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Abstract

Mangroves represent a key component of coastal ecosystems. From 1897 to 2024, Taiwan’s
southwest coast experienced marked climatic shifts, including a 2.0 °C increase in average annual
temperature and a 56.5 mm reduction in annual rainfall. Among 18 coastal towns in western
Taiwan, Taixi Township in Yunlin County exhibited a cumulative land subsidence of —283.0 cm
from 1975 to 2023. The grey/white mangrove (Avicennia marina) in regions with severe subsidence
exhibited slow growth or mortality. In the present study, mangrove area (MA) was estimated using
a quadratic polynomial trend equation. The total MA at Tougang Ditch was —0.0084(t — 21.0)> + 2.8,
with t = 21.0 in 1995, and that at Budai Lagoon was —0.0468(t — 12.3)? + 26.1, with t = 12.3 in 1986,
supported by high coefficients of determination (R? > 0.85), respectively. SPOT-6 satellite images
from February 22, 2025, were used to assess the coastal landscapes of Chiayi County and Tainan
City. The total MA and windbreak forest area were 281.9 and 896.3 ha, respectively. The long-term
assessment method introduced in this study may help predict mangrove health and carbon sink
stocks and refine carbon sequestration estimates in subsidence or sea-level-rise regions.

Keywords: Avicennia marina; blue carbon; climate change; land subsidence; mangrove; sea level rise

1. Introduction

1.1. Implications of Climate Change

Taiwan has a tropical climate with distinct wet and dry seasons, with a rainy summer (April to
September) and a dry winter (October to March). Rainfall during the wet season is approximately 10
times that during the dry season, and annual rainfall fluctuates considerably [1]. During the rainy
season, increased freshwater supply reduces salinity, which promotes photosynthesis and plant
growth, ultimately resulting in higher leaf area index values than those noted during the dry season
[2]. However, runoff from land-based sediments and organic matter enters coastal areas where
mangroves grow [3,4]. The semiannual amount of rainfall is strongly correlated with the semiannual
radius growth of mangroves (correlation coefficient: > 0.9) [4]. Rainfall is also associated with annual
ring width in planted white spruce (Picea glauca) [5]. This association is reflected by a net primary
productivity of 8.82 grams of carbon per square meter per day [6].
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1.2. Mangroves

Mangroves are plant communities that grow in intertidal zones of tropical and subtropical
estuaries, lagoons, and bays [7-9]. These salt-tolerant plants bring rich nutrients to estuaries through
water exchange and deposition driven by river flow and tides [10-13]. In addition to serving as highly
productive ecosystems with academic value, mangroves play crucial roles in maintaining ecological
balance and protecting the environment. Mangroves provide habitats in which birds, benthic
organisms, and fish (e.g., juveniles of Lutjanus cyanopterus) reproduce and survive [14-16]. These
plants support abundant benthic organisms, facilitating the formation of a complete food web [15-
18]. Furthermore, mangroves maintain the stability and diversity of fish communities [10,19-22],
thereby supporting fishery resources. Studies have revealed that the distributions of large, medium,
and small fish were 18.2%, 24.2%, and 57.6%, respectively, including 32 fish species listed in the
International Union for Conservation of Nature Red List [2,22].

1.3. Changes in Taiwan’s Mangrove Landscape

Comprehensive surveys have revealed changes in the area, species composition, and diversity
of Taiwan’s mangroves that have occurred over time [17,23]. Mangrove area (MA) in 37 major
distribution regions increased slowly from 178 ha in 1966 to 226 ha in 1986 and then rapidly to 586
ha between 1986 and 2011; of the total MA, the area covered by the grey/white mangrove Avicennia
marina was approximately 320 ha [17,24,25]. Taiwan currently has approximately 681 ha of
mangroves, which constitute major ecosystems and blue carbon sources in coastal regions [9,25,26].

Mangroves provide habitats for prawns (e.g., Exopalaemon carinicauda), crabs (e.g., Metaplax
elegans), and fishes (e.g., Gerres erythrourus), shellfish (e.g., Fronsella taiwanica) [27]. Large mangrove
stands in southwest Taiwan’s Danshueih, Puzih, Jishui, Cigu, and Yanshuei estuaries often attract
egrets to nest and breed [28-31]. Mature mangrove forests harbor diverse insects and spiders
[27,32,33] and serve as carbon sinks across regions [34-37].

1.4. Land Subsidence

Climate change is causing the sea level to rise. Additionally, research has revealed global land
subsidence due to groundwater overpumping in Egypt [38] and mining in New Zealand [18]. The
ascending respiratory roots of A. marina are often submerged in seawater. Tropical and subtropical
regions that support winter growth of sea cucumbers now face land subsidence at a rate faster than
that of sea level rise [19], particularly in South Asia, Southeast Asia, and East Asia [39-41]. In China’s
Zhuhai, the maximum rate of annual land subsidence has reached -11.0 cm [18,42]. In Taiwan’'s
Pingtung County, the average annual land subsidence rate at the Linbian River Pingtung County, the
coastal Preventing, Taiwan, was —-18.4 cm from 1966 to 1983, and —4.5 cm from 1994 to 2024,
corresponding to a cumulative subsidence of =590 cm 1966 to 2024 [43,44], causing recurring property
losses during heavy rainfall.

