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Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
Review of COMMSENV-24-0416-T “When and where could…” by Osland et al. 

This manuscript takes advantage of recent studies of the wetland drowning thresholds and future sea-level projections from
the latest NOAA sea-level report and performs a sensitivity test for different thresholds for wetland drowning. By comparing
the projected future relative sea-level rise (RSLR) rate and three defined thresholds, Osland et al. show when and where the
coastal wetlands will start to drown across the conterminous United States. They conclude the widespread drowning of
coastal wetlands along the Gulf of Mexico and Atlantic coasts could begin within decades, whereas the coastal wetlands
along the Pacific coasts are relatively safe. As they suggested, the conclusion of this manuscript underscores the need to
prepare for future fast coastal changes. I do appreciate the whole work of this study, but more necessary revisions are
needed before considering the publication of this work. Some main comments are shown below: 

Main comments: 

1. The first concern that jumped out of my mind when I read the manuscript was how the ‘drowning’ is defined. In lines 128-
129, they mentioned different definitions of ‘drowning’ in different regions, but in the present manuscript, ‘drowning’ is
defined as the RSLR rates in two consecutive decades or more above the specified threshold, which is pretty arbitrary. All
‘thresholds’ literature cited in this manuscript suggests an elevation deficit rather than the wetland drowning if the RSLR rate
exceeds the ‘threshold’ rate. Other aspects should be taken into consideration, especially the current wetland surface
elevation. It is true the ‘drowning’ will start in 20 years or less if the relative sea-level rise rate crosses the threshold in the
microtidal wetlands where the elevation of coastal wetlands is super low, which is close to the mean sea level. But how
about the coastal wetlands that have high elevation and large tidal ranges? For example, a coastal wetland has a 1 m
elevation, and in the worst case of this study, the threshold is 4 mm/yr, which means the maximum rate of wetland build-up is
less than 4 mm/yr. Even with a 10 mm/yr RSLR rate, it will cost ~160 years for this wetland to be drowned with a 6 mm/yr
elevation deficit. Apparently, 20 years is not a decent period for this scenario where the wetland is ‘projected to be drowned
in the future’ if the deficit keeps existing. It would be appreciated if at least the elevation of coastal wetlands is considered,
and a clearer and quantitative definition of ‘drowning’ is provided. One suggestion for the definition of drowning initialization
is when the wetland surface elevation is close to the mean sea level and the RSLR rate crosses the threshold. The definition
of fully drowned can be the wetland surface elevation is lower than the mean low tide, etc. A recent study by Li et al., (2024)
might provide a direction about how the drowning phase of coastal wetlands can be determined based on deficit and
elevation differences. 

2. The second concern is the projection of future sea-level rise. I understand why the sea-level projection used in this



manuscript is from the latest NOAA report since the study area is in the conterminous United States. However, more efforts
are needed to explain the sea-level projection difference between the NOAA report and the latest IPCC report. I don’t think
the explanation in lines 98-100 is really helpful. 

3. How about sea-level rise acceleration or deceleration affect the drowning time? Recent studies identify the acceleration of
sea-level rise along the Gulf of Mexico and the U.S. southeast coast, where a more than 10 mm/yr geocentric sea-level
(GSL) rise rate was identified over the past decade or so (Yin, 2023 & Dangendorf et al., 2023). This high rate of GSL rise
might last for the next couple of years when the period of high GSL rise rate (10 mm/yr) reaches to 2 decades. Based on the
‘two-decade criteria of drowning’ in the present manuscript, the whole Gulf Coast and Southeast Coast might be identified as
the initiating of wetland drowning in 2020 with all defined thresholds. It is highly possible that this high GSL rise rate might
decrease in the next few decades, and how could the wetland condition be defined then if the RSLR rate is lower than the
defined threshold? It would be helpful to have some discussion about this, especially since the cyclic pattern of sea-level
rise may be superposed to the internal climate-driven sea-level rise, which might advance the drowning time in the future. 

4. The whole manuscript is about coastal wetlands, but as the author stated, the tidal freshwater wetlands were excluded
from the analysis. More discussion is needed here, or at least provides some estimation about the percentage of coastal
wetlands that were not included (tidal freshwater wetlands) in the present manuscript. 

5. Uncertainty analysis should be carried out this study, especially for the future sea-level projections, which might advance
or delay the drowning time of coastal wetlands. 

Reference: 

Li, G., Törnqvist, T.E. & Dangendorf, S. Real-world time-travel experiment shows ecosystem collapse due to anthropogenic
climate change. Nat Commun 15, 1226 (2024). https://doi.org/10.1038/s41467-024-45487-6 

Yin, J. (2023). Rapid Decadal Acceleration of Sea Level Rise along the US East and Gulf Coasts during 2010–22 and Its
Impact on Hurricane-Induced Storm Surge. Journal of Climate, 36(13), 4511-4529. 

Dangendorf, S., Hendricks, N., Sun, Q. et al. Acceleration of U.S. Southeast and Gulf coast sea-level rise amplified by
internal climate variability. Nat Commun 14, 1935 (2023). https://doi.org/10.1038/s41467-023-37649-9 

Reviewer #2 

(Remarks to the Author) 
This is a useful and timely manuscript and the research issue is well identified towards the start of the paper. Of course it is
only for the USA. I think it would be helpful to just add a qualifying statement that these thresholds may be very different in
systems that are characterized by different mixes of organic / inorganic sediments, vegetation assemblages and, perhaps
crucially, sit at different elevation in the tidal frame from the systems described here. 

The paper is well written and well argued but there is considerable repetition of information between the main text and the
methods section. It should be possible to slim down the main text such that there is less repetition (I know this problem is
partly a function of the style of submission asked for). 

Please see the comments on the attached PDF. These do need a response in each case. 

Reviewer #3 

(Remarks to the Author) 
This paper gives spatially explicit estimates of the onset of tidal wetland drowning in the conterminous United States. The
onset of drowning begins when the rate of sea-level rise exceeds a threshold, defined as the maximum rate of wetland
elevation gain or threshold. The factors included in NOAA’s sea level scenarios are comprehensive. The authors chose
three sea-level rise scenarios, 0.5, 1.0 and 1.5 m global mean SLR by 2100. To calculate the time remaining before
wetlands begin to lose relative elevation, they permutated these sea level scenarios with three possible rates of wetland
vertical change (thresholds) ranging from 4 to 10 mm/yr. A threshold is the maximum absolute rate of positive vertical change
a tidal wetland can generate. “Wetland drowning begins when sea-level rise rates exceed the upper bounds for plant growth
and wetland vertical adjustment”. The choice of thresholds was based on paleoecological records, contemporary
instrumental records, and numerical models. They are reasonable. From NOAA’s SLR projections from 2020 to 2150 (Table
2.1 in Sweet et al. 2022 I think), they divided the decadal sea level increase by 10. Take for example the increase of 0.33 to
0.46 m from 2040 to 2050 in the intermediate high scenario. That gives a rate of 13 mm/yr during that decade, which
exceeds all thresholds for the onset of downing. This analysis does not predict when drowning will actually occur. That
depends on the current elevation capital. The authors state that “Our findings show that the timing and extent of wetland
drowning are highly sensitive to relative sea-level rise rates and wetland drowning thresholds” This is self-evident. The
simplicity of this method is an advantage, enabling regulators and managers to assess wetland assets at risk of
submergence, contingent on their understanding of local threshold rates. Despite potential challenges due to lack of local
threshold knowledge, the study's contribution provides a valuable addition to current risk assessment tools for wetland
conservation and management. 



Decision Letter: 

** Please ensure you delete the link to your author home page in this e-mail if you wish to forward it to your coauthors ** 

Dear Dr Osland, 

Your manuscript titled "When and where could rising seas cross thresholds for initiating wetland drowning?" has now been
seen by 3 reviewers, and we include their comments and a review attachment at the end of this message. They find your
work of interest, but some important points are raised. We are interested in the possibility of publishing your study in
Communications Earth & Environment but would like to consider your responses to these concerns and assess a revised
manuscript before we make a final decision on publication. 

We therefore invite you to revise and resubmit your manuscript, along with a point-by-point response that takes into account
the points raised. Please highlight all changes in the manuscript text file. 

Specifically, please ensure that all terminology is clearly defined, consider and discuss the variability of thresholds across
different settings, and quantify and communicate uncertainty in the analysis in your revision. 

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to contact us if you wish to
discuss the revision in more detail. 

Please use the following link to submit your revised manuscript, point-by-point response to the referees’ comments (which
should be in a separate document to any cover letter), a tracked-changes version of the manuscript (as a PDF file) and the
completed checklist: 
Link Redacted 
** This url links to your confidential home page and associated information about manuscripts you may have submitted or be
reviewing for us. If you wish to forward this email to co-authors, please delete the link to your homepage first ** 

We hope to receive your revised paper within six weeks; please let us know if you aren’t able to submit it within this time so
that we can discuss how best to proceed. If we don’t hear from you, and the revision process takes significantly longer, we
may close your file. In this event, we will still be happy to reconsider your paper at a later date, as long as nothing similar has
been accepted for publication at Communications Earth & Environment or published elsewhere in the meantime. 

Please do not hesitate to contact us if you have any questions or would like to discuss these revisions further. We look
forward to seeing the revised manuscript and thank you for the opportunity to review your work. 

