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Mangrove dieback during 
fluctuating sea levels
Catherine E. Lovelock1, Ilka C. Feller2, Ruth Reef3, Sharyn Hickey4 & Marilyn C. Ball5

Recent evidence indicates that climate change and intensification of the El Niño Southern Oscillation 
(ENSO) has increased variation in sea level. Although widespread impacts on intertidal ecosystems 
are anticipated to arise from the sea level seesaw associated with climate change, none have yet been 
demonstrated. Intertidal ecosystems, including mangrove forests are among those ecosystems that are 
highly vulnerable to sea level rise, but they may also be vulnerable to sea level variability and extreme 
low sea level events. During 16 years of monitoring of a mangrove forest in Mangrove Bay in north 
Western Australia, we documented two forest dieback events, the most recent one being coincident 
with the large-scale dieback of mangroves in the Gulf of Carpentaria in northern Australia. Diebacks in 
Mangrove Bay were coincident with periods of very low sea level, which were associated with increased 
soil salinization of 20–30% above pre-event levels, leading to canopy loss, reduced Normalized 
Difference Vegetation Index (NDVI) and reduced recruitment. Our study indicates that an intensification 
of ENSO will have negative effects on some mangrove forests in parts of the Indo-Pacific that will 
exacerbate other pressures.

Mangrove forests are comprised of halophytic woody species whose distribution is strongly influenced by tidal and 
freshwater inputs that maintain gradients in soil moisture, salinity, anoxia and nutrient availability1. Inundation 
with saline water introduces salts into the soils, and these salts become concentrated in the soil porewater when 
water is lost from the soil by evapotranspiration. Where there is limited land and/or atmospheric-derived fresh 
water sources, as occurs over much of the seasonally dry tropics, evapotranspiration can lead to very high con-
centrations of salt in soil porewater in the intertidal zone which can exceed the salinity tolerance of mangrove 
trees. For example, long-term studies indicate that variation in rainfall and sea level can have enormous influences 
on the landward extent of mangroves, which expands during periods of high sea level and high rainfall and con-
tracts seaward when sea level is low and rainfall is diminished2. In the tropical Pacific Ocean, ENSO can result 
in extreme variation in sea levels. During El Niño, weak equatorial trade winds cause the thermocline to shoal 
in the tropical western Pacific and the presence of cool water results in sea levels that can be lower by 20–30 cm, 
while conversely sea levels are higher in the east3, 4. During the La Niña phase the patterns are reversed. These 
sea level seesaws are intensifying with climate change5–7 and are therefore likely to increase fluctuations in tidal 
inundation and salinity of mangrove soils, giving rise to conditions unfavorable for tree growth. Using unique 
long-term monitoring of a site at Mangrove Bay in north Western Australia, we provide evidence that extremely 
low sea levels during recent intense El Niño events4–7 have led to mangrove dieback.

Our site is a mangrove-lined bay adjacent to the Ningaloo Reef in north Western Australia which is domi-
nated by the widespread mangrove tree species Avicennia marina (Fig. 1). The region is arid, with low rainfall 
and high evaporative demand leading to hypersalinity of soil porewater in high intertidal mangrove habitats and 
adjacent cyanobacterial mats, salt marshes and salt flats. Despite its small size (40 ha) the mangrove is highly 
significant due to its importance to biodiversity in the region, including providing habitat for fish, birds and 
terrestrial vertebrates, and for its importance for tourism8–10. We have monitored the site since 2000 during 
which two episodes of canopy dieback were observed, one in 2002–2003 and the other in 2015–2016 (Fig. 1 
and Supplementary data Fig. 1). The second of these dieback events, which was more extensive than the event 
in 2002–2003 was coincident with the large-scale death of mangroves along the southern coast of the Gulf  
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of Carpentaria in northern Australia11 and may provide some insight into the underlying causes of this larger 
scale event.