1.5. Effects and Assessment of Land Subsidence in Coastal Taiwan

Large areas of A. marina originally existed at Dongshih Lagoon (DS) in Taiwan’s Chiayi County.
Between 1962 and 1963, the county government introduced Kandelia obovata mangroves from the
Tamsui River, Taipei [45]. In 1963 and 1964, approximately 110 ha mangroves of A. marina, A.
officindlis, and Rhizophora conjugatam, respectively, were introduced at Cigu Lagoon, Tainan City [45].
However, Dongshih has been facing land subsidence since 1970. In 1988, the total MA in this region
was only approximately 51 ha [46]. By 1990, A. marina mangroves along the coast of the Xingcuoliao
and Xinjiezhuang villages had sunk or died due to land subsidence (Figure 1) [4,24,47]. If this pattern
continues, mangroves may subsequently re-establish at displaced sites [48].

Originally, DS had approximately 40 ha of A. marina, Puzih Estuary (PZ; Chiayi County) had
approximately 3 ha of K. obovata and A. marina, Budai Lagoon (BD; Chiayi County) had
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approximately 30 ha of A. marina, and Jishui Estuary (JS; Tainan City) had approximately 50 ha of
mangroves [9,10,47,49].

Figure 1. Avicennia marina mangrove in habitats prone to land subsidence at Tougang Ditch (a) and Jishui Estuary

(b).

In 1975, the mangrove forests at JS were dominated by A. marina, with very few Lumnitzera
racemosa, K. obovata, and Excoecaria formosana. Initially, the south bank was not subjected to seaside
development or embankment reconstruction. The seaside was developed in 1989, and the
embankment was reconstructed in 2009. Reconstruction of embankments or redirection of water flow
resulted in varying degrees of erosion or siltation in river-mouth mudflats, modulating changes in
MA. In 1975, the Water Resources Agency (Ministry of Economic Affairs) started monitoring land
subsidence to investigate long-term subsidence due to groundwater overpumping in the west coast
of Taiwan [50,51]. Geographic information system technology and high-speed satellite imagery have
since been used to analyze changes in MA [52,53]. The compounding effects of climate change are
analyzed by incorporating relative increase in sea level, defined as the sum of land subsidence and
sea level rise [54].

1.6. Mangrove Productivity and Carbon Sequestration

In India, A. marina has high growth efficiency and biomass yield. Its carbon stock (t/ha) is 75%
higher than that of local R. mucronata and 3-8 times higher than that of A. marina in Taiwan [9]. Fan
evaluated annual litterfall in mangroves and sea sedge at JS from October 2002 to September 2004
and reported that the total annual litterfall values were 11.78 and 12.55 Mg/ha/year, respectively
[10,55]. Another study indicated that the average net photosynthetic rate of sea sedge in Taijiang
National Park was 4.87 pmol/m?/s [56]. Li reported that the annual carbon storage of sea sedge at
Cigu Wetland and Sihcao Wetland (SC) was 12.64 Mg C/ha/year and that the net ecosystem
production was 5.83 Mg C/ha/year (46.1%) [57]. Wu reported that the annual carbon storage of sea
cucumber in Fangyuan, Budai, Beimen, and Cigu was Mg C/ha/year; the corresponding net
production rates were 15.67, 10.002, 7.08, and 12.64 Mg C/ha/year [35]. The carbon storage amounts
for Budai and Beimen were only 77.6% and 58.1% higher than those for Cigu and Sihcao. Wu
attributed the low net production of A. marina at Budai and Beimen to its proximity to the estuary
[35]. Chang attributed the low net production of A. marina at Puzi and Beimen mainly to land
subsidence [4]. Severe subsidence reduced the annual growth radius of sea eggplant and led to
gradual mortality [4]. The aforementioned inconsistent conclusions indicate a need for further
research involving sampling from areas with different amounts of stratum subsidence. In the present
study, we investigated the implications of climate change and the adaptive responses of A. marina by
analyzing long-term changes in MA.
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2. Methods

2.1. Study Sites

Between 2009 and 2025, nine sampling sites along Taiwan’s west coast—from Chiayi County to
Tainan City —spanned approximately 100 km. Analysis was performed in two phases. The following
sites were analyzed during the first phase (2009-2012): DS (23.48163N, 120.14454E) and BD
(23.36710E, 120.14877N), where mangroves have been dead for many years [24,46], as well as ]S
(23.24360N, 120.09461E) and Tougang Ditch (TG; 23.27696N, 120.12039E), where mangroves are
nearly dead. The study sites further included areas with slight to severe land subsidence: SC
(23.03181N, 120.14703E) and Jiangjun Estuary (J]; 23.22543N, 120.11598E). The sampling areas are
described from north to south.

DS lies south of the Beigang River, Liujiao Ditch, and Aogu Wetland. It contains shallow waters
protected to the west by Waisanding Sand Bar. Notably, DS is a key oyster farming area in Chiayi
County. Here, A. marina mangroves were planted in 1962-1963, but they have disappeared because
of severe land subsidence [5,26].