Best regards, 

Olusegun Dada, PhD 
Editorial Board Member 
Communications Earth & Environment 
orcid.org/0000-0001-8020-3323 

Clare Davis, PhD 
Senior Editor 
Communications Earth & Environment 

EDITORIAL POLICIES AND FORMATTING 

We ask that you ensure your manuscript complies with our editorial policies. Please ensure that the following formatting
requirements are met, and any checklist relevant to your research is completed and uploaded as a Related Manuscript file
type with the revised article. 

Editorial Policy: <a href="https://www.nature.com/documents/nr-editorial-policy-checklist.pdf">Policy requirements </a>
(Download the link to your computer as a PDF.) 

Furthermore, please align your manuscript with our format requirements, which are summarized on the following checklist: 
<a href="https://www.nature.com/documents/commsj-phys-style-formatting-checklist-article.pdf">Communications Earth &
Environment formatting checklist</a> 

and also in our style and formatting guide <a href="https://www.nature.com/documents/commsj-phys-style-formatting-guide-
accept.pdf">Communications Earth & Environment formatting guide</a> . 

*** DATA: Communications Earth & Environment endorses the principles of the Enabling FAIR data project
(http://www.copdess.org/enabling-fair-data-project/ ). We ask authors to make the data that support their conclusions
available in permanent, publically accessible data repositories. (Please contact the editor if you are unable to make your



data available). 

All Communications Earth & Environment manuscripts must include a section titled "Data Availability" at the end of the
Methods section or main text (if no Methods). More information on this policy, is available at <a
href="http://www.nature.com/authors/policies/data/data-availability-statements-data-
citations.pdf">http://www.nature.com/authors/policies/data/data-availability-statements-data-citations.pdf</a>. 

In particular, the Data availability statement should include: 
- Unique identifiers (such as DOIs and hyperlinks for datasets in public repositories) 
- Accession codes where appropriate 
- If applicable, a statement regarding data available with restrictions 
- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage including this in the
Reference list and citing the dataset in the Data Availability Statement. 

DATA SOURCES: All new data associated with the paper should be placed in a persistent repository where they can be
freely and enduringly accessed. We recommend submitting the data to discipline-specific, community-recognized
repositories, where possible and a list of recommended repositories is provided at <a
href="http://www.nature.com/sdata/policies/repositories">http://www.nature.com/sdata/policies/repositories</a>. 

If a community resource is unavailable, data can be submitted to generalist repositories such as <a
href="https://figshare.com/">figshare</a> or <a href="http://datadryad.org/">Dryad Digital Repository</a>. Please provide a
unique identifier for the data (for example a DOI or a permanent URL) in the data availability statement, if possible. If the
repository does not provide identifiers, we encourage authors to supply the search terms that will return the data. For data
that have been obtained from publically available sources, please provide a URL and the specific data product name in the
data availability statement. Data with a DOI should be further cited in the methods reference section. 

Please refer to our data policies at <a
href="http://www.nature.com/authors/policies/availability.html">http://www.nature.com/authors/policies/availability.html</a>. 

REVIEWER COMMENTS: 

Reviewer #1 (Remarks to the Author): 

Review of COMMSENV-24-0416-T “When and where could…” by Osland et al. 

This manuscript takes advantage of recent studies of the wetland drowning thresholds and future sea-level projections from
the latest NOAA sea-level report and performs a sensitivity test for different thresholds for wetland drowning. By comparing
the projected future relative sea-level rise (RSLR) rate and three defined thresholds, Osland et al. show when and where the
coastal wetlands will start to drown across the conterminous United States. They conclude the widespread drowning of
coastal wetlands along the Gulf of Mexico and Atlantic coasts could begin within decades, whereas the coastal wetlands
along the Pacific coasts are relatively safe. As they suggested, the conclusion of this manuscript underscores the need to
prepare for future fast coastal changes. I do appreciate the whole work of this study, but more necessary revisions are
needed before considering the publication of this work. Some main comments are shown below: 

Main comments: 

1. The first concern that jumped out of my mind when I read the manuscript was how the ‘drowning’ is defined. In lines 128-
129, they mentioned different definitions of ‘drowning’ in different regions, but in the present manuscript, ‘drowning’ is
defined as the RSLR rates in two consecutive decades or more above the specified threshold, which is pretty arbitrary. All
‘thresholds’ literature cited in this manuscript suggests an elevation deficit rather than the wetland drowning if the RSLR rate
exceeds the ‘threshold’ rate. Other aspects should be taken into consideration, especially the current wetland surface
elevation. It is true the ‘drowning’ will start in 20 years or less if the relative sea-level rise rate crosses the threshold in the
microtidal wetlands where the elevation of coastal wetlands is super low, which is close to the mean sea level. But how
about the coastal wetlands that have high elevation and large tidal ranges? For example, a coastal wetland has a 1 m
elevation, and in the worst case of this study, the threshold is 4 mm/yr, which means the maximum rate of wetland build-up is
less than 4 mm/yr. Even with a 10 mm/yr RSLR rate, it will cost ~160 years for this wetland to be drowned with a 6 mm/yr
elevation deficit. Apparently, 20 years is not a decent period for this scenario where the wetland is ‘projected to be drowned
in the future’ if the deficit keeps existing. It would be appreciated if at least the elevation of coastal wetlands is considered,
and a clearer and quantitative definition of ‘drowning’ is provided. One suggestion for the definition of drowning initialization
is when the wetland surface elevation is close to the mean sea level and the RSLR rate crosses the threshold. The definition
of fully drowned can be the wetland surface elevation is lower than the mean low tide, etc. A recent study by Li et al., (2024)
might provide a direction about how the drowning phase of coastal wetlands can be determined based on deficit and
elevation differences. 

2. The second concern is the projection of future sea-level rise. I understand why the sea-level projection used in this
manuscript is from the latest NOAA report since the study area is in the conterminous United States. However, more efforts



are needed to explain the sea-level projection difference between the NOAA report and the latest IPCC report. I don’t think
the explanation in lines 98-100 is really helpful. 

3. How about sea-level rise acceleration or deceleration affect the drowning time? Recent studies identify the acceleration of
sea-level rise along the Gulf of Mexico and the U.S. southeast coast, where a more than 10 mm/yr geocentric sea-level
(GSL) rise rate was identified over the past decade or so (Yin, 2023 & Dangendorf et al., 2023). This high rate of GSL rise
might last for the next couple of years when the period of high GSL rise rate (10 mm/yr) reaches to 2 decades. Based on the
‘two-decade criteria of drowning’ in the present manuscript, the whole Gulf Coast and Southeast Coast might be identified as
the initiating of wetland drowning in 2020 with all defined thresholds. It is highly possible that this high GSL rise rate might
decrease in the next few decades, and how could the wetland condition be defined then if the RSLR rate is lower than the
defined threshold? It would be helpful to have some discussion about this, especially since the cyclic pattern of sea-level
rise may be superposed to the internal climate-driven sea-level rise, which might advance the drowning time in the future. 

4. The whole manuscript is about coastal wetlands, but as the author stated, the tidal freshwater wetlands were excluded
from the analysis. More discussion is needed here, or at least provides some estimation about the percentage of coastal
wetlands that were not included (tidal freshwater wetlands) in the present manuscript. 

5. Uncertainty analysis should be carried out this study, especially for the future sea-level projections, which might advance
or delay the drowning time of coastal wetlands. 

Reference: 

Li, G., Törnqvist, T.E. & Dangendorf, S. Real-world time-travel experiment shows ecosystem collapse due to anthropogenic
climate change. Nat Commun 15, 1226 (2024). https://doi.org/10.1038/s41467-024-45487-6 

Yin, J. (2023). Rapid Decadal Acceleration of Sea Level Rise along the US East and Gulf Coasts during 2010–22 and Its
Impact on Hurricane-Induced Storm Surge. Journal of Climate, 36(13), 4511-4529. 

Dangendorf, S., Hendricks, N., Sun, Q. et al. Acceleration of U.S. Southeast and Gulf coast sea-level rise amplified by
internal climate variability. Nat Commun 14, 1935 (2023). https://doi.org/10.1038/s41467-023-37649-9 

Reviewer #2 (Remarks to the Author): 

This is a useful and timely manuscript and the research issue is well identified towards the start of the paper. Of course it is
only for the USA. I think it would be helpful to just add a qualifying statement that these thresholds may be very different in
systems that are characterized by different mixes of organic / inorganic sediments, vegetation assemblages and, perhaps
crucially, sit at different elevation in the tidal frame from the systems described here. 

The paper is well written and well argued but there is considerable repetition of information between the main text and the
methods section. It should be possible to slim down the main text such that there is less repetition (I know this problem is
partly a function of the style of submission asked for). 

Please see the comments on the attached PDF. These do need a response in each case. 