Mean annual sea level obtained from the closest tide gauge (see Methods) varied 20 cm over the study period 
(Fig. 2). It was high in 2000 and 2001, dropping 20 cm to a low between 2002 and 2004 when the first dieback of 
the forest was observed. It peaked in 2011–2012 before declining in 2015–2016 when the second dieback of the 
forest was observed. Soil porewater salinity also varied over the 16 years of monitoring. In 2003–2004 porewater 
salinity was approximately 25% higher than mean levels, and in 2015–2016 it was elevated by 30%. The variation 
in mean sea level over the 16 years of monitoring was negatively correlated with normalized soil porewater salin-
ity (Fig. 3), such that years of high salinity were associated with low mean sea level, indicative of lower levels of 
tidal inundation. The year 2002 was an exception, when low mean annual sea level was not associated with high 
soil salinity. This result may have reflected the high level of rainfall in May and June (179 mm of total 200 mm for 
the year) prior to the monitoring measurements. However, over the 16 year record, variation in annual rainfall or 
rainfall observed in winter or summer periods, had no significant influence on soil porewater salinity (Extended 
data Fig. 2).

Variation in the Normalized Difference Vegetation Index (NDVI, Fig. 1) over the study period also indi-
cated strong reductions in NDVI in 2015–2016 and a smaller reduction in 2002–2003, although NDVI was low 
throughout the early 2000’s at the site, potentially reflecting the extended low sea levels associated with succes-
sive El Niño events in the 1990’s12 (Extended data Fig. 2). Over the entire available record of NDVI at the site 
(1987–2016), mean annual NDVI was significantly correlated with mean annual sea level and annual minimum 
sea level (Fig. 4), providing additional evidence that the forest was sensitive to annual variation in tidal inunda-
tion. However, there was no significant relationship between mean annual NDVI and normalized salinity values, 
due to the much higher NDVI prior to the 2015–2016 dieback compared to the 2002–2003 dieback event (Fig. 2). 
Analysis of mean NDVI including mean annual rainfall as an explanatory variable did not contribute signifi-
cantly to explaining variation in NDVI over the 1987–2016 period (Extended data Table 3). In other locations 

Figure 1. Normalized difference vegetation index (NDVI) of Mangrove Bay mangrove forest showing the 
thinning canopy during the dieback in 2003 associated with low sea level and high salinity of soil porewater 
(A), after recovery of the canopy in 2013 (B), and after the most recent downward swing of the sea level seesaw 
in 2015 (C). An aerial image of the site (D) shows the mangrove fringing small creeks and lagoons adjacent to 
the Ningaloo reef flat and the grassland dominated terrestrial environment. The location of Mangrove Bay on 
the Australian coast is shown in the inset. NDVI was obtained from Landsat scenes (Table S1), the aerial image 
from 2012 was obtained from © 1995–2016 Esri (Service Layer Credits: Source Esri, Digital Globe, GeoEye, 
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopp, and 
the GIS User Community). Geographic boundaries represent Australian Statistical Geography Standard (ASGS) 
provided by the Australian Bureau of Statistics (ABS, 2011, data freely available at http://www.abs.gov.au/
AUSSTATS/abs@.nsf/Lookup/1259.0.30.001 Main+Features1July%202011?OpenDocument). Map generated 
in ArcMap v10.3.1.
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in Australia, rainfall and sea level tend to co-vary with the El Niño-Southern Oscillation12, 13, but in the Pilbara 
region of Western Australia annual rainfall is not strongly reduced during El Niño events14, however sea level was 
lower15. There was significant spatial variation in NDVI over the 1987–2016 time series, with the coefficient of 
variation in NDVI for individual pixels being highest in locations most distant from the mouth of creek where 
the tide enters the mangrove forest (Fig. 5), suggesting trees furthest from the incoming tide and less likely to be 
inundated during low tide events, were the most likely to experience dieback.