BD is located on the south side of Budai Harbor in Chiayi County and on the west side of the
Cwan West Coast Expressway. It is another key oyster culture area in Chiayi County. The lagoon
previously hosted A. marina mangroves, but they have disappeared because of land subsidence.

JS extends from the estuary to Wuwang Bridge. Historically, it supported abundant
Sanguinolaria diphos (Bivalvia) and was egret camp. Mangroves at JS are dominated by A. marina, with
L. racemosa, K. obovata, E. formosana, and Volkameria inermis scattered along the southern coast, some
A. marina may develop pendent roots to protect itself before dying [4]. In spring 2011, 10 mangrove
tree samples were collected from JS (Figure 1).

TG s a tributary of the Jishui River. In spring 2011, 10 dead tree samples were collected from TG
(Figure 1).

J] is flows into Beimen Lagoon. The riverbanks of JJ are covered with K. obovate and E. formosana,
as well as water lilies that have drifted in from elsewhere. After the river was cleaned up, some of the
woodland was isolated in the low-lying areas outside the embankment.

SC is on the west coast of Taiwan, where slight land subsidence occurs. It was included as the
reference site. Mangroves grew at SC after construction of the West Coast Highway. Notably,
mangroves at SC were used to infer the time of death for those at TG. In spring 2011, four living
mangroves were collected from SC.

The second phase (2023-2025) included four sampling sites with relatively low land subsidence:
PZ (23.47840N, 120.19535E) and Haomeiliao Wetland (HM, 23.36400N, 120.13357E) in Chiayi County
as well as Syuejia Wetland (SJ; 23.27752N, 120.16749E) and J] in Tainan City (Figure 2).

2.2. Subsampling Sites at |S

Not all mangroves were cut down during the reconstruction of Jishui River embankment. Some
mangroves in this area disappeared because of land subsidence [4,50,51]. Therefore, in this study, we
divided the JS site into seven small subsites (JS-A-JS-G). JS-A has a spur, and new beach area form
every year. ]S-B has a new dike, which contains mangroves. It was constructed between 1989 and
2002 after the removal of tidal channels to fishponds. JS-C is near fishponds, JS-D and JS-G are near
tidal zone. JS-F was formed by enclosing part of the Beimen Salt Pan in the waterway during the
reconstruction of the dike. A tidal channel lies between JS-G and JS-F (Figure 3). In the present study,
areas disturbed because of dike construction were separated as much as possible. MAs of the seven
sites were calculated for the period from 1975 to 2012. In addition, a carbon sink attenuation curve
was generated for A. marina in the site with relatively low land subsidence.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Avicennia marina sampling sites on the west coast of Taiwan.

Figure 3. Map depicting Jishui Estuary, Tougang Ditch, and seven Jishui Estuary subsites (JS-A-JS-G).
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2.3. Study Overview

All A. marina samples were sawed off from tree trunks close to the roots and brought to our
laboratory at Kun Shan University. For each tree, the width of the growth rings was measured during
the dry and wet seasons every year (precision = 0.01 mm). Data for each tree were compiled to form
a series. The annual ring width for each tree was calculated with consideration of the ring width
during wet season and that during dry season: [YRsi(X)], where s is the site, i is the tree’s serial
number, and X is the year. The series were used to estimate tree age, the average annual ring width
for each site and year, and the average [YRs(X)] series for each site.

2.4. Analysis of Long-Term Climate Data

Annual and monthly rainfall and average temperature data (1897-2024) were collected from the
Former Tainan Meteorological Station (TN) [1]. The following long-term climate trend models were
used: the linear rainfall equation Prr(X) = aX + b and the linear temperature equation Trr(X) = cX +d,
where a, b, ¢, and d denote constants and X denotes the year (1-128 years: 1897-2024) [58,59]. Jagged
line graphs that could cause confusion were eliminated using the dynamic mean or smoothing
process [4,60-62]. The rainfall time-series sequence for Tainan (N = 19) was calculated as follows:
Prs(X) = Avg[(P(X - 18),..., P(X))], X =1915-2024. The rainfall time-series sequences were analyzed to
assess long-term fluctuations in rainfall. The period from April to September constitutes the wet
season in Taiwan (average monthly rainfall >70 mm), whereas that from October to March constitutes
the dry season (average monthly rainfall <70 mm).

The half-year rainfall series sequence of TN was HP(TN,X). Alternating wet and dry half-year
seasons exerts cyclical [62] and staggered effects on plant growth (half-year radius growth rate or MA
size). The half-year rainfall time-series sequence was HP~(X) = (HP(TN,X - 1) + HP(TN, X))/2, where
X=1-40.

Plant biodiversity is often lost under unsuitable climate conditions (e.g., temperature, rainfall,
and conductivity) and altered land-usage scenarios [63]. These factors not only reduce biodiversity
but also decelerate plant growth and compromise carbon storage [4]. Rainfall introduces abundant
nutrients from the upstream catchment and reduces seawater salinity in estuaries, thereby
accelerating mangrove growth and increasing trunk ring width [12]. The occurrence of wet years in
Taiwan has shifted from once every 19 years to once every 7 years, whereas that of drought has
shifted from once every 17 years to once every <9 years [64]. Therefore, indicating that Taiwan is also
currently experiencing [droughts and floods] .

