 2.20 2.17 – –
ENI RIV B 2.25 2.26 – –
ENI RIV C 0.64 2.39 10.67 9.75
ENI FRN A 1.16 − 0.60 – –
ENI FRN B 0.27 0.01 – –
ENI FRN C 0.18 0.75 – –
SAP INT A 1.75 − 1.02 − 2.26 − 1.84
SAP INT B 1.51 − 0.49 − 0.97 − 3.53
SAP INT C − 2.86 − 1.80 – –
SAP RIV A 2.39 4.49 5.37 1.07
SAP RIV B 1.43 0.78 4.89 4.65
SAP RIV C − 1.29 − 1.00 6.85 9.04
SAP FRN B 1.24 2.84 0.78 0.39
SAP FRN C − 0.12 1.46 5.19 6.2
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