Seedling recruitment was low during years with high soil porewater salinity (Fig. 6), indicating reduced 
reproduction (or dispersal) during periods of high salinity and low sea level. There was no relationship observed 
between annual rainfall and numbers of seedlings. Increases in the the NDVI was observed over 10 years between 
2006 and 2016, coincident with increasing mean and minimum sea level (Figs 2 and 4). However, all plots, includ-
ing those that were designated “live” in 2006 had suffered canopy losses of over 80% in 2016. Our monitoring of 
soil porewater salinity in 2016, within a broader survey of “live” and adjacent “dead” plots over the forest, indi-
cated tree canopy loss was associated with higher mean soil porewater salinity of 68.5 ppt (±standard deviation 
3.0) compared with 57.8 ppt (±SD 2.6) in “live” plots.

The intertidal position of mangrove forests gives rise to a high exposure to pressures arising from changes in 
both the ocean and adjacent terrestrial environments. While sea level rise due to a warming climate poses a sig-
nificant threat to many mangrove forests16, 17, our data demonstrate that fluctuations in sea level, and particularly 

Figure 2. Inter-annual variation in mean sea level (A), mean soil porewater salinity of two monitoring 
campaigns (black and white symbols) (B), normalized salinity (C) and mean annual Normalized Difference 
Vegetation Index (NDVI) (D) from 1999–2016 at Mangrove Bay on the Ningaloo coast, Western Australia. 
Error bars are standard deviations. Salinity was normalized (expressed in relative units) to account for 
differences in locations of the two monitoring strategies over the study period. A value of 1 is equivalent to the 
initial value while 1.25 indicates a value 25% higher than the initial soil salinity. Elevated soil porewater salinity 
was evident in 2003 and 2004 as well as 2015 and 2016, both periods which were associated with wide spread 
canopy dieback (indicated by the blue bars). Source data are available in Supplementary data Table 2.
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periods of low sea level, can also pose threats to mangrove forests in arid regions where inputs of fresh water is 
limited. As soil salinities rise, trees may lose their capacities for water uptake and salt exclusion and exhibit signs 
of stress consistent with those induced during drought18–21, including progressive loss of leaves, death of branches 
and eventually death of entire trees when salinities exceed tolerance limits22, 23. In many respects, the dieback of 
mangroves observed in response to increase in soil salinity is similar to other forest dieback events induced by 
severe drought24 in which suggested causes of tree death are highly controversial but consistent with hydraulic 
failure leading to catastrophic tissue desiccation25.

For mangrove forests, drought may increase the negative impacts of sea level fluctuations. Low sea levels may 
not cause mortality of mangroves if soil porewater salinity is ameliorated through freshwater inputs from rain-
fall or river flows, as may have been the case in 2002 in our data set. Because both low sea level and low rainfall 
co-occur during El Niño years in the Indo-Pacific region26, 27, intensification of ENSO in the coming decades 
with climate change may be particularly unfavorable for productivity of mangrove forest ecosystems. The recent 
extensive dieback of the mangrove forests in the Gulf of Carpentaria in northern Australia was associated with 
prolonged drought and high temperatures11, but it is also associated with the same 2015–2016 low sea level event 
reported here. There is evidence that mangroves can recover their canopy rapidly, over 10 years (Fig. 2) and 
expand in periods of high sea level and high rainfall28, although this may be limited to species that can recruit 
and grow rapidly28. Continuing intensification of ENSO with climate change and associated seesaw swings in sea 
levels combined with other stressors may therefore degrade mangrove forests, if the time between extreme events 
is not sufficient for forest recovery. Mortality of mangrove forests during intense episodic low sea level events may 
reduce the extent of mangrove ecosystems and lead to enhanced vulnerability to sea level rise as well as the loss of 
ecosystem functions and services, which include carbon sequestration, nutrient cycling, coastal protection and 
the provision of habitat for biodiversity.