By measuring the annual increase in the ring radius of 24 mangrove, we generated the matrix
[YR(X,S)]24x37, where the row X indicates the year (1973-2010) and the columns indicate three study
sites on Taiwan’s west coast (JS, TG, and SC) and corresponding tree counts (4 to 10). Notably, some
elements were blank.

The YR(X,S) series for each tree was compared with Tainan’s annual rainfall data for the same
period. Similarity analyses were performed using Resemblance in PRIMER 7 [65]. The average value
of YR(X,S) for the same study site in the same year was calculated to obtain a new series for long-
term dynamic analysis (quadratic polynomial trend equation, intersite differences in land subsidence,
and subsidence outcomes).

2.5. Estimation of Land Subsidence

According to the Water Resources Agency groundwater in coastal Taiwan has been
overextracted to meet the demand of the booming aquaculture industry [50]. This has resulted in
groundwater salinization and land subsidence. The worst-hit areas include Changhua County,
Yunlin County, Chiayi County, Tainan City, Pingtung County, and Yilan County [50,51].

Monitoring data for the following regions were obtained from the Water Resources Agency:
Changhua County (N =58, 1979-2023), Yunlin County (N = 95, 1975-2023), Chiayi County (N =125,
1986-2023), and Tainan City (N = 84, 1987-2023). Land subsidence data were compiled up to 2023. If
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monitoring records were missing for some years, data were imputed using the internal-difference
method. Notably, data for Beimen District in Tainan City were obtained using the same monitoring
schedule that was used in Chiayi County. The monitoring data was analyzed to identify the effects
of land subsidence on mangrove growth rate and coverage area.

2.6. Estimation of MA for the Period from 1975 to 2025

The literature describes mangrove distributions across years, offering time-series data for
mapping mangroves and estimating MA [4,66]. In the present study, we assessed changes in MA by
using the following maps: (1) the 1975 Orthophoto Map from the Aerial Survey Office of the Ministry
of Agriculture; (2) 1:5000 aerial photographs from 1983, 1989, 1991, 2002, 2009, and 2012, collected
from the Aerial Survey Office, and the 1:5000 Taiwan Digital Map, prepared by the Van and
referenced to aerial color orthoimages from the Aerial Survey Office; (3) the 2007 Google Map; and
(4) SPOT-7 images from March 22, 2017, and January 13, 2023, and SPOT-6 images from February 22,
2025. These data sets covered the entire west coast of Taiwan.

For data conversion, the 1:5000 photograph base map (paper) was purchased from the
Agricultural and Forestry Aerial Survey Institute and scanned into a .tif file (Appendix 1). It was
digitized into a Taiwan Datum 1997 (TWD97) coordinate system by using the Georeferencing
function in Esri’s ArcGIS 10.8 [64,67,68].

In the maps of 1975 and 1983, horsetail trees (Casuarina sp.), fishponds, dry fields, and rice fields
were marked along the beach, estuary, and riverside. The term “mangroves” first appeared in the
1989 maps. Early identification relied on mangrove vegetation near the waterline. MAs were depicted
individually on the basis of their ability to withstand high and low tides [66]. The orthoimage digital
files purchased from the Agricultural and Forestry Aerial Survey Institute contained TWD97
coordinates. The resolution was 0.5 x 0.5 m? in 2002 and 0.25 x 0.25 m? in 2009 and after 2012. The
high resolution facilitated the identification and depiction of individual mangroves in river channels.
In 2017, SPOT-7 satellite images were purchased from the Center for Space Remote Sensing Research
at National Central University. These images contained TWD97 coordinates, had a resolution of 1.5
x 1.5 m? and included red-green-blue + near-infrared bands. Using the unsupervised classification
(Iso Cluster Unsupervised Classification) function in ArcMap, we identified mangrove vegetation in
high and low tidal areas. Because of the low resolution, distinguishing very small patches was
challenging. Upstream areas of Jishui Creek, east of South Highway 1, contained mixed vegetation
comprising mangroves, mixed woods, and crops. Because these areas formed relatively recently,
corrections were made after onsite inspection and comparison.

Satellite images obtained from the Center for Space and Remote Sensing Research included one
SPOT-7 image acquired on March 22, 2017 (Center for Space and Remote Sensing Research 2024).
From these images, we estimated mangrove coverage within the study sites. As mentioned, the JS
site was divided into seven subsites (JS-A-JS-G) (Figures 2 and 3) to separate areas disturbed by the
restoration project. The MA of each subsite between 1975 and 2012 was calculated.

Two onsite surveys were conducted in December 2014 and August 2023. The results revealed
very few K. obovata and A. marina scattered along the riverside approximately 300 m upstream of the
Puzi River Port Bridge in Chiayi County. Notably, because of the low plant count, small area, strip-
shaped patches, and mixed growth with agarwood and bitterwood shrubs, the SPOT-7 satellite image
from March 22, 2017, was difficult to interpret. Therefore, the area upstream of the Port Bridge was
excluded from analysis [69].