Reviewer #3 (Remarks to the Author): 

This paper gives spatially explicit estimates of the onset of tidal wetland drowning in the conterminous United States. The
onset of drowning begins when the rate of sea-level rise exceeds a threshold, defined as the maximum rate of wetland
elevation gain or threshold. The factors included in NOAA’s sea level scenarios are comprehensive. The authors chose
three sea-level rise scenarios, 0.5, 1.0 and 1.5 m global mean SLR by 2100. To calculate the time remaining before
wetlands begin to lose relative elevation, they permutated these sea level scenarios with three possible rates of wetland
vertical change (thresholds) ranging from 4 to 10 mm/yr. A threshold is the maximum absolute rate of positive vertical change
a tidal wetland can generate. “Wetland drowning begins when sea-level rise rates exceed the upper bounds for plant growth
and wetland vertical adjustment”. The choice of thresholds was based on paleoecological records, contemporary
instrumental records, and numerical models. They are reasonable. From NOAA’s SLR projections from 2020 to 2150 (Table
2.1 in Sweet et al. 2022 I think), they divided the decadal sea level increase by 10. Take for example the increase of 0.33 to
0.46 m from 2040 to 2050 in the intermediate high scenario. That gives a rate of 13 mm/yr during that decade, which
exceeds all thresholds for the onset of downing. This analysis does not predict when drowning will actually occur. That
depends on the current elevation capital. The authors state that “Our findings show that the timing and extent of wetland
drowning are highly sensitive to relative sea-level rise rates and wetland drowning thresholds” This is self-evident. The
simplicity of this method is an advantage, enabling regulators and managers to assess wetland assets at risk of
submergence, contingent on their understanding of local threshold rates. Despite potential challenges due to lack of local
threshold knowledge, the study's contribution provides a valuable addition to current risk assessment tools for wetland
conservation and management. 



** Visit Nature Research's author and referees' website at <a
href="http://www.nature.com/authors">www.nature.com/authors</a> for information about policies, services and author
benefits** 

Communications Earth & Environment is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ create and link their Open Researcher
and Contributor Identifier (ORCID) with their account on the Manuscript Tracking System prior to acceptance. ORCID helps
the scientific community achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID
from the home page of the Manuscript Tracking System by clicking on ‘Modify my Springer Nature account’ and following the
instructions in the link below. Please also inform all co-authors that they can add their ORCIDs to their accounts and that
they must do so prior to acceptance. 
https://www.springernature.com/gp/researchers/orcid/orcid-for-nature-research 

For more information please visit http://www.springernature.com/orcid 

If you experience problems in linking your ORCID, please contact the <a href="http://platformsupport.nature.com/">Platform
Support Helpdesk</a>. 

Author Rebuttal letter: 

RESPONSE TO REVIEWER COMMENTS 

Manuscript Identification #: COMMSENV-24-0416-T 
Manuscript Title: When and where could rising seas cross thresholds for initiating wetland 
drowning? 
Manuscript Authors: Michael J. Osland, Bogdan Chivoiu, James B. Grace, Nicholas M. 
Enwright, Glenn R. Guntenspergen, Kevin J. Buffington, Karen M. Thorne, Joel A. Carr, 
William V. Sweet, Brady R. Couvillion 

RESPONSE TO REVIEWER #1 COMMENTS 

Comment: This manuscript takes advantage of recent studies of the wetland drowning 
thresholds and future sea-level projections from the latest NOAA sea-level report and performs a 
sensitivity test for different thresholds for wetland drowning. By comparing the projected future 
relative sea-level rise (RSLR) rate and three defined thresholds, Osland et al. show when and 
where the coastal wetlands will start to drown across the conterminous United States. They 
conclude the widespread drowning of coastal wetlands along the Gulf of Mexico and Atlantic 
coasts could begin within decades, whereas the coastal wetlands along the Pacific coasts are 
relatively safe. As they suggested, the conclusion of this manuscript underscores the need to 
prepare for future fast coastal changes. I do appreciate the whole work of this study, but more 
necessary revisions are needed before considering the publication of this work. Some main 
comments are shown below. 
Response: Thank you for your time and review. 

Comment: The first concern that jumped out of my mind when I read the manuscript was how 
the â ​​drowningâ ​​ is defined. In lines 128-129, they mentioned different definitions of â ​​drowningâ ​​ in 
different regions, but in the present manuscript, â ​​drowningâ ​​ is defined as the RSLR rates in two 
consecutive decades or more above the specified threshold, which is pretty arbitrary. 
Response: Our manuscript does not predict when drowning will be complete. Rather, the focus 
is on when wetland drowning will begin. The title of the manuscript is â ​​When and where could 
rising seas cross thresholds for initiating wetland drowning?â ​​. We have attempted to make this 
clear throughout the manuscript. One examples is in the figure captions, which include 
statements like this one from Figure 1. â ​​The loss and submergence of wetlands does not occur 
immediately once a drowning threshold has been crossed. While some wetlands may drown 
within decades of crossing a threshold, others may persist longer.â ​​ Please note that the 
word initiating is used 10 times (including in the title and abstract); the word initiation is used 8 
times; the word start is used three times; the word onset is used 4 times; and the word begin is 
used 16 times. 

Comment: All â ​​thresholdsâ ​​ literature cited in this manuscript suggests an elevation deficit rather 
than the wetland drowning if the RSLR rate exceeds the â ​​thresholdâ ​​ rate. 



Response: While some of those papers cited in the manuscript focus on thresholds for an 
elevation deficit, other papers use paleoecological data or models to identify thresholds for 
wetland submergence and conversion to open water. To increase clarity, we have revised that 
section as follows: 
​â ​​A recent global synthesis of paleo-stratigraphic and contemporary in situ data from marshes and 
mangrove forests concludes that: (1) a deficit between coastal wetland vertical adjustment and 
relative sea-level rise is likely at 4 mm yr-1 and highly likely at 7 mm yr-1 1; and (2) coastal 
wetland drowning and conversion to open water is likely when these rates are sustained. 
Regional analyses identify drowning thresholds as 5 mm yr-1 for eastern USA marshes2, 6-9 mm 
yr-1 for Mississippi River Delta marshes3, 7 mm yr-1 for marshes in San Francisco Bay4, and 4.6- 
7.1 mm yr-1 for UK marshes5,6. While some of these thresholds are derived from paleoecological 
records, others are derived from contemporary instrumental records and/or numerical models. 
Here, we evaluated three sea-level rise thresholds for wetland drowning (4, 7, and 10 mm yr-1), 
which were selected to bracket the rates identified in these global and regional studies.â ​​ 

Comment: Other aspects should be taken into consideration, especially the current wetland 
surface elevation. It is true the â ​​drowningâ ​​ will start in 20 years or less if the relative sea-level 
rise rate crosses the threshold in the microtidal wetlands where the elevation of coastal wetlands 
is super low, which is close to the mean sea level. But how about the coastal wetlands that have 
high elevation and large tidal ranges? For example, a coastal wetland has a 1 m elevation, and in 
the worst case of this study, the threshold is 4 mm/yr, which means the maximum rate of wetland 
build-up is less than 4 mm/yr. Even with a 10 mm/yr RSLR rate, it will cost ~160 years for this 
wetland to be drowned with a 6 mm/yr elevation deficit. Apparently, 20 years is not a decent 
period for this scenario where the wetland is â ​​projected to be drowned in the futureâ ​​ if the deficit 
keeps existing. It would be appreciated if at least the elevation of coastal wetlands is considered, 
and a clearer and quantitative definition of â ​​drowningâ ​​ is provided. One suggestion for the 
definition of drowning initialization is when the wetland surface elevation is close to the mean 
sea level and the RSLR rate crosses the threshold. The definition of fully drowned can be the 
wetland surface elevation is lower than the mean low tide, etc. 
Response: Please note that our manuscript does not predict when drowning will be complete. 
Rather, the focus is on when wetland drowning will begin, which is critical information needed 
to help prioritize future scientific and management actions. Here is some related text from the 
manuscript: 

â ​​Wetland drowning begins when sea-level rise rates exceed the upper bounds for plant growth 
and wetland vertical adjustment, ultimately resulting in plant mortality, wetland erosion, wetland 
fragmentation, and the conversion of wetlands to open water. However, the loss and complete 
submergence of wetlands does not occur immediately once a drowning threshold has been 
crossed. While some wetlands may drown within decades of crossing a threshold, others may 
persist for longer3,7-9, due to factors that can prolong drowning, including tidal range, elevation 
capital, sediment inputs, landscape position, and the rate of relative sea-level rise.â ​​ 

â ​​By focusing on wetland drowning thresholds and relative sea-level rise rates that exceed these 
thresholds, we provide an approach for rapidly gauging when and where rising sea levels could 
cross tipping points for initiating wetland drowning at large spatial scales. Where data are 
available, this simple approach can be applied at national or regional scales to quickly quantify 
and compare differences in the timing and extent of the onset of wetland drowning and thereby 
help prioritize future scientific and management actions. Customized and often estuary-specific 
local models of wetland responses to sea-level rise are costly, time consuming, and not feasible 
at large (for example, regional or national) spatial scales. Our results can be used by scientists to 
​prioritize vulnerable coastal areas where customized local models and improved understanding 
of local relative sea-level rise rates and local drowning thresholds would be valuable. Local 
models will also be needed to determine the duration of drowning to account for factors that can 
prolong drowning, including elevation capital, landscape position, plant community, tidal range, 
sediment inputs, and the rate of relative sea-level rise14,31-33,50.â ​​ 

Comment: A recent study by Li et al., (2024) might provide a direction about how the drowning 
phase of coastal wetlands can be determined based on deficit and elevation differences. 
Response: Good point. This is a highly relevant study. We have added the following sentence 
related to that study: â ​​A recent analysis of 253 surface elevation change monitoring stations in 
Louisiana indicated that 87% of wetlands were unable to keep up with rising water levels over a 
13-year period of unusually rapid sea-level rise greater than 10 mm yr-1 10.â ​​ 

Comment: The second concern is the projection of future sea-level rise. I understand why the 
sea-level projection used in this manuscript is from the latest NOAA report since the study area 
is in the conterminous United States. However, more efforts are needed to explain the sea-level 
projection difference between the NOAA report and the latest IPCC report. I donâ ​​t think the 
explanation in lines 98-100 is really helpful. 
Response: We have modified that section as follows to more clearly describe the relationships 



between the projections and scenarios in the IPCC report and the Sweet et al. 2022 report. 