Methods
Our study site is within Mangrove Bay in the Cape Range National Park, Western Australia (lat. 21.97° S, long. 
113.94° E). The mangrove forest is dominated by Avicennia marina, with Rhizophora stylosa, Ceriops australis 
and other tree species occurring at low abundance. The site has semidiurnal tides with a tidal range of 2 m. The 
density of trees in the tallest parts of the forest are 4400 stems ha−1 with a mean diameter of 7.9 cm29. In 2000, 
we began to monitor soil porewater salinity of 21 scrub trees (<2 m tall) in the southern side of Mangrove Bay, 
within a fertilization experiment. We measured the growth of these trees and the salinity of the soil porewater 
annually during the winter months (June – August) between 2001 and 2010, with the exception of 2005 and 2009. 
In October 2003, a dieback event was observed (Supplementary data Fig. 1) in which approximately 25% of the 
stand was affected (Fig. 1). Fertilization had no influence on soil porewater salinity or on observed tree dieback. 
In 2006, to more fully explore the dieback event of 2003–2004 and monitor recovery, we established 12, 5 × 5 m 
plots, with 3 pairs of “live” and “dead” plots in both the north and south of the Bay. Seedling recruitment and soil 
porewater salinity were monitored annually between 2006 and 2016, with the exception of 2009. In each 5 × 5 m 
plot the number and height of seedlings, saplings and mature trees was recorded each year. In July 2016, a new 
dieback event was observed (Supplementary data Fig. 1) in which approximately 30% of the trees died. In 2016, 
additional to our monitoring plots, we surveyed soil porewater salinity in 13 additional paired plots in the north 
of Mangrove Bay that were either live (>75% of canopy intact) or dead (<15% canopy remaining).

Soil porewater salinity was extracted from 30 cm in the soil using a suction device30 and measured with a 
hand-held refractometer. We calculated the mean soil porewater salinity for each year for both the fertilization 
experiment trees (N = 21) and the recruitment monitoring plots (N = 12). In order to obtain a single continuous 
record of salinity from both sites, we normalized salinity relative to the mean salinity for all years for those sites. 

Figure 3. The relationship between normalized porewater salinity and the annual mean sea level over the study 
period. The regression, of the form y = 3.70 + −1.77 * x, R2 = 0.69, is significant either with or without the data 
for 2002 data included (indicated in grey) which was a year with intense rainfall in the month prior to sampling. 
Filled symbols are from 2002–2011 and open symbols from 2007–2016.
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Normalized soil porewater salinity varied from 0.81 to 1.28, where 0.81 indicates salinity is 19% lower than the 
mean value and 1.28 is 28% higher than mean value.

We obtained monthly sea level data monitored at the nearby coastal town of Exmouth (Bureau of Meteorology 
station ID 62435; Permanent Service for Mean Sea Level station ID 1762) and from the Port of Fremantle 
(Permanent Service for Mean Sea Level station ID 111), obtaining the mean, minimum and maximum monthly 
sea level from the Bureau of Meteorology, Australia from which an annual mean sea level for each monitoring 

Figure 4. The annual mean Normalized Difference Vegetation Index (NDVI) of Mangrove Bay mangrove forest 
as a function of annual mean sea level (A), annual monthly minimum sea level (B) and annual rainfall (C). The 
regression line in panel A is y = −0.10 + 0.336 * x, R2 = 0.24 (P = 0.0246) and in panel B is y = 0.28 + 0.42 * x, 
R2 = 0.34 (P = 0.0074). The relationship between annual NDVI and rainfall was not significant (P > 0.05).
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year (between 1 July and July of each year) and each calendar was calculated. The relationship between nor-
malized salinity of the soil porewater and mean sea level was assessed using regression analysis. Mean annual 
minimum and maximum sea level was highly correlated with mean annual sea level for any given year, and thus 
we used the mean annual sea level in our analyses. We tested the difference in soil porewater salinity between live 
and dead plots monitored in 2016 using a one-way analysis of variance. The relationship between the number of 
seedlings observed and the soil porewater salinity of the plots in the preceding year, when propagules were devel-
oping, was assessed using regression analysis.