Finally, the mangrove cover matrix in each study area was calculated as MA(S,t), where S is the
site and ¢ is the time: 1-43, representing December 1975-2017.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.7. Estimation of Annual Ring Width in Mangroves

2.7.1. Estimation of Half-Year Radius Growth Time-Series Sequences

In spring 2011, samples were collected from 10 trees at JS and 4 trees at SC. TG contained 10
dead and leafless A. marina trees (total: 24 trees). Samples collected from mangrove trunks close to
the roots were taken to our laboratory, where they were cross-sectioned and half-year radius growth
time-series sequences for the dry and wet seasons were measured. These sequences are expressed as
HG(S,X)i), where S represents the three study sites (JS, SC, and TG), X represents the half-year
sequence (X = 1-79, corresponding to April 1972-April 2011), and i represents the tree code [6].

Many scholars have measured tree rings to estimate long-term annual rainfall, MA, biodiversity,
nutrient intak, and carbon sequestration [5,64,69-72]. Some scholars have demonstrated that tree
rings do not necessarily form once a year; some mangroves can produce 7 rings every 4 years [74,75].
To accurately identify the association between annual ring width and rainfall, we avoided radial lines
that crossed > 2 rings within a year when measuring the horizontal cross-sections of mangroves.

Because mangroves at TG died or experienced severe decay, the half-year radius growth time-
series sequence HGrg(X,i) for each dead A. marina was realigned with the half-year rainfall series
sequence HPN(X) by using the dynamic average HGro(Xi) = (HG(TG,X - 1,i) + HG(TG, X1))/2,
significant differences in growth between the dry and wet seasons [6], and the permutation-order
scale-invariant feature transform method. The best match between the two series was used to infer
the lifespan of each dead A. marina tree. Then, the average values for trees of the same age with a
known lifespan at TG were combined to form a new half-year radius growth time-series sequence,
HG(TG,X). The five oldest A. marina trees were used to construct another half-year radius growth
time-series sequence, HG(older-TG,X). The similarity between HG(older-TG,X) and HPmw(X) was
approximately 91%, whereas that between HG(SC,X) and HP(TN,X) was approximately 93% [4]. The
average half-year ring-width time series for A. marina in the same year is expressed as [HG(S,X)].

For each study site, the annual ring-width time series [YRs(X)] was used to derive the quadratic
trend line YRs(X) = -k(X - a)2 + b (X =2-37). A positive value of -k indicated no land subsidence or
minimal subsidence, whereas a negative value indicated land subsidence. The parameter a represents
the year corresponding to the maximum value, whereas the parameter b represents the maximum
annual radius growth for the site.

2.7.2. Analysis of Long-Term Trends in MA

Using six sets of aerial images and two satellite images from 1975 to 2012, we obtained the long-
term MA series (MA(S,t)), where S represents DS, BD, JS, TG, or JS-A-JS-G and s 1-37 of t (1975-
2012). The quadratic polynomial trend equation for the long-term MA series is expressed as follows:
MAs(t) = -k(t — a)? + b (t = 2-37), where site S has the largest area b in year a.

3. Results

3.1. Long-Term Changes in Annual Temperature and Rainfall

Climate records (1897-2024) from TN revealed average monthly rainfall of 267.0 + 145.2 mm
during the wet season (April to September, N = 128) and 27.0 + 9.0 (16.4-39.2) mm during the dry
season (October to March), indicating a clear seasonal contrast. The average annual temperature was
23.8°C +0.7 °C (N =128). It increased by 2.04 °C during the observation period and followed a long-
term trend of Tur(X) = 0.0159X +22.813 (R2=0.7326) (Figure 4). The average annual rainfall was 1748.2
+532.1 mm. It decreased by 56.5 mm during the observation period and followed a long-term trend
of Prr(X) =-0.4412X +1776.7 (X=1 was 1897 and X =128 was 2024). Time-series sequence (Prs) analysis
indicated that a wet period occurred approximately every 19 years; however, the last occurrence was
in 1977. Subsequent intervals shortened and rainfall declined (Figure 5).
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Figure 4. Changes in the long-term trend (Tir) of annual temperature in Tainan. Data (1897-2024) were collected

from the Tainan Meteorological Station.
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Figure 5. Changes in the long-term trend (Prt) of annual rainfall in Tainan. Data (1897-2024) were collected from

the Tainan Meteorological Station.

3.2. Land Subsidence Along the West Coast of Taiwan

Data (1975 to 2023) collected from the Water Resources Agency indicated extensive land
subsidence from Shengang Township, Changhua County, southward to Annan District, Tainan City.
The most severe subsidence occurred in Taixi Township, Yunlin County (-283.0 cm). In Chiayi
County, Dongshih Township and Budai Township had a subsidence of -233.6 and -179.4 cm,
respectively. In Tainan City, Beimen District and Syuejia District had a subsidence of -153.3 and
-104.0 cm, respectively (Table 1; Figure 6).

Among the three sites surveyed in 2009 and 2010, JS and TG were located in severely subsided
areas and experienced an average annual subsidence of -3.27 and -3.48 cm, respectively.
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Table 1. Cumulative subsidence along the west coast of Taiwan from 1975 to 2023.