â ​​The relationships between these scenarios and the Intergovernmental Panel on Climate Change 
(IPCC) emissions scenario-based and warming-level based projections11, including sea-level rise 
exceedance probabilities under alternative global warming levels can be found in Sweet et al. 
202212. The IPCCâ ​​s Sixth Assessment Report on Climate Change projects a global mean sea- 
level rise by 2100 of 0.44 m (0.32-0.61 m) for the SSP2-4.5 scenario and 0.77 (0.63-1.01 m) for 
the SSP5-8.5 scenario11. The SSP2-4.5 and SSP5-8.5 scenarios represent Intermediate and Very 
High future greenhouse gas emissions scenarios, respectively, and those scenarios are based 
upon processes for which projections can be made with at least medium confidence11. Higher 
amounts of sea-level rise could be caused be low-confidence processes (for example, ice sheet 
dynamics) whose quantification is highly uncertain11,12. Those low-confidence processes are not 
included in the IPCC medium-confidence projections11,12.â ​​ 

Comment: How about sea-level rise acceleration or deceleration affect the drowning time? 
Recent studies identify the acceleration of sea-level rise along the Gulf of Mexico and the U.S. 
southeast coast, where a more than 10 mm/yr geocentric sea-level (GSL) rise rate was identified 
over the past decade or so (Yin, 2023 & Dangendorf et al., 2023). This high rate of GSL rise 
might last for the next couple of years when the period of high GSL rise rate (10 mm/yr) reaches 
to 2 decades. Based on the â ​​two-decade criteria of drowningâ ​​ in the present manuscript, the 
whole Gulf Coast and Southeast Coast might be identified as the initiating of wetland drowning 
in 2020 with all defined thresholds. It is highly possible that this high GSL rise rate might 
decrease in the next few decades, and how could the wetland condition be defined then if the 
RSLR rate is lower than the defined threshold? It would be helpful to have some discussion 
about this, especially since the cyclic pattern of sea-level rise may be superposed to the internal 
climate-driven sea-level rise, which might advance the drowning time in the future. 
​Response: These are interesting studies. We agree that decadal-scale accelerations and 
decelerations would affect wetland drowning. However, that is not the scope of our work. Our 
analyses use the projection data associated with the Sweet et al. 2022 report. But our approach 
does require the targeted rates to be sustained. Please note the following related text in the 
methods section: â ​​There were some instances where the decadal-scale relative sea-level rise rates 
would rise above a drowning initiation threshold but then drop below the threshold at the next 
decade. To determine the decade of wetland drowning initiation, we only used decades where the 
subsequent rate was also above the specified threshold.â ​​ 

Comment: The whole manuscript is about coastal wetlands, but as the author stated, the tidal 
freshwater wetlands were excluded from the analysis. More discussion is needed here, or at least 
provides some estimation about the percentage of coastal wetlands that were not included (tidal 
freshwater wetlands) in the present manuscript. 
Response: This is a good point and request. Unfortunately, the NOAA CCAP and NLCD data 
do not include a class that corresponds with the tidal freshwater wetlands. The Palustrine wetland 
class includes both tidal and non-tidal freshwater wetlands. The following text is relevant: 
â ​​Note that these CCAP categories include vegetated tidal saline wetlands (i.e., the vegetated 
â ​​estuarine wetlandâ ​​ classes), but they do not include the adjacent tidal freshwater wetlands, 
which are also vulnerable to the same drowning thresholds. National land cover products like 
CCAP and NLCD do not contain a category that identifies tidal freshwater marshes and tidal 
freshwater forests. Thus, our areal estimates reflect the abundance of tidal saline wetlands within 
a cell. The inclusion of the tidal freshwater wetlands would increase the total area of vulnerable 
coastal wetlands, especially in wetland-rich states like Louisiana, Florida, North Carolina, Texas, 
South Carolina, Georgia, Alabama, and Mississippi.â ​​ 

Comment: Uncertainty analysis should be carried out this study, especially for the future sea- 
level projections, which might advance or delay the drowning time of coastal wetlands. 
Response: The current combination of three median sea-level rise scenarios and three thresholds 
results in 9 combinations, which is already lot of information for the reader to digest. We could 
include the lower and higher percentiles for each of the three sea-level rise scenarios. However, 
that would result in an additional 18 combinations (27 total). For example, Figure 1 currently 
includes nine panels. Including uncertainty would produce 27 total panels. We are willing to 
include those additional 18 panels in a supporting file if deemed helpful. However, we think that 
including those lower and higher percentiles in the current figures would be an overwhelming 
amount of information for the reader to comprehend. 

RESPONSE TO REVIEWER #2 COMMENTS 

Comment: This is a useful and timely manuscript and the research issue is well identified 
towards the start of the paper. 
Response: Thank you. We appreciate your time and helpful comments. 



Comment: Of course it is only for the USA. I think it would be helpful to just add a qualifying 
statement that these thresholds may be very different in systems that are characterized by 
​different mixes of organic / inorganic sediments, vegetation assemblages and, perhaps crucially, 
sit at different elevation in the tidal frame from the systems described here. 
Response: In response to this comment, we have added the following text: â ​​These analyses 
highlight the importance of refining understanding of wetland drowning thresholds and the 
factors that control these thresholds (for example, soil properties, sediment inputs, tidal range, 
plant community composition). Our findings also highlight the importance of utilizing the best 
available relative sea-level rise projections to gauge exposure to inundation levels that exceed 
these thresholds.â ​​ 

Comment: The paper is well written and well argued but there is considerable repetition of 
information between the main text and the methods section. It should be possible to slim down 
the main text such that there is less repetition (I know this problem is partly a function of the 
style of submission asked for). 
Response: We have moved some of the sentences that were in the main text to the methods 
section. There is still some repetition due to the format (i.e., methods separated from main text). 

Comment: Please see the comments on the attached PDF. These do need a response in each 
case. 
Response: Thank you those more detail comments. We have inserted each of those comments 
into this document. The subsequent comments in this Reviewer #2 section are the comments that 
were in the attached PDF. 

Comment: odd heading... 
Response: Main replaced with Introduction. 

Comment: 'landward encroachment of oceanic salts' odd wording... 
Response: Rephrased to: â ​​the inland movement of oceanic salts into freshwater systems.â ​​ 

Comment: Who says so? Needs a reference 
Response: References added. 

Comment: only if sufficient sediment is available - a crucial caveat 
Response: Sediment is important for many wetlands, but some coastal wetlands can build soil 
elevation due to biogenic accretion and without regular sediment inputs. For example, within 
mangrove forests along karst coasts, belowground root accumulation can lead to surface 
elevation gains (biogenic accretion) in the absence of regular allochthonous sediment inputs. 

Comment: it seems odd to refer to UK marshes here when the rest of the manuscript is so 
strongly USA - focussed. I would omit. 
Response: The references in this section include several studies that are outside of the US. For 
example, the first example is a global synthesis. We think that including these threshold from the 
USA and other regions is important for justifying the selection of the three thresholds. 

Comment: The comparison will be important to non US-readers. As a result, I don't think that 
the reader should have to go to Sweet et al (2022) to get this information. The comparison should 
be reported here- or at least in Supplementary Material 
​Response: We have modified that text as follows to more clearly describe the relationships 
between the IPCC and Sweet et al. 2022 scenarios and projections. 

â ​​The relationships between these scenarios and the Intergovernmental Panel on Climate Change 
(IPCC) emissions scenario-based and warming-level based projections11, including sea-level rise 
exceedance probabilities under alternative global warming levels can be found in Sweet et al. 
202212. The IPCCâ ​​s Sixth Assessment Report on Climate Change projects a global mean sea- 
level rise by 2100 of 0.44 m (0.32-0.61 m) for the SSP2-4.5 scenario and 0.77 (0.63-1.01 m) for 
the SSP5-8.5 scenario11. The SSP2-4.5 and SSP5-8.5 scenarios represent Intermediate and Very 
High future greenhouse gas emissions scenarios, respectively, and those scenarios are based 
upon processes for which projections can be made with at least medium confidence11. Higher 
amounts of sea-level rise could be caused be low-confidence processes (for example, ice sheet 
dynamics) whose quantification is highly uncertain11,12. Those low-confidence processes are not 
included in the IPCC medium-confidence projections11,12.â ​​ 

Comment: do we really need the value judgement 'iconic'? 
Response: Good point. â ​​Iconicâ ​​ has been removed from that sentence and the rest of the 
manuscript. 

Comment: what is the definition of 'large' here? Areas in excess of what? 
Response: The next sentence indicates the scale meant by large (i.e., national or regional). 



Comment: similar problem with 'local'. At what scale do you move from 'local' to 'large'? 
Response: We have added â ​​estuary-specificâ ​​ to the sentence 

Comment: really important that 'large' is defined 
Response: We have added â ​​(for example, regional or national)â ​​ to the sentence. 