The normalized difference vegetation index (NDVI) has been employed in several studies as a proxy to 
monitor temporal mangrove canopy as it has been shown to highly correlate with canopy closure in mangroves 
(r = 0.91)31. Often used as a ‘greenness’ index, NDVI measures the absorbance of the red band by chlorophyll and 
the reflection of the near-infrared by the mesophyll leaf structure32. As such it has been used to monitor deforest-
ation and degradation33, 34 and responses to climatic disturbances, such as cyclones in mangrove forests35, 36. 
NDVI values range from −1 to +1, where any value below zero does not correspond to green vegetation. Dense 
closed canopy tropical forests tend to produce values closer to 1, whilst sparsely vegetated areas, or open shrub 
tend to have lower values (0.2–0.3)35. Seasonal variations may occur; however, a healthy dense mangrove canopy 
produces maximum values of approximately 0.736.

= − +NDVI NIR Red/NIR Red (1)

Cloud-free Landsat 5 Thematic Mapper (TM), Landsat 7 and Landsat 8 Operational Land Imager (OLI) 
imagery (p115r75) was acquired to interrogate field sampling across the entire mangrove extent (Supplementary 
data Table 1). Atmospheric corrections were performed to convert the pixels to top of atmosphere reflectance. 

Figure 5. The coefficient of variation in the Normalized Difference Vegetation Index (NDVI) of pixels in 
the Mangrove Bay mangrove forest (A) and the mean NDVI (B) as a function of distance from the creek 
mouth. The regression line in panel A is y = 0.0087 + 0.000021 * x, R2 = 0.27 (P < 0.0001) and in panel B is 
y = 0.47 + −0.000022 * x, R2 = 0.12 (P < 0.0001).
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ESRI ArcGIS was used to calculate the Normalized Difference Vegetation Index (NVDI) (Equation 1) (30 m pixel) 
for the study region. True and false colour scene composites were used to visually determine NDVI minimum and 
maximum thresholds for mangroves each year. An accuracy assessment from high-resolution aerial imagery for 
available years (1999, 2003, 2010) was undertaken and Cohen’s kappa was used to measure agreement, k = 0.800 
(95%CI, 0.784 to 0.816), p < 0.0005. Euclidean distance to each pixel centroid was also measured from the creek 
entrance at the northern site. The relationship between mean annual NDVI, sea level and rainfall was assessed 
using linear regression. We used an F-test to assess whether a linear model including annual rainfall as well as 
mean annual sea level explained a significantly greater proportion of the variation in annual NDVI compared to 
a model with only sea level as the explanatory variable. The analysis of the relationship between distance from the 
mouth of the creek and the coefficient of variation of NDVI and mean NDVI for individual pixels were assessed 
using linear regression.

References
 1. Ball, M. C. Ecophysiology of mangroves. Trees 2(3), 129–142 (1988).
 2. Eslami-Andargoli, L., Dale, P. E. R., Sipe, N. & Chaseling, J. Mangrove expansion and rainfall patterns in Moreton Bay, southeast 

Queensland, Australia. Estuar. Coast. Shelf Sci. 85, 292–298, doi:10.1016/j.ecss.2009.08.011 (2009).
 3. Merrifield, M. A., Thompson, P. R. & Lander, M. Multidecadal sea level anomalies and trends in the western tropical Pacific. 

Geophys. Res. Let. 39(13) (2012)
 4. Hamlington, B. D. et al. An ongoing shift in Pacific Ocean sea level. J. Geophys. Res. Oceans 121, 5084–5097, 

doi:10.1002/2016JC011815 (2016).
 5. Moon, J. H., Song, Y. T. & Lee, H. PDO and ENSO modulations intensified decadal sea level variability in the tropical Pacific. J. 

Geophys. Res. Oceans 120, 8229–8237, doi:10.1002/2015JC011139 (2015).
 6. Cai, W. et al. More extreme swings of the South Pacific convergence zone due to greenhouse warming. Nature 488, 365–369, 

doi:10.1038/nature11358 (2012).
 7. Widlansky, M. J., Timmermann, A. & Cai, W. Future extreme sea level seesaws in the tropical Pacific. Sci. Adv. 1(8), 

e1500560–e1500560, doi:10.1126/sciadv.1500560 (2015).
 8. Cassata, L. & Collins, L. B. Coral reef communities, habitats, and substrates in and near sanctuary zones of Ningaloo Marine Park. J. 