County/City Township WGSS84-E WGS84-N Cum. Subsidence (cm)
Changhua Shengang 120.4864 241551 -23.3
(1979-2023) Xianxi 120.4406 24.1346 -18.7
Lukang 120.4796 24.048 -66.4
Fuxing 120.4171 24.0355 -71.4
Erlin 120.3752 23.9064 -146.6
Fangyuan 120.3751 23.9064 -121.8
Dacheng 120.2832 23.8608 -266.9
Yunlin Mailiao 120.2245 23.7638 -248.2
(1975-2023) Taixi 120.1846 23.6859 -283.0
Sihu 120.1826 23.6995 -275.0
Kouhu 120.1406 23.5589 -247.9
Shuilin 120.1949 23.5169 -226.6
Chiayi Dongshih 120.1674 23.4154 -233.6
(1986-2023) Budai 120.1780 23.4154 -179.4
Yizhu 120.1824 23.3069 -180.3
Tainan Beimen 120.1563 23.3019 -153.3
(1987-2023) Syuejia 120.2021 23.2659 -104.0
Cigu 120.1316 23.1305 -50.2
Aninan 120.1742 23.023 -55.7

Reference: Data (2024) collected from the Water Resources Agency, Ministry of Economic Affairs.
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Figure 6. Land subsidence along the west coast of Taiwan. Data (1975-2023) were compiled from the Water
Resources Agency, Ministry of Economic Affairs.
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3.3. Changes in MA from 1975 to 2025

Orthophoto maps, 1:5000 aerial photographs, 1:5000 Taiwan Digital Map, Google Map, and
SPOT-7 images from March 22, 2017, indicated that mangroves at DS, BD, JS, and TG were gradually
disappearing or had completely disappeared. The MA across these four sites was 118.7 ha (Table 2).
Mangroves at PZ expanded upstream to 77.6 ha (Figure 7). After mangroves in the middle of BD
died, only those near the windbreak of Haomeiliao Wetland on the inner side of the sandbar
remained (Figure 8). AtJS, mangroves covered 17.5 ha. In 2017, mangroves were expanded upstream
to SJ, reaching 23.3 ha in 2017 (Figure 9).

Spatiotemporal changes in MA along Taiwan’s southwest coast from 1975 to 2017 were assessed
using aerial images from 1975, 1983, 1989, 2002, 2009, and 2012. Subsequently, it declined because of
salt-field development, Provincial Highway 61 construction, and continual land subsidence, with
areas of 14.6,35.5, ... and 0.0 ha. MA at]JS covered 21.4,9.9, ... and 15.6 ha, whereas that at TG covered
0.8, 2.2, ... and 0.2 ha. JJ retained only 0.8 ha of K. obovata on the south bank because of extensive
reclamation. MA across the DS, BD, JS, and TG sites increased from 61.2 ha in 1975 to 118.7 ha in 2017.

The MA changes for DS and PZ in 1975 and 2017 are shown in Figure 10, and those for BD and
HM are shown in Figure 11. The MA changes for JS and TG in 2017 and 2023 are shown in Figure 12.

Table 2. Mangrove area along the southwest coast of Taiwan from 1975 to 2025 (ha).

Sampling sites Abbr. 1975 1983 1989 2002 2009 2012 2017 2023 2025
Dongshih Lagoon DS 25.2 14.7 — 0
Budai Lagoon BD 14.6 35.5 26 6.3 04 0.3 0.1
Jishui Estuary JS 21.4 9.1 12.7 18.2 11.2 154 231 324 348
Tougang Ditch TG 0 0.8 2.2 3.6 0.9 0.2 0.2 0.1 0.1
Total 61.2 60.1 40.9 28.1 12.5 159 1187 325 34.9

Note: “—* indicates a lack of maps for corresponding years. The afforestation site of Beimen Lagoon

is outside the Luzhugou embankment. Notably, it is dead now because of land subsidence.
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Figure 7. Changes in mangrove area at Dongshih Lagoon, Chiayi County, from 1975 to 1991.
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Figure 8. Changes in mangrove area at Budai Lagoon, Chiayi County, from 1975 to 2012.
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Figure 9. Changes in mangrove areas at Jishui Estuary and Tougang Ditch, Tainan City, from 1975 to 2012.
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Figure 10. Changes in mangrove areas at Dongshih Lagoon and Puzih Estuary, Chiayi County, from 1975 to
2017.
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Figure 11. Changes in mangrove areas at Budai Lagoon and Haomeiliao Wetland, Chiayi County, from 1975 to
2017.
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Figure 12. Changes in mangrove areas at Jishui Estuary, Tougang Ditch, and Syuejia Wetland, Tainan City, from
2017 to 2023.

3.4. Long-Term Trends in MA

On the basis of the area estimated from 6 aerial photographs and satellite images from 1975 to
2012, we performed a quadratic polynomial trend analysis of the MA series at TG. The result was
MATc(t) = -0.0084(t — 21.0)> + 2.8 (R? = 0.7274, t = 1-38). At TG, MA was the largest in 1995 (2.8 ha),
consistent with the time-series estimation results for annual ring width. Quadratic polynomial trend
analysis for BD site revealed that MAsp(t) = —0.0468(t — 12.3)2 + 26.1 (R? = 0.7827, t =1-38). At BD, MA
was the largest in 1986 (26.1 ha; Figure 13).