Comment: This is repetition of lines 78-81. Better here? Certianly don't need it x2 
Response: These sentences are similar but different. We think that this is important information 
that is needed in both places. However, we can modify if needed. 

Comment: that's a rather different set of arguments from the focus of this paper. Omit? 
Response: In addition to comparing the impacts of alternative thresholds, our analyses also 
compare the impacts of alternative sea-level rise scenarios. Our results show that the initiation of 
wetland drowning is expected to be earlier under higher sea-level rise. This is a result that 
highlights the value of minimizing sea-level rise acceleration. 

Comment: does the cell have to be 100% vegetated wetland or is there some cut off percentage? 
Response: The intent of this step was to limit the study area to include areas that contained 
estuarine vegetated wetlands, regardless of the size of those wetlands. So, the included cells did 
not have to be 100% vegetated. We included all 1-degree cells that contained any amount of 
estuarine vegetated wetlands. 

Comment: what is the resolution (pixel size) of the coverage data? How is fragmented wetland 
dealt with? 
​Response: The resolution of the C-CAP data is 30 m. In a fragmented marsh, some of the cells 
would be deemed Open Water and some of the cells would be deemed Estuarine Emergent 
Wetland. 

RESPONSE TO REVIEWER #3 COMMENTS 

Comment: This paper gives spatially explicit estimates of the onset of tidal wetland drowning in 
the conterminous United States. The onset of drowning begins when the rate of sea-level rise 
exceeds a threshold, defined as the maximum rate of wetland elevation gain or threshold. The 
factors included in NOAAâ ​​s sea level scenarios are comprehensive. The authors chose three sea- 
level rise scenarios, 0.5, 1.0 and 1.5 m global mean SLR by 2100. To calculate the time 
remaining before wetlands begin to lose relative elevation, they permutated these sea level 
scenarios with three possible rates of wetland vertical change (thresholds) ranging from 4 to 10 
mm/yr. A threshold is the maximum absolute rate of positive vertical change a tidal wetland can 
generate. â ​​Wetland drowning begins when sea-level rise rates exceed the upper bounds for plant 
growth and wetland vertical adjustmentâ ​​. The choice of thresholds was based on paleoecological 
records, contemporary instrumental records, and numerical models. They are reasonable. 
Response: Thank you for your review and comments. 

Comment: From NOAAâ ​​s SLR projections from 2020 to 2150 (Table 2.1 in Sweet et al. 2022 I 
think), they divided the decadal sea level increase by 10. Take for example the increase of 0.33 
to 0.46 m from 2040 to 2050 in the intermediate high scenario. That gives a rate of 13 mm/yr 
during that decade, which exceeds all thresholds for the onset of downing. This analysis does not 
predict when drowning will actually occur. That depends on the current elevation capital. The 
authors state that â ​​Our findings show that the timing and extent of wetland drowning are highly 
sensitive to relative sea-level rise rates and wetland drowning thresholdsâ ​​ This is self-evident. 
The simplicity of this method is an advantage, enabling regulators and managers to assess 
wetland assets at risk of submergence, contingent on their understanding of local threshold rates. 
Response: We agree that the simplicity is an advantage that enables the approach to be applied 
at larges spatial scales (e.g., regional or national). Our results can be used by scientists to 
prioritize vulnerable coastal areas where customized local models and improved understanding 
of local relative sea-level rise rates and local drowning thresholds would be valuable. 

Comment: Despite potential challenges due to lack of local threshold knowledge, the study's 
contribution provides a valuable addition to current risk assessment tools for wetland 
conservation and management. 
Response: Thank you for your review. 
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publication if the following minor revisions are made. 
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2. On page 4, line 88. I agree with the other reviewer that the reference for the UK marshes is not necessary, especially since
the global synthesis study has already been included. 
3. On pages 4-5, lines 93-106. “Our study area spans … fossil fuel withdrawals, and other factors”. This part is repeated in
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sea level for 2100 is relative to a 2000 baseline, line 216. 
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above the threshold or the rates for all the following decades were above the threshold? For example, if the drowning
initiated on 2030, does that mean the sea-level rise rate for all the following decades (2040-2150) are above the threshold as
well? 
8. On page 20, line 474, caption for Figure 4, "These are wetlands flooded at relative ..." this sounds like the wetlands are
flooded once the drowning initiated, whereas the tidal wetlands are flooded regularly during high tide no matter whether the
threshold is crossed or not. 
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important that the distinction between the initiation of wetland drowning v. the completion of wetland drowning is clearly
made. This is an important point. Certainly in the meso-tidal wetlands of NW Europe, where marshes sit high in the tidal
frame, drowning may initiate a change into a different system but one which might still support a vegetated platform. In such
systems, there is no simple evolution from vegetated marsh to open water. I think that point about uncertainty analysis is
pertinent and I would have the extended number of panels in Supplementary Material. 
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that we already know that drowning begins when rates of SLR exceed rates of marsh elevation gain. Don't we? But the
novelty I think is mapping relative SLR corrected for local subsidence rates (or rise) to assess when the tipping point would
be reached. 
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2. On page 4, line 88. I agree with the other reviewer that the reference for the UK marshes is not necessary, especially since
the global synthesis study has already been included. 
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above the threshold or the rates for all the following decades were above the threshold? For example, if the drowning
initiated on 2030, does that mean the sea-level rise rate for all the following decades (2040-2150) are above the threshold as
well? 
8. On page 20, line 474, caption for Figure 4, "These are wetlands flooded at relative ..." this sounds like the wetlands are
flooded once the drowning initiated, whereas the tidal wetlands are flooded regularly during high tide no matter whether the
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made. This is an important point. Certainly in the meso-tidal wetlands of NW Europe, where marshes sit high in the tidal
frame, drowning may initiate a change into a different system but one which might still support a vegetated platform. In such
systems, there is no simple evolution from vegetated marsh to open water. I think that point about uncertainty analysis is
pertinent and I would have the extended number of panels in Supplementary Material. 

Reviewer #3 (Remarks to the Author): 

Authors did a nice job with the revisions and answers to reviewers questions. After rereading this I am left with the feeling
that we already know that drowning begins when rates of SLR exceed rates of marsh elevation gain. Don't we? But the
novelty I think is mapping relative SLR corrected for local subsidence rates (or rise) to assess when the tipping point would
be reached. 
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Enwright, Glenn R. Guntenspergen, Kevin J. Buffington, Karen M. Thorne, Joel A. Carr, 
William V. Sweet, Brady R. Couvillion 

RESPONSE TO REVIEWER #1 COMMENTS 



Comment: I have re-read the manuscript by Osland et al., and most my concerns are solved. It is 
well-written and in good shape for publication if the following minor revisions are made. 
Response: Thank you for your review. 

Comment: 1. On page 2, lines 43-44. Need a reference. 
Response: We have added two references to support that statement (1,2 below). 
ï​· May, C. L. et al. in Fifth National Climate Assessment (eds A.R. Crimmins et al.) (U.S. 
Global Change Research Program, 2023). 
ï​· Couvillion, B. R., Beck, H., Schoolmaster, D. & Fischer, M. Land area change in coastal 
Louisiana 1932 to 2016: U.S. Geological Survey Scientific Investigations Map 3381, 16 p. 
pamphlet, https://doi.org/10.3133/sim3381. (2017). 

Comment: 2. On page 4, line 88. I agree with the other reviewer that the reference for the UK 
marshes is not necessary, especially since the global synthesis study has already been included. 
Response: We have removed the reference to UK marshes. 

Comment: 3. On pages 4-5, lines 93-106. â ​​Our study area spans â ​¦ fossil fuel withdrawals, and 
other factorsâ ​​. This part is repeated in the method section. 
Response: We have deleted the repetitive text from the methods section. 

Comment: 4. On page 10, line 230. â ​​ could be caused by low-confidence processes ...â ​​ 
Response: Thanks for catching that. We have changed the â ​​beâ ​​ to â ​​byâ ​​ in that sentence. 

Comment: 5. On page 10, line 226. â ​​0.44 m (0.32-0.61)â ​​ should be the SSP1-1.9 scenario, 
SSP2-4.5 scenario should be 0.56 m (0.44â ​​0.76). This change is relative to a baseline of 1995- 
2014 in the IPCC report, while in the NOAA sea level report, the rising sea level for 2100 is 
relative to a 2000 baseline, line 216. 
Response: Thanks for catching this too. We have changed that sentence as follows: â ​​The IPCCâ ​​s 
Sixth Assessment Report on Climate Change projects a global mean sea-level rise by 2100 of 
0.56 m (0.44-0.76 m) for the SSP2-4.5 scenario and 0.77 (0.63-1.01 m) for the SSP5-8.5 
scenario3, relative to a baseline of 1995-2014.â ​​ 
​Comment: 6. On page 10, line 237, relative to 2000 sea levels (Table 2.2 in NOAA sea level 
report, 2022)? 
Response: We have added â ​​relative to a 2000 baselineâ ​​ in the sentence that introduces the 
scenarios from the USA interagency report. 