Coast. Res. 24, 139–151, doi:10.2112/05-0623.1 (2008).
 9. Reef, R., Feller, I. C. & Lovelock, C. E. Mammalian herbivores in Australia transport nutrients from terrestrial to marine ecosystems 

via mangroves. J. Trop. Ecol. 30, 179–188, doi:10.1093/treephys/tpq048 (2014).
 10. Van Keulen, M. & Langdon, M. W. Ningaloo Collaboration Cluster: Biodiversity and ecology of the Ningaloo Reef lagoon. CSIRO 

National Research Flagships (2011)
 11. Duke, N. C. et al. Large-scale dieback of mangroves in Australia’s Gulf of Carpentaria: a severe ecosystem response, coincidental 

with an unusually extreme weather event. Mar. Freshwat. Res, doi:10.1071/MF16322 (2017).
 12. Rogers, K. & Saintilan, N. Relationships between surface elevation and groundwater in mangrove forests of southeast Australia. J. 

Coast. Res. 24, 63–69, doi:10.2112/05-0519.1 (2008).
 13. Lovelock, C. E. et al. Sea level and turbidity controls on mangrove soil surface elevation change. Estuar. Coast. Shelf Sci. 153, 1–9, 

doi:10.1016/j.ecss.2014.11.026 (2015).
 14. Santini, N. S., Hua, Q., Schmitz, N. & Lovelock, C. E. Radiocarbon dating and wood density chronologies of mangrove trees in arid 

Western Australia. PloS One 8(11), e80116, doi:10.1371/journal.pone.0080116 (2013).
 15. White, N. J. et al. Australian sea levels—Trends, regional variability and influencing factors. Earth-Sci. Rev. 136, 155–174, 

doi:10.1016/j.earscirev.2014.05.011 (2014).
 16. Lovelock, C. E. et al. Vulnerability of Indo pacific mangrove forests to sea level rise. Nature 526, 559–563, doi:10.1038/nature15538 

(2015).
 17. Woodroffe, C. D. & Grindrod, J. Mangrove biogeography: The role of quaternary environmental and sea-level change. J. Biogeogr. 18, 

479–492, doi:10.2307/2845685 (1991).

Figure 6. The relationship between the total number of seedlings observed in the monitoring plots and the 
mean soil porewater salinity (±standard deviation) for the year prior to the seedling survey (when propagules 
were developing). Seedlings were surveyed in 12, 5 × 5 m plots (total area of 300 m2). Curve is an exponential 
decay of the form y = 22,149,609 (±22,954,957) * exp (−0.2035 (±0.0208) * x), R2 = 0.96, where standard error 
of the parameter estimates is in parentheses.

http://dx.doi.org/10.1016/j.ecss.2009.08.011
http://dx.doi.org/10.1002/2016JC011815
http://dx.doi.org/10.1002/2015JC011139
http://dx.doi.org/10.1038/nature11358
http://dx.doi.org/10.1126/sciadv.1500560
http://dx.doi.org/10.2112/05-0623.1
http://dx.doi.org/10.1093/treephys/tpq048
http://dx.doi.org/10.1071/MF16322
http://dx.doi.org/10.2112/05-0519.1
http://dx.doi.org/10.1016/j.ecss.2014.11.026
http://dx.doi.org/10.1371/journal.pone.0080116
http://dx.doi.org/10.1016/j.earscirev.2014.05.011
http://dx.doi.org/10.1038/nature15538
http://dx.doi.org/10.2307/2845685


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 1680  | DOI:10.1038/s41598-017-01927-6

 18. Hester, M. W., Mendelssohn, I. A. & McKee, K. L. Intraspecific variation in salt tolerance and morphology in the coastal grass 
Spartina patens (Poaceae). Am. J. Bot. 83, 1521–1527, doi:10.2307/2445827 (1996).