MAs at JS-A (new beach formed because of diversion work) and JS-E (old salt beach incorporated
into the river) increased exponentially, whereas MAs at JS-C, JS-D, and ]JS-G (three smaller sites near
the river mouth) decreased. The results were as follows (Figure 14): MAjs-c(t) = -0.0201(t — 14.3)2+ 7.0
(R2=0.8554), MAyso(t) = -0.0093(t — 15.8)2 + 2.2 (R2 = 0.8956), and MAjs-c(t) = -0.0077(t - 11.6)2 + 4.3 (R2
=0.908). AtJS-C, JS-D, and JS-G, MA was the largest at t =14.3 in 1996, t =15.8 in 1998, and t=11.6 in
1994, which aligned closely with the timing of the largest MA at TG (1995; Figure 13).
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Figure 13. Vertex of the quadratic polynomial (estimated maximum value). Cumulative land subsidence for each

study site.
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Figure 14. Changes in mangrove areas at Jishui Estuary subsites from 1983 to 2012.

3.5. MA in 2025

MA was estimated using SPOT 6 satellite images of the coastal area spanning the Beigang River
in Chiayi County to the Jiangjun River in Tainan City, with the images captured on February 22. The
total MA and windbreak forest area were 281.9 and 896.3 ha, respectively.

MA was the largest (109.1 ha) at the estuary of the Jishui River (including S] and TG). The second
largest MA (85.4 ha) was at the mouth of Puzi Estuary (including the upstream section of Dongshih
East Bridge). The third largest MA (57.1 ha) was on the east side of Haomeiliao Sandbar. Mangroves
at Bajhang Estuary (including the channel south of the dike) covered 25.2 ha, whereas those at the
Jiangjun River covered 4.9 ha. The Jiangjun River supported K. obovata and E. formosana. Windbreak
forest area was the largest at Aogu (787.6 ha), followed by at Shuangchun (61.6 ha) and Jiangjun
Estuary (47.1 ha; Figure 15).

3.6. Annual Ring Width

In the first phase (2009-2012), similarity between average annual ring width and rainfall at TN
was used to infer the age of each A. marina tree at TG. The lifespan was calculated from 1973 to 2008.
The similarity between average annual ring width and annual rainfall was 80.0% at TG and 84.3% at
JS. The annual ring-width time series —YRsite(X) values—for all A. marina trees across the SC, TG, and
JS sites were combined and analyzed. The average annual ring width at SC was 1.98 + 0.34 mm/year
(N =4), that at TG was 1.38 + 0.39 mm/year (N = 10), and that at JS was 1.04 = 0.26 mm/year (N = 10).
The TG and JS were lower than that at SC.

3.7. Trends in Annual Ring Width and Land Subsidence

At SC, the quadratic polynomial trend line was YRsc(X) = -0.0025(X - 34.4)2 + 2.151 (R2 = 0.4189,
N = 4). At TG, the quadratic polynomial trend line of average annual ring width was YRrc(X) =
-0.002(X = 25.7)2+ 1.716 (R2 = 0.8233, N = 10). The annual radial increment was the fastest in 1998. At
JS, the quadratic polynomial trend line was YRys(X) = -0.0032(X - 32.8)2+ 2.644 (R2=0.7853, N = 10).
The annual radial increment was the fastest in 2005. The annual radial increment was the fastest in
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2007 (Figure 16). The average annual rates of land subsidence at JS, TG, and SC were —4.34, -5.21, and
-1.43 cm, respectively (Table 3).

Figure 15. Distribution of mangroves and windbreak forests from the Beigang River (Chiayi County) to the
Jiangjun River (Tainan City), as per data collected on 22 February 2025.

Table 3. Association between the Avicennia marina mangrove forest and land subsidence along the west coast of

Taiwan.
. AVG +SD Peak of sites Slmllarlfy to Max. of trend  Year of Cuml'xlatlve Annual
Sites annual rainfall . subsidence .
(mm) (mm) line max. subsidence (cm)
(%) (cm)
JS 2.27 +0.50 3.20 83.4 2.644 2005 -153.3 -4.34
SC 1.98 +0.34 2.50 81.0 2.151 2007 -47.5 -1.43
TG 1.38 +0.39 1.94 78.4 1.716 1998 -153.3 -5.21
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Figure 16. Estimated time of death for mangroves at Jishui Estuary and Tougang Ditch. Mangroves at Sihcao

Wetland were referenced to estimate the time of death for those at Jishui Estuary and Tougang Ditch.

4. Discussion

Calculations based on 24 mangrove samples collected from the west coast of Taiwan revealed
that the linear equation for annual radius growth was Rys(X) = 2.3705X - 4.5357 (R2=0.9945, X = 1-37).
The slope of this equation is 90.5% lower than that of the linear trend equation for mangroves in the
Jishui River, as estimated by Fan (2009): R(X) = 2.618X + 1.9086 (R2 = 0.98) [10].