Comment: 7. On page 11, line 254. This is not clear to me. Are you referring to the onset of the 
drowning if the rate of next decade was above the threshold or the rates for all the following 
decades were above the threshold? For example, if the drowning initiated on 2030, does that 
mean the sea-level rise rate for all the following decades (2040-2150) are above the threshold as 
well? 
Response: Our calculations required two consecutive decades, but do not necessarily refer to the 
entire period through 2150. See Supplementary Figure 1 for more detail and examples from four 
cells. Supplementary Figure 1 is also pasted below. To increase clarity, we have revised that 
section as follows: â ​​There were some instances where the decadal-scale relative sea-level rise 
rates would rise above a drowning initiation threshold but then drop below the threshold at the 
next decade. To determine the decade of wetland drowning initiation, we only used decades 
where the rate for the following decade was also above the specified threshold. The decade for 
the onset of drowning was identified by the last year of the first decade (for example, 2030 for 
the 2020-2030 decade where the 2030-2040 decade was also above the specified threshold).â ​​ 

Supplementary Figure 1. Relative sea-level rise (SLR) rates for three alternative SLR 
scenarios for 4 of the 168 1-degree cells included in this study. The three horizontal lines 
show the 4, 7, and 10 mm yr-1 thresholds for initiating wetland drowning. Intermediate-Low 
corresponds with a 0.5 m GMSLR by 2100, Intermediate corresponds with a 1.0 m GMSLR by 
2100, and Intermediate-High corresponds with a 1.5 GMSLR by 2100. GMSLR = global mean 
SLR. 
​Comment: 8. On page 20, line 474, caption for Figure 4, "These are wetlands flooded at relative 
..." this sounds like the wetlands are flooded once the drowning initiated, whereas the tidal 
wetlands are flooded regularly during high tide no matter whether the threshold is crossed or not. 
Response: We have replaced â ​​flooded atâ ​​ with â ​​exposed toâ ​​ in the captions for Figures 3, 4, 
Supplementary Figure 2, and Supplementary Figure 3. 

Comment: 9. Lots of repetition among captions and legends in Figure 2, 3, and 4, 
Supplementary Figure 1, 2, and 3 
Response: We wanted to make sure that the readers could interpret an individual figure without 
having to refer to other figures. Please let us know if any of the repeated text in those figure 
captions should be removed. 



RESPONSE TO REVIEWER #2 COMMENTS 

Comment: The changes made in response to a very full set of reviewer comments are generally 
good, although there are a couple in Reviewer 2 that are not answered. 
Response: Thank you. We have made additional revisions to respond to these comments. 

Comment: I see no harm in more clearly stating that the analytical component is USA only. 
Response: In response to this comment, we have added the following sentences in the Results 
and Discussion section: â ​​Our analyses utilize thresholds and relative sea-level rise rates for the 
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Abstract: Accelerated sea-level rise is an existential threat for coastal wetlands, but the timing 28 

and extent of wetland drowning are debated. Recent data syntheses have clarified future relative 29 

sea-level rise exposure and sensitivity thresholds for drowning. We integrated these advances to 30 

estimate when and where rising sea levels could cross thresholds for initiating wetland drowning 31 

across the conterminous United States. Our results show that there is much spatial variation in 32 

relative sea-level rise rates, which impacts the potential timing and extent of wetlands crossing 33 

thresholds. High rates of relative sea-level rise along wetland-rich parts of the Gulf of Mexico 34 

and Atlantic coasts highlight areas where wetlands are already drowning or could begin to drown 35 

within decades, including the iconic wetland complexes within the Mississippi River Delta, 36 

Greater Everglades, Chesapeake Bay, Texas, Georgia, and the Carolinas. Collectively, our 37 

results underscore the need to prepare for transformative coastal change. 38 

 39 

Main  40 

Sea-level rise is expected to be among the most costly and far-reaching consequences of climate 41 

change1-5. Coastal cities and ecosystems are already being transformed by more frequent 42 

flooding and the landward encroachment of oceanic salts. Coastal wetlands, including marshes, 43 

mangrove forests, and freshwater swamps, are among the most threatened ecosystems. These 44 

wetlands are increasingly recognized for their ecosystem services and their ability to mitigate the 45 

impacts of climate change6-8. In addition to improving water quality and supporting critical fish 46 

and wildlife habitat, coastal wetlands protect coastal communities from storms, support fisheries, 47 
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and sequester carbon from the atmosphere. Yet for decades, there has been debate regarding the 48 

future of these valuable ecosystems in the face of rapidly rising seas9.  49 

While some studies have indicated that catastrophic wetland loss is imminent9-15, others 50 

have argued that wetlands are resilient ecosystems that can readily adapt to future change16-21. 51 

The ensuing uncertainty from this debate has hindered decisions regarding how and when to 52 

prepare for transformative coastal change. For example, should managers use limited resources 53 

to: (1) resist change and help current coastal wetlands adapt where they are now; or (2) 54 

acknowledge transformative coastal change and facilitate the retreat and migration of wetlands 55 

into new positions in the coastal landscape? To better inform future-focused coastal conservation 56 

and restoration decisions, there is a pressing need to advance understanding regarding the 57 

potential timing of coastal wetland drowning under rapidly rising seas. Here, we use emerging 58 

knowledge regarding coastal wetland drowning thresholds and future relative sea-level rise rates 59 

to elucidate when and where coastal wetland drowning could begin across the conterminous 60 

United States. We show how the best available data concerning these two critical components 61 

can bring clarity to this debate and provide powerful information at large spatial scales regarding 62 

the initiation of coastal wetland drowning under accelerated sea-level rise.  63 

Growing consensus regarding thresholds 64 

In the past decade, there has been growing consensus – from paleoecological records, 65 

contemporary instrumental records, and numerical models – regarding critical thresholds for 66 

wetland drowning10,13,22-26. Coastal wetland responses to sea-level rise are greatly influenced by 67 

biogeomorphic feedbacks that enable wetlands to build surface elevation to avoid drowning and 68 

adjust to rising seas17,27,28. These feedbacks involve nonlinear interactions between flooding 69 

regimes, root growth, sedimentation, and other factors, which can collectively lead to the vertical 70 

accumulation of organic matter and sediments under the right conditions. While these feedbacks 71 
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can enable wetlands to gain elevation to adjust alongside small increases in sea level, there are 72 

submergence limits,13 or drowning thresholds, beyond which coastal wetlands cannot adjust to 73 

rising seas and begin to drown10,13,22-25,29. Wetland drowning begins when sea-level rise rates 74 

exceed the upper bounds for plant growth and wetland vertical adjustment, ultimately resulting in 75 

plant mortality, wetland erosion, wetland fragmentation, and the conversion of wetlands to open 76 

water. However, the loss and complete submergence of wetlands does not occur immediately 77 

once a drowning threshold has been crossed. While some wetlands may drown within decades of 78 

crossing a threshold, others may persist for longer13,30-32, due to factors that can prolong 79 

drowning, including tidal range, elevation capital, sediment inputs, landscape position, and the 80 

rate of relative sea-level rise. 81 

A recent global synthesis of paleo-stratigraphic and contemporary in situ data from 82 

marshes and mangrove forests concludes that a deficit between coastal wetland vertical 83 

adjustment and relative sea-level rise is likely at 4 mm yr-1 and highly likely at 7 mm yr-1 10. 84 

Regional analyses identify drowning thresholds as 5 mm yr-1 for eastern USA marshes22, 6-9 mm 85 

yr-1 for Mississippi River Delta marshes13, 7 mm yr-1 for marshes in San Francisco Bay26, and 86 

4.6-7.1 mm yr-1 for UK marshes23,24. Here, we evaluated three sea-level rise thresholds for 87 

wetland drowning (4, 7, and 10 mm yr-1), which were selected to bracket the rates identified in 88 

these global and regional studies.  89 

Relative sea-level rise data and projections 90 

Our study area spans the coastal conterminous United States (CONUS), which includes 91 

Washington, D.C. and 22 coastal states along the Pacific Ocean, Gulf of Mexico, and Atlantic 92 

Ocean (Fig. 1). Within the study area, we created a grid of 168 1-degree resolution cells for data 93 

acquisition and analyses. We examined three alternative sea-level rise scenarios, the 94 

Intermediate-Low, Intermediate, and Intermediate-High relative sea-level rise scenarios 95 
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identified by the most recent United States interagency sea-level rise technical report3. These 96 

three scenarios correspond to 0.5, 1.0, and 1.5-m global mean sea-level rise levels by 2100, 97 

respectively. The relationships between these scenarios and the Intergovernmental Panel on 98 

Climate Change (IPCC) warming-level based projections2, including sea-level rise exceedance 99 

probabilities under alternative global warming levels can be found in Sweet et al. 20223.  100 

For each of the three global mean sea-level rise scenarios, our analyses incorporate 101 

decadal regional relative sea-level rise projections3, which account for critical processes that 102 

influence local sea-level rise rates, such as: (1) changes in gravitational field and rotation; (2) 103 

shifts in oceanographic factors; and (3) vertical land movement (for example, subsidence or 104 

uplift) due to sediment compaction, glacial isostatic adjustment, groundwater withdrawals, fossil 105 

fuel withdrawals, and other factors. These relative sea-level rise projections are critical in the 106 