 19. Sobrado, M. A. Hydraulic properties of a mangrove Avicennia germinans as affected by NaCl. Biolog. Planta. 44, 435–438, doi:10.10
23/A:1012479718305 (2001).

 20. Bompy, F., Lequeue, G., Imbert, D. & Dulormne, M. Increasing fluctuations of soil salinity affect seedling growth performances and 
physiology in three Neotropical mangrove species. Plant Soil 380, 399–413, doi:10.1007/s11104-014-2100-2 (2014).

 21. Méndez-Alonzo, R. et al. Osmotic and hydraulic adjustment of mangrove saplings to extreme salinity. Tree Physiol. 36, 1562–1572, 
doi:10.1093/treephys/tpw073 (2016).

 22. Jimenez, J. A., Lugo, A. E. & Cintron, G. Tree mortality in mangrove forests. Biotropica 17, 177–185, doi:10.2307/2388214 (1985).
 23. Lovelock, C. E., Ball, M. C., Martin, K. C. & Feller, I. C. Nutrient enrichment increases mortality of mangroves. PLoS One 4(5), 

e5600, doi:10.1371/journal.pone.0005600 (2009).
 24. Van Mantgem, P. J. et al. Widespread increase of tree mortality rates in the western United States. Science 323, 521–524, doi:10.1126/

science.1165000 (2009).
 25. Allen, C. D. et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. 

For. Ecol. Manag. 259, 660–84, doi:10.1016/j.foreco.2009.09.001 (2010).
 26. Stammer, D., Cazenave, A., Ponte, R. M. & Tamisiea, M. E. Causes for contemporary regional sea level changes. Ann. Rev. Mar. Sci. 

5, 21–46, doi:10.1146/annurev-marine-121211-172406 (2013).
 27. Juneng, T. & Tangang, F. T. Evolution of ENSO-related rainfall anomalies in Southeast Asia region and its relationship with 

atmosphere–ocean variations in Indo-Pacific sector. Clim. Dynam. 25, 337–350, doi:10.1007/s00382-005-0031-6 (2005).
 28. Asbridge, E., Lucas, R., Ticehurst, C. & Bunting, P. Mangrove response to environmental change in Australia’s Gulf of Carpentaria. 

Ecol. Evol. 6, 3523–3539, doi:10.1002/ece3.2140 (2016).
 29. Alongi, D. M., Tirendi, F. & Clough, B. F. Below-ground decomposition of organic matter in forests of the mangroves Rhizophora stylosa 

and Avicennia marina along the arid coast of Western Australia. Aquat. Bot. 68, 97–122, doi:10.1016/S0304-3770(00)00110-8 (2000).
 30. McKee, K. L. Soil physicochemical patterns and mangrove species distribution: Reciprocal effects? J. Ecol. 81, 477–487, 

doi:10.2307/2261526 (1993).
 31. Cornforth, W. A. et al. Advanced land observing satellite phased array type L-Band SAR (ALOS PALSAR) to inform the conservation 

of mangroves: Sundarbans as a case study. Remote Sens. 5, 224–37, doi:10.3390/rs5010224 (2013).
 32. Giri, C. et al. Monitoring mangrove forest dynamics of the Sundarbans in Bangladesh and India using multi-temporal satellite data 

from 1973 to 2000. Estuar. Coast. Shelf Sci. 73, 91–100, doi:10.1016/j.ecss.2006.12.019 (2007).
 33. Jensen, J. R. et al. The measurement of mangrove characteristics in southwest Florida using Spot multispectral data. Geocart. Int. 6, 

13–21, doi:10.1080/10106049109354302 (1991).
 34. Long, J., Giri, C., Primavera, J. & Trivedi, M. Damage and recovery assessment of the Philippines. Mangroves following Super 

Typhoon Haiyan. Mar. Poll. Bull. 109, 734–43, doi:10.1016/j.marpolbul.2016.06.080 (2016).
 35. Pettorelli, N. et al. Using the satellite-derived NDVI to assess ecological responses to environmental change. Trend. Ecol. Evol. 20, 

503–10, doi:10.1016/j.tree.2005.05.011 (2005).
 36. Satyanarayana, B. et al. Assessment of mangrove vegetation based on remote sensing and ground-truth measurements at Tumpat, 

Kelantan Delta, East Coast of Peninsular Malaysia. Int. J. Remot. Sens. 32, 1635–50, doi:10.1080/01431160903586781 (2011).