4.1. Environmental Risk Factors of Land Subsidence

Although the Zengwun Estuary Delta on the west coast of Taiwan has experienced slight
subsidence due to tectonic activity, most western coastal areas have experienced severe land
subsidence due to groundwater overpumping. Data from the land subsidence database of the Water
Resources Agency indicate that the maximum cumulative subsidence in Taixi Township, Yunlin
County, was approximately —283 cm, with an average annual subsidence of =5.9 cm (Table 1).

In some areas along Taiwan’s west coast, land has sunk severely because of groundwater
overpumping. From 1988 to 2009, the maximum cumulative subsidence in the Beimen area was
approximately —94 cm, which explains why old mangrove trees at JS drowned and seedlings
continued to expand inland. The correlation between changes in MA at Beimen and cumulative land
subsidence highlighted a clear association between changes in MA at JS and land subsidence. By 2007,
MA at Beimen decreased to 17.35 ha.

Over the years, A. marina at TG exhibited a marked decline in annual ring width due to land
subsidence. Notably, these trees still had green leaves before death, and many dead tree heads
surrounded them. The radius growth of the outermost circle gradually decreased. In the present
study, A. marina trees at ]S and TG were assessed to generate the quadratic polynomial curve for
declining carbon sink in land subsidence areas.

4.2. Estimation of Blue Carbon Content in Mangroves

The age of A. marina at TG was inferred by comparing the semiannual radius growth time series
for dead mangroves with the semiannual rainfall time series from TN. The finding is consistent with
the area estimated using six aerial photographs and satellite images from 1975 to 2012 (Table 2).
Therefore, the time series trend equation for radius growth, that is, Ysite(X) = —k(X — a)? + b, and that
for area, that is, Ysitearea(t) = —k(t — a)? + b, can be used to estimate the dynamic trend of mangrove
carbon sinks in land subsidence areas. Furthermore, the trend-line extrapolation method can be used
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with previously reported values for carbon sequestration per unit area of mangrove forest to project
changes in MA over several years and estimate blue carbon stocks.

Regarding the amount of blue carbon stored in mangroves growing in land subsidence areas,
when cumulative land subsidence exceeding the height of their pneumatophores (PnRs) and
seawater persistently submerges PnRs, mangrove growth begins to decline. After the parabolic trend
reaches its vertex, the curve reverses, and MA decreases. For a target year, carbon sequestration per
unit area was estimated from studies providing relevant information per unit of MA [9,55].

In practical application, the annual ring-width method requires careful, sequential steps.
Cut mangrove samples (subsample number > 4).

Measure annual ring-width every year YRs(X), X=1,..., m.

Construct the time series [YRs(X)].

Fit the quadratic polynomial trend equation YRs(X) = —k(X — a)? + b to the time series.

AN .

Calculate the parabola vertex (a, b), where a is time and b is the maximum annual ring-width
(mm).
With the increasing availability of satellite imagery and area estimation techniques, the

estimation method has become more feasible. We propose the following specific and feasible steps as
follows:

1. Obtain satellite images of the target area for estimating mangrove carbon sinks for 6 years
(preferably with a gap between every 2 years) to extend the observation time axis.

2. Select the target sample area from > 2 crossing lines (field surveys can be incorporated if
necessary), ensuring that each crossing line includes at least three fixed sample areas, with
boundaries fixed across years and the total sample area exceeding 5 ha.

3. Use unsupervised classification (Iso Cluster Unsupervised Classification) in ArcMap to estimate
the MAs(t), t=1,..., m, of each fixed sample area per year and construct the time series [MAs(t)].

4. Derive the quadratic polynomial trend equation for the time series MAs(t) of the entire target
area (or several sample sites), MAs(t) = -k(t — a)> + b.

5. Calculate the vertex of the parabola (a, b), where a is the time and b is the maximum MA.

The carbon sequestration potential of A. marina is typically influenced by age, season, growth,
and sediment characteristics; in addition, the nutrient inputs due to rainfall and water bird habitats
exert considerable effects [28-32,71]. Reduced rainfall and groundwater extraction led to land
subsidence, which reduced radius growth [4], indicating a sharp decline in net production. Rainfall
exerts a dynamic effect throughout the year, whereas land subsidence exerts an irreversible effect.
Lin et al. presented five carbon budgets for A. marina in the Asia—Pacific region (New Zealand,
Indonesia, and Iran) and compared them with data from four sites in Taiwan [18,41,69,75].

Future research of A. marina carbon sequestration should first clarify whether subsidence has
occurred at each study site and whether it influences the carbon budget and carbon sequestration of
A. marina. Assessment methods for both area and radius growth can accurately estimate the growth
status of A. marina. Therefore, these methods can be used to predict future carbon sinks. They can
also prevent misinterpretation of net productivity in the evaluation of A. marina carbon sinks in
subsidence areas.
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The following abbreviations are used in this manuscript:

BD Budai Lagoon

CG Cigu Fishpond

DS Dongshih Lagoon

HG half-year radius growth
HM Haomeiliao Wetland

JI Jiangjyun River

]S Jishui Estuary

MA mangrove area

PL linear rainfall equation

Pz’ Puzih Estuary
SC Sihcao Wetland

SJ Syuejia Wetalnd

TG Tougang Ditch

TL linear temperature equation

TN Former Tainan Meteorological Station

WG Wanggong Ditch
YR inual ring width
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