United States because there is much spatiotemporal variation, with some regions affected by 107 

rates that are much higher (for example, the western Gulf of Mexico) or much lower (for 108 

example, the Northwest region’s Pacific coast) than global mean sea-level rise rates. We used the 109 

three relative sea-level rise scenario projections to determine when the selected drowning 110 

thresholds would be crossed. For each grid cell, we used the decadal-scale data associated with 111 

the regional relative sea-level rise scenarios3 to identify the decade of coastal wetland drowning 112 

initiation, which was defined as the decade in which relative sea-level rise rates are projected to 113 

be at rates greater than or equal to 4, 7, or 10 mm yr-1 (see Extended Data Fig. 1 for examples 114 

from 4 of the 168 cells). To determine the wetland area that could be affected, the extent of 115 

potential drowning initiation within each grid cell was determined using current estuarine 116 

wetland coverage data33. 117 

On a regional basis, the three scenarios closely align with the regional trajectories that 118 

sea-level rise is currently on and expected to maintain for at least the next several decades3. For 119 
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example, the trajectory along the Southeast region’s Atlantic coast by 2050 falls between the 120 

Intermediate and Intermediate High Scenarios (0.36 and 0.43 m rise by 2050, respectively, 121 

relative to 2005 sea levels)3. The trajectory along the western Gulf of Mexico coast is even 122 

higher, falling between the Intermediate and Intermediate High Scenarios (0.57 and 0.63 m rise 123 

by 2050, respectively)3. In contrast, the trajectory along the Northwest region’s Pacific coast is 124 

lower, falling between the Intermediate and Intermediate-Low Scenarios (0.15 and 0.18 m rise 125 

by 2050, respectively)3.  126 

Coastal wetlands are not the same across CONUS 127 

Coastal wetlands in the United States are diverse. Thus, coastal wetland drowning means 128 

different things in different regions (Fig. 2a and 2b). For example, in the iconic Everglades 129 

ecosystems of tropical south Florida, coastal wetland drowning often refers to the submergence 130 

of mangrove forests and freshwater marshes as they are converted to mudflats and open 131 

water34,35. In the Mississippi River Delta and Chesapeake Bay, coastal wetland drowning often 132 

refers to the submergence of temperate coastal marshes and freshwater forests13,36. In arid parts 133 

of California and south Texas, coastal wetland drowning may refer to the submergence of 134 

hypersaline, succulent plant-dominated marshes37. Here, our use of the term coastal wetland 135 

drowning encompasses all these regional variations of vegetated coastal wetland conversions to 136 

tidal flats or open water due to submergence, wetland erosion, and wetland fragmentation.  137 

When will wetland drowning begin? 138 

Our results show that there is substantial spatial variation across CONUS in wetland abundance 139 

and exposure to high rates of relative sea-level rise, which produces much variability in the 140 

potential timing and extent of wetlands crossing thresholds for initiating drowning (Figs. 1, 3, 4; 141 

Extended Data Fig. 2). We present these results at state-specific (Fig. 3; Extended Data Fig. 2) 142 

and CONUS scales (Fig. 4). In general, low-lying regions that currently have a high areal 143 
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coverage of coastal wetlands38 are also among the most vulnerable to wetland drowning (Fig. 3; 144 

Extended Data Fig. 3). The most prominent wetland drowning hotspot is within Louisiana’s 145 

Mississippi River Delta. From 1932 to 2016, Louisiana lost 4833 km2 of coastal wetlands due to 146 

high rates of subsidence and relative sea-level rise (Fig. 2c)36. Louisiana currently accounts for 147 

nearly 30% of CONUS’ coastal wetlands38, and those wetlands are expected to continue to be 148 

among the first to drown13 (Figs. 1, 3, 4; Extended Data Fig. 2). At rates exceeding 6 to 9 mm yr-149 

1, considerable conversion of marsh to open water is expected to occur within 50 years in the 150 

Mississippi River Delta13.  151 

In general, wetland drowning is expected to begin earliest along the wetland-rich 152 

northwestern Gulf of Mexico, south-Atlantic, and mid-Atlantic coasts, especially within 153 

subsidence hotspots, where relative sea-level rise rates already exceed critical thresholds for 154 

drowning. In addition to Louisiana, the Texas coast and Chesapeake Bay are also wetland-rich 155 

regions38 that also contain subsidence hotspots39-41, where wetland drowning is happening 156 

now42,43. Although Florida’s coastal wetlands have been comparatively stable over the past 157 

thousand years due to minimal subsidence and small rates of relative sea-level rise44,45, the 158 

potential extent of future wetland drowning in Florida is very large34,35 due to the state’s low-159 

lying topography and because the Florida coast contains roughly 25% of CONUS’ coastal 160 

wetlands38, including the iconic mangrove-marsh mosaic of the Greater Everglades46. 161 

Conversely, the onset of wetland drowning is expected to be later along the Pacific coast, 162 

especially along the Washington and Oregon coasts due to effects of post-glacial rebound, which 163 

produces relative sea-level rise rates that are lower than global mean sea-level rise rates47,48 164 

(Extended Data Fig. 1).  165 

Our findings show that the timing and extent of wetland drowning are highly sensitive to 166 

relative sea-level rise rates and wetland drowning thresholds (Figs. 1, 3, 4, Extended Data Fig. 167 
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1). For example, wetland drowning is expected to begin on all three coasts by 2040 under the 168 

highest sea-level rise scenario and lowest drowning threshold (Fig. 1g; Fig. 3g; Fig. 4c). 169 

Conversely, wetland drowning is delayed under the lowest sea-level rise scenario and highest 170 

drowning threshold (Fig. 1c; Fig. 3c; Fig. 4a). Under the Intermediate-Low scenario, the timing 171 

and extent of wetland drowning vary greatly in response to drowning thresholds (compare Fig. 172 

1a-c; Fig. 3a-c; Fig. 4a). However, under the Intermediate-High scenario, wetland drowning 173 

begins between 2020-2060 under all three drowning thresholds (compare Fig. 1g-i; Fig. 3g-i; 174 

Fig. 4c). These analyses highlight the importance of refining understanding of wetland drowning 175 

thresholds and utilizing the best available relative sea-level rise projections to gauge exposure to 176 

inundation levels that exceed these thresholds. 177 

Discussion 178 

By focusing on wetland drowning thresholds and relative sea-level rise rates that exceed these 179 

thresholds, we provide an approach for rapidly gauging when and where rising sea levels could 180 

cross tipping points for initiating wetland drowning at large spatial scales. Where data are 181 

available, this simple approach can be applied at national or regional scales to quickly quantify 182 

and compare differences in the timing and extent of the onset of wetland drowning and thereby 183 

help prioritize future scientific and management actions. Customized local models of wetland 184 

responses to sea-level rise are often costly, time consuming, and not feasible at large spatial 185 

scales. Our results can be used by scientists to prioritize vulnerable coastal areas where 186 

customized local models and improved understanding of local relative sea-level rise rates and 187 

local drowning thresholds would be valuable. Local models will also be needed to determine the 188 

duration of drowning to account for factors that can prolong drowning, including elevation 189 

capital, landscape position, tidal range, sediment inputs, and the rate of relative sea-level rise13,30-190 

32,49.  191 
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Collectively, our findings underscore the importance of minimizing sea-level rise 192 

acceleration to avoid catastrophic wetland losses and transformative coastal change associated 193 

with wetland drowning. Our results also show that wetland drowning under many scenarios 194 

could begin within decades. Thus, there is an urgent need to better anticipate and prepare for the 195 

social and ecological implications of coastal wetland losses and transformations due to rapidly 196 

rising seas. 197 

 198 

Methods 199 

Study area and study grid 200 

Our study area spanned the coastal conterminous United States (CONUS), which includes 201 

Washington, D.C. and 22 coastal states along the Pacific Ocean, Gulf of Mexico, and Atlantic 202 

Ocean (Fig. 1). Within this area, we created a grid of 168 1-degree resolution cells for data 203 

acquisition and analyses. These cells were created to: (1) match the spatial resolution and 204 

registration of the relative sea-level rise data3; and (2) include only cells containing estuarine 205 

vegetated wetlands, which were identified using estuarine wetland coverage data (that is, the 206 

estuarine emergent, scrub shrub, and forested wetland classes) from NOAA’s 2016 Coastal 207 

Change Analysis Program [C-CAP] land cover data33. Note that these CCAP categories include 208 

vegetated tidal saline wetlands (i.e., the vegetated “estuarine wetland” classes), but they do not 209 

include the adjacent tidal freshwater wetlands, which are also vulnerable to the same drowning 210 

thresholds. National land cover products like CCAP and NLCD do not contain a category that 211 

identifies tidal freshwater marshes and tidal freshwater forests. Thus, our areal estimates reflect 212 

the abundance of tidal saline wetlands within a cell. The inclusion of the tidal freshwater 213 

wetlands would increase the total area of vulnerable coastal wetlands, especially in wetland-rich 214 
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states like Louisiana, Florida, North Carolina, Texas, South Carolina, Georgia, Alabama, and 215 

Mississippi. 216 

 217 

Global and regional relative sea-level rise scenarios 218 

We examined the effects of the Intermediate-Low, Intermediate, and Intermediate-High 219 

scenarios identified by the most recent United States interagency sea-level rise report3, which for 220 

2100 correspond to 0.5, 1.0, and 1.5-m global mean sea-level rise scenarios. For each of the three 221 

global scenarios, our analyses incorporate regional relative sea-level rise scenarios, which 222 

account for critical processes that influence local sea-level rise rates, such as: (1) changes in 223 

gravitational field and rotation; (2) shifts in oceanographic factors; and (3) vertical land 224 

movement (for example, subsidence or uplift) due to sediment compaction, glacial isostatic 225 

adjustment, groundwater withdrawals, fossil fuel withdrawals, and other factors3.  226 