Acknowledgements
Data described in this paper are available in Supplementary Table S1. Funding was provided by the Johnston Fund 
of the Smithsonian Institution and the Australian Research Council, awards LP0561498, DP0774491, DP1096749 
and DP150104437. CEL, ICF, RR and MCB conceived the study and made the measurements. SH conducted the 
mapping analyses. All authors contributed to writing the manuscript. We thank Nigel Brothers, Tegan Davies, 
Ray Feller, Matt Hayes, Norman Lovelock, Helen Penrose, Andrew Swales, Rachel Tenni, Alice Yates and for field 
assistance over the course of the study.

Author Contributions
C.E.L. and I.C.F. initiated the study while R.E.R. and M.C.B. contributed to the development of the study over 
time. C.E.L., I.C.F., R.E.R. and M.C.B. conducted the field work. S.H. contributed the spatial analysis. All authors 
contributed to writing the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01927-6
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.2307/2445827
http://dx.doi.org/10.1023/A:1012479718305
http://dx.doi.org/10.1023/A:1012479718305
http://dx.doi.org/10.1007/s11104-014-2100-2
http://dx.doi.org/10.1093/treephys/tpw073
http://dx.doi.org/10.2307/2388214
http://dx.doi.org/10.1371/journal.pone.0005600
http://dx.doi.org/10.1126/science.1165000
http://dx.doi.org/10.1126/science.1165000
http://dx.doi.org/10.1016/j.foreco.2009.09.001
http://dx.doi.org/10.1146/annurev-marine-121211-172406
http://dx.doi.org/10.1007/s00382-005-0031-6
http://dx.doi.org/10.1002/ece3.2140
http://dx.doi.org/10.1016/S0304-3770(00)00110-8
http://dx.doi.org/10.2307/2261526
http://dx.doi.org/10.3390/rs5010224
http://dx.doi.org/10.1016/j.ecss.2006.12.019
http://dx.doi.org/10.1080/10106049109354302
http://dx.doi.org/10.1016/j.marpolbul.2016.06.080
http://dx.doi.org/10.1016/j.tree.2005.05.011
http://dx.doi.org/10.1080/01431160903586781
http://dx.doi.org/10.1038/s41598-017-01927-6
http://creativecommons.org/licenses/by/4.0/

	Mangrove dieback during fluctuating sea levels
	Methods
	Acknowledgements
	Figure 1 Normalized difference vegetation index (NDVI) of Mangrove Bay mangrove forest showing the thinning canopy during the dieback in 2003 associated with low sea level and high salinity of soil porewater (A), after recovery of the canopy in 2013 (B), 
	Figure 2 Inter-annual variation in mean sea level (A), mean soil porewater salinity of two monitoring campaigns (black and white symbols) (B), normalized salinity (C) and mean annual Normalized Difference Vegetation Index (NDVI) (D) from 1999–2016 at Mang
	Figure 3 The relationship between normalized porewater salinity and the annual mean sea level over the study period.
	Figure 4 The annual mean Normalized Difference Vegetation Index (NDVI) of Mangrove Bay mangrove forest as a function of annual mean sea level (A), annual monthly minimum sea level (B) and annual rainfall (C).
	Figure 5 The coefficient of variation in the Normalized Difference Vegetation Index (NDVI) of pixels in the Mangrove Bay mangrove forest (A) and the mean NDVI (B) as a function of distance from the creek mouth.
	Figure 6 The relationship between the total number of seedlings observed in the monitoring plots and the mean soil porewater salinity (±standard deviation) for the year prior to the seedling survey (when propagules were developing).