 227 

Data analyses: timing and extent of the start of wetland drowning 228 

We evaluated the following three thresholds for wetland drowning: sea-level rise rates of 4, 7, 229 

and 10 mm yr-1. These thresholds were selected to bracket studies indicating that coastal wetland 230 

drowning begins when sea-level rates exceed thresholds for vertical adjustment10,13,22-26. The 231 

relative sea-level rise projection data begin in 2005 and are available for each decade thereafter 232 

from 2020-2150. To determine the decadal-scale rate of relative sea-level rise, we divided the 233 

sea-level increase by the number of years (that is, 10 for most intervals, 15 for 2005-2020). For 234 

example, a relative sea-level increase of 30mm across a decade was converted to a relative sea-235 

level rise rate of 3 mm yr-1. There were some instances where the decadal-scale relative sea-level 236 

rise rates would rise above a drowning initiation threshold but then drop below the threshold at 237 

the next decade. To determine the decade of wetland drowning initiation, we only used decades 238 
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where the subsequent rate was also above the specified threshold. See Extended Data Fig. 1 for 239 

examples of the relative sea-level rise data relative to thresholds for four individual cells in 240 

Washington (Extended Data Fig. 1a), Maine (Extended Data Fig. 1b), Florida (Extended Data 241 

Fig. 1a), and Louisiana (Extended Data Fig. 1d).  242 

 243 

Data analyses and visualization  244 

We developed maps that show the timing of the onset of wetland drowning under each of the 245 

nine threshold-by-sea-level rise combinations (that is, three thresholds by three sea-level rise 246 

scenarios). To determine the amount of wetland affected, the extent of potential drowning 247 

initiation within each grid cell was determined using estuarine vegetated wetland coverage data 248 

(that is, the estuarine emergent, scrub shrub, and forested wetland classes) from NOAA’s 2016 249 

C-CAP 30-m land cover data33. At the state scale, we developed figures that show the timing, 250 

area, and percent of wetlands expected to cross drowning initiation thresholds for each of the 22 251 

coastal states and Washington D.C. At the CONUS scale, we developed figures that show the 252 

timing and percent of wetland area expected to cross drowning initiation thresholds.   253 

 254 

Data availability 255 

Data will be made publicly available upon acceptance as a USGS Data Release on 256 

Sciencebase.gov.  257 

 258 
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Fig. 1. Maps showing when coastal wetland drowning is expected to begin under alternative 392 

sensitivity thresholds for wetland drowning and sea-level rise (SLR) scenarios across the 393 

conterminous USA. Colors indicate the year in which wetland drowning is expected to begin. 394 

This is when rising sea levels are expected to cross thresholds for coastal wetland drowning. The 395 

loss and submergence of wetlands does not occur immediately once a drowning threshold has 396 

been crossed. While some wetlands may drown within decades of crossing a threshold, others 397 

may persist longer. Intermediate-Low corresponds with a 0.5 m Global Mean SLR (GMSLR) by 398 

2100, Intermediate corresponds with a 1.0 m GMSLR by 2100, and Intermediate-High 399 

corresponds with a 1.5 GMSLR by 2100. GMSLR = global mean SLR. Note that the earliest 400 

possible date in our analysis is 2020. However, there are some areas, like Louisiana’s Mississippi 401 

River Delta, where wetland drowning has already begun. 402 
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Fig. 2. Coastal wetlands in the United States are diverse. Thus, coastal wetland drowning means 406 

different things in different regions. For example, in the Mississippi River Delta and Chesapeake 407 

Bay, coastal wetland drowning can refer to the submergence and erosion of coastal marshes (a). 408 

In the iconic Everglades ecosystems of south Florida, coastal wetland drowning can refer to the 409 

conversion of mangrove forests to mudflats (b). The most prominent wetland drowning hotspot 410 

in the United States is within Louisiana’s Mississippi River Delta (c; blue shows land loss and 411 

green shows land gain, adapted from Couvillion et al. 201736). Louisiana has lost 4833 km2 of 412 

land area between 1932-201636, due in part to high rates of subsidence and relative sea-level rise. 413 

Photo credits: Karen L. McKee (a) and Michael J. Osland (b).  414 
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Fig. 3. The potential state-specific timing and extent of the start of coastal wetland 419 

drowning under alternative sea-level rise (SLR) scenarios and sensitivity thresholds for 420 

wetland drowning across the conterminous USA. Data are presented for 22 coastal states and 421 

Washington D.C. The y axes reflect the coastal wetland area that could begin to drown. These 422 

are wetlands flooded at relative SLR rates that exceed thresholds for initiating coastal wetland 423 

drowning. For each panel, the SLR scenario and sensitivity threshold rates are shown on the 424 

right. Inter.-Low = Intermediate-Low (0.5 m GMSLR by 2100), Inter. = Intermediate (1.0 m 425 

GMSLR by 2100), Inter.-High = Intermediate-High (1.5 GMSLR by 2100). The loss and 426 

submergence of wetlands does not occur immediately once a drowning threshold has been 427 

crossed. While some wetlands may drown within decades of crossing a threshold, others may 428 

persist longer. The earliest possible date in our analysis is 2020. However, there are some areas, 429 

like Louisiana’s Mississippi River Delta, where wetland drowning has already begun. For 430 

percentage-based analyses, which are helpful for states with small wetlands, see Extended Data 431 

Fig. 2. GMSLR = global mean SLR. Note that these figures include tidal saline wetlands but they 432 

do not include tidal freshwater wetlands because there is not a national land cover classification 433 

that identifies tidal freshwater wetlands. 434 
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Fig. 4. The potential timing and extent of the onset of coastal wetland drowning under 438 

alternative sea-level rise (SLR) scenarios and sensitivity thresholds for wetland drowning 439 

(symbols within panels) for the conterminous USA. The y axes reflect the percent of coastal 440 

wetlands that could begin to drown on an areal basis. These are wetlands flooded at relative SLR 441 

rise rates that exceed thresholds for initiating coastal wetland drowning. The loss and 442 

submergence of wetlands does not occur immediately once a drowning threshold has been 443 

crossed. While some wetlands may drown within decades of crossing a threshold, others may 444 

persist longer. GMSLR = global mean SLR. The earliest possible date in our analysis is 2020. 445 

However, there are some areas, like Louisiana’s Mississippi River Delta, where wetland 446 

drowning has already begun. 447 
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Extended Data Fig. 1. Relative sea-level rise (SLR) rates for three alternative SLR 452 

scenarios for 4 of the 168 1-degree cells included in this study. The three horizontal lines 453 

show the 4, 7, and 10 mm yr-1 thresholds for initiating wetland drowning. Intermediate-Low 454 

corresponds with a 0.5 m GMSLR by 2100, Intermediate corresponds with a 1.0 m GMSLR by 455 

2100, and Intermediate-High corresponds with a 1.5 GMSLR by 2100. GMSLR = global mean 456 

SLR. 457 
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Extended Data Fig. 2. The potential state-specific timing and extent of the start of coastal 464 

wetland drowning under alternative sea-level rise (SLR) scenarios and sensitivity 465 

thresholds for wetland drowning across the conterminous USA. Data are presented for 22 466 

coastal states and Washington D.C. The y axes reflect the percent of coastal wetlands that could 467 

begin to drown on an areal basis. These are wetlands flooded at SLR rates that exceed thresholds 468 

for initiating coastal wetland drowning. Coastal wetlands in areas without bars (in B and C) are 469 

wetlands that have not begun to drown by 2140. For each panel, the SLR scenario and sensitivity 470 

threshold rates are shown on the right. Inter.-Low = Intermediate-Low (0.5 m GMSLR by 2100), 471 

Inter. = Intermediate (1.0 m GMSLR by 2100), Inter.-High = Intermediate-High (1.5 GMSLR by 472 

2100). The loss and submergence of wetlands does not occur immediately once a drowning 473 

threshold has been crossed. While some wetlands may drown within decades of crossing a 474 

threshold, others may persist longer. For area based analyses, see Fig. 3. GMSLR = global mean 475 

SLR. The earliest possible date in our analysis is 2020. However, there are some areas, like 476 

Louisiana’s Mississippi River Delta, where wetland drowning has already begun. 477 
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Extended Data Fig. 3. The potential timing of coastal wetlands crossing thresholds for 485 

initiating wetland drowning under alternative sea-level rise (SLR) scenarios and sensitivity 486 

thresholds for the conterminous USA. The y axes reflect the coastal wetland area that could 487 

begin to drown. These are wetlands flooded at relative SLR rates that exceed thresholds for 488 

initiating coastal wetland drowning. Each of the symbols represents a 1-degree cell, and the plots 489 

include 168 1-degree cells distributed across the coastal conterminous United States. For each 490 

panel, the SLR scenario and sensitivity threshold rates are shown with text. Inter.-Low = 491 

Intermediate-Low (0.5 m GMSLR by 2100), Inter. = Intermediate (1.0 m GMSLR by 2100), 492 

Inter.-High = Intermediate-High (1.5 GMSLR by 2100). The loss and submergence of wetlands 493 

does not occur immediately once a drowning threshold has been crossed. While some wetlands 494 

may drown within decades of crossing a threshold, others may persist longer. GMSLR = global 495 

mean SLR. 496 